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Abstract

Background: Effective reduction of tuberculosis (TB) requires information on the distribution of TB incidence rate
across time and location. This study aims to identify the spatio-temporal pattern of TB incidence rate in Iran
between 2008 and 2018.

Methods: This cross-sectional study was conducted on aggregated TB data (50,500 patients) at the provincial level
provided by the Ministry of Health in Iran between 2008 and 2018. The Anselin Local Moran’s / and Getis-Ord Gi* were
performed to identify the spatial variations of the disease. Furthermore, spatial scan statistic was employed for purely
temporal and spatio-temporal analyses. In all instances, the null hypothesis of no clusters was rejected at p < 0.05.

Results: The overall incidence rate of TB decreased from 13.46 per 100,000 (95% Cl: 13.19-13.73) in 2008 to 10.88 per
100,000 (95% Cl: 10.65-11.11) in 2018. The highest incidence rate of TB was observed in southeast and northeast of Iran
for the whole study period. Additionally, spatial cluster analysis discovered Khuzestan Province, in the West of the
country, having significantly higher rates than neighbouring provinces in terms of both total TB and smear-positive
pulmonary TB (SPPTB). Purely temporal analysis showed that high-rate and low-rate clusters were predominantly
distributed in the time periods 2010-2014 and 2017-2018. Spatio-temporal results showed that the statistically
significant clusters were mainly distributed from centre to the east during the study period. Some high-trend TB and
SPPTB statistically significant clusters were found.

Conclusion: The results provided an overview of the latest TB spatio-temporal status In Iran and identified decreasing
trends of TB in the 2008-2018 period. Despite the decreasing incidence rate, there is still need for screening, and
targeting of preventive interventions, especially in high-risk areas. Knowledge of the spatio-temporal pattern of TB can
be useful for policy development as the information regarding the high-risk areas would contribute to the selection of
areas needed to be targeted for the expansion of health facilities.
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Background

Tuberculosis (TB), an infectious disease caused by
Mpycobacterium tuberculosis, continues to infect many
people in spite of global attempts to control the disease.
According to the World Health Organization (WHO),
10 million people suffer from TB across the world in
2018, incurring 1.5 million deaths [1]. However, WHO
statistics show that only 61% of TB patients have been
detected up to 2015 [2]. To reach the ultimate goal of
eliminating TB by 2050 (defined as <1 case per 1 million
persons) [3], the identification of high-risk areas is a
crucial need for each country.

TB remains a major public health problem in develop-
ing countries such as Iran. In this country, the TB
incidence rate stood at 16 persons per 100,000 in 2015,
declining to 14 per 100,000 people in 2016 and 2017 [4—6].
Patients with sputum smear-negative TB (SSNTB) are less
infectious than patients with sputum smear-positive TB
(SSPTB) [7]. A new detected SSPTB patient costs US$
1409 for the Iranian health system [8]. A systematic review
and meta-analysis in 2019 showed that health care workers
residing in the northern and the western regions of the
country had the highest prevalence of latent TB, ie.
carriers in good condition but with very small numbers of
bacteria [9]. In these patients, symptoms are not apparent
as the infection is kept under control by the body’s im-
mune system [10]. Iran shares extensive borders with high
TB-burden countries, such as Azerbaijan, Turkmenistan,
Armenia, Pakistan, Afghanistan and Iraq [11-14]. In-
creased immigration and travelling to Iran from neigh-
bouring countries [15-18] cause major obstacles for TB
control [19]. As the distribution of the disease varies in dif-
ferent parts of the country [20], efficient screening pro-
grammes by identifying the high-risk areas are required.

Identification of spatial and spatio-temporal patterns
of diseases can be done by Geographical Information
Systems (GIS) approaches [21-25], which store data by
two components; spatial and non-spatial [26—-29]. The
former depends on geography, e.g., patient’s residence
location, while the latter carries other information, e.g.,
patient data such as age, gender, etc. GIS enables
visualization and monitoring of infectious diseases by
conducting spatio-temporal analyses that combine
spatial and non-spatial data as well as accounting for the
time componenent [30]. Spatio-temporal pattern analysis
identifies data distributions and patterns in the context
of both space and time [31].

A TB study in Pakistan [32] conducted by spatial scan
statistics identified spatio-temporal clustering with high-
risk clusters across the country during 2015-2019,
particularly in the northern and western parts of the
study area. Another study, assessing spatial and temporal
pattern of TB in the 75 municipalities in the Northeast
of Brazil during 2001 to 2016 by empirical Bayesian and
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Moran statistic [23], noted an increased trend of TB in
patients under 40 years of age. Masabarakiza et al. [33]
used GIS to analyse the distribution of the TB incidence
in Burundi during the 2009-2017 period, and reported
that the eastern parts of Burundi had experienced a
relatively low incidence rates of TB compared to other
parts of the country. A retrospective study from Western
Kenya [25], analyzing the spatial distribution of 23,374
TB cases from 2012 to 2015, noted that the TB inci-
dence varied from 638.0 to 121.4 persons per 100,000 at
the small-area level. Using spatial clustering analysis ac-
cording to Moran and Getis-Ord Gi* statistic helped
them to identify 16 districts with high TB incidence [34].
A spatial and spatio-temporal study of TB in Southern
Ethiopia conducted from 2007 to 2016 [26] revealed
strong variation of TB from 70.4 to 155.3 persons per
100,000 population. In this study, based on Global
Moran’s I, Getis-Ord and scan statistics, eleven purely
spatial and three spatio-temporal clusters were identified
[35]. A TB study in China [36], carried out in the 2009—
2016 period, revealed some spatial, temporal, and spatio-
temporal clustered areas based on scan statistics.
Another study in China by Wubuli et al. [37] used
spatial autocorrelation analysis based on Moran’s I and
local Getis-Ord statistics and reported the presence of a
non-random geographical distribution for pulmonary TB
incidence between 2005 and 2013. The high-risk areas
consistently located in the south-western regions and
low-risk ones in the north-central regions.

With respect to Iran, a few studies assessed the spatial
patterns of TB incidence in some provinces, e.g., a
spatio-temporal, cross-sectional mapping of TB inci-
dence, conducted during 2007-2012 in the Northeast
that assessed 155 TB cases and identified a downward
incidence trend [38]. An ecological study in south-
western Iran described the spatial distribution of TB and
the Human Immunodeficiency Virus (HIV) from 2007
to 2011. This study, based on global and local Moran
statistics, identified a spatial pattern distribution of TB
and HIV [39]. Another study was conducted in northern
Iran on 2444 TB patients in the period 1999-2008. The
Moran’s I statistic revealed spatial clustering of TB inci-
dence [40]. Only one study in Iran has analysed the geo-
graphical distribution of TB cases at the provincial level
with a countryside scale. It covered the period 2013 to
2017 but the results were more descriptive than spatio-
temporal [41].

The Iran Ministry of Health and Medical Education
(MOHME) plans to reach TB eradication for the whole
country by 2050 [42]. To that end, it holds periodic
training workshops about transmission and prevention
of the disease. In this context, we undertook an explor-
ation of the spatial, temporal and spatio-temporal trend
of TB at the provincial level in the whole country with
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the aim of contributing to the planning of efficient pro-
grammes. We felt that an evaluation of the effectiveness
of national control and prevention programmes can re-
veal high priority provinces with regard to TB control.
In addition, spatio-temporal maps can provide a retro-
spective view of the efficacy of intervention and control
programmes. To the best of our knowledge, the present
study would be the first epidemiological exploration on
spatial and spatio-temporal TB clusters in the whole of Iran.

Methods

Study area

The study covered 50,500 TB patients at the provincial
level across all of Iran (Fig. 1). Iran is the world’s 18th
most populous country with 82 million inhabitants. Its
territory spans 1,648,195km? making it the second-
largest country in the Middle-East and the 17th largest
in the world [43]. There used to be 30 provinces in the
country, but increased to 31 after the province of Tehran
was divided into two, Tehran and Alborz, in 2010. How-
ever, as the study took place from 2008 to 2018, we kept
the old number of 30 provinces for the spatial analyses.
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TB definition and diagnosis

All suspected individuals were detected by microscopy
of Ziehl-Neelsen stained sputum smears. All non-
pulmonary TB patients were recognized by pathological
methods in Iran.

Data sources

Three different data sources were used. First, the TB
data was obtained through the MOHME (supplementary
file 1); The TB data were recorded according to the offi-
cial Persian calendar where the year starts at the spring
equinox, which corresponds to around 20 March in the
Gregorian calendar used in the West. Second, the provin-
cial division in Iran was obtained through the Mapping
Organization of the country. Finally, the population data
was obtained via the statistical centre of Iran [44]. The
country conducts population census every 5 years, however
for other years, the statistical centre of Iran estimates the
population for each province and releases the data separ-
ately. In our study, the population census data were avail-
able for the years 2012 and 2017, but we used the statistical
centre data for the other years [45] (supplementary file 1).
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Spatial analyses

Descriptive spatial analysis

The manual classification was used for producing de-
scriptive maps. In the classification of rates (Fig. 3), the
lowest and highest values of the period were considered
as lower and higher classes. Other classes were classified
at rates of 5 and 10 per 100,000 people. The Wilson
method was used to calculate the confidence intervals.

Statistical spatial analysis

Global and Local spatial statistics can be used to recog-
nise geographical variations in the TB rate. The former
ones, e.g., K-function, Cuzick Edwards, Kernel density
estimation, and Global Moran’s I, are more sensitive to
departures from the null hypothesis, which assumes that
TB are randomly distributed in the area under study. Al-
though they can identify spatial structures, they do not
determine where the clusters are [46]. Local cluster sta-
tistics, on the other hand, e.g., Anselin’s Local Moran’s 1
and Getis-Ord Gi* quantify spatial autocorrelation and
identify the clusters’ location. As this study aimed to de-
tect the location of potential clusters, Anselin’s local
Moran’s I and Getis-Ord Gi* were used for spatial ana-
lysis. The null hypothesis regarding both of these ana-
lyses assumes that there is no association between the
value observed at a location and the values observed at
nearby sites.

Anselin’s Local Moran’s I (ALMI) identifies High-High
clusters, Low-Low clusters, and spatial outliers (High-
Low and Low-High) [47]. High-High clusters indicate
areas with a high TB incidence rates surrounded by
areas with similarly high TB rates, while Low-Low clus-
ters designate areas with low TB incidence rates sur-
rounded by areas with low rates; High-Low outliers
specifies areas with high TB incidence rates surrounded
by areas with low rates, while Low-High outliers indicate
the opposite, i.e. low TB incidence rates surrounded by
high rates [48]. ALMI calculates a z-score and p-value
for each feature in the dataset. In this study, the ALMI
results (z-scores) were considered statistically significant
at a 95% confidence level (p < 0.05). The index is com-
puted by eq. 1:

i1 wi(xi=%) (x,-%)
. ¢
IR

where 7 is the number of provinces; x; and x; the TB in-
cidence rate in province i and j, respectively; ¥ the aver-
age of the reported TB incidence rates in all provinces;
and w;; the spatial weight matrix corresponding to prov-
inces i and j; and I the local Moran’s I [47-49].

L=

1 i7] (1)
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The local Getis-Ord G;* statistic, a hotspot analysis
function in ArcGIS (v.10.8, ESRI Inc., CA, USA), was
used to investigate the intensity of incident TB cases,
a measure of hot- or cold spot TB occurrence in
Iran [50, 51]. To calculate this statistic, the value of
proximity threshold was determined at 180km for
the study area using the Distance Band tool in
ArcGIS. The statistical significance of a Z-score for
each province was quantified through the presence of
hotspots and coldspots of TB incidence relative to
the hypothesis of spatial randomness [52]. The Getis-
Ord G;* calculates a Z-score where a significant posi-
tive Z-score (Gi*) indicates a hotspot phenomenon,
while a significant negative Z-score indicates a cold-
spot [49-51]. Provinces with a Z-scores >1.96 at
95% confidence level (p< 0.05) were categorised as
TB incidence hotspots. Likewise, provinces with a Z-
score of <-1.96 indicated coldspots, i.e. areas with a
very low level of TB incidence. The Getis-Ord local
statistic is given as eq. 2 [51, 53]:

n n
> wijkY Wi
=1 =1
n n 2
N 2
n2 Wi\ 2w
=1 =1

G; =

(2)

where x; is the TB incidence rate value for the j-th
province. w;; the spatial weight between the i-th and the
j-th province, and # the total number of provinces. ¥
and s are the arithmetic mean and the standard devi-
ation, respectively, of the TB rates in # provinces.

Temporal and spatio-temporal analysis

To identify the temporal and spatio-temporal clustering
of TB incidence rates, the spatial scan statistics, intro-
duced during the 1960s in the field of health sciences by
Naus (1965) [54], was used. Spatial and temporal exten-
sions of the scan methods were introduced by Kulldorff
from 1997 [55] and have been applied in various fields
in the health domain [56, 57]. This statistic allows pre-
defined spatial and temporal windows to create a mov-
ing window that considers multiple spatial and temporal
scales. Depending on the availability of data, the spatial
scan statistic can be used for either aggregated data,
such as provincial areas, or with precise geographical co-
ordinates, where each area contains only one person at
risk [58]. Relative risk (RR), Log likehood ratio (LLR)
and the Mont Carlo test, which are described in details
below, constitue approaches for the interpretation of
space-time analysis in scan statistics.
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Relative risk (RR)

RR is the estimated risk within the cluster divided by the
estimated risk outside the cluster, which can be math-
ematically calculated by eq. 3:

B ¢/E|c] B ¢/E|c]
RR= o/ EC )~ ©o/cE) O

where ¢ is the number of observed cases (TB cases in
this study) within the cluster; and C the total number of
cases in the dataset. Note that E [C] = C since the ana-
lysis is conditioned on the total number of cases ob-
served [59].

Log likelihood ratio (LLR)

Let I be the collection of all the geographic units (prov-
inces in this case) in study region S. Zone i consists of
neighbouring provinces and can have varying shapes and
sizes. Let ¢; and n; be the observed number of cases and
the expected number of cases (or population) in zone i,
respectively. Then C and N (eq. 4) will be the total num-
ber of cases and the total number of expected cases in S,
respectively.

C:ZciandN:Zni (4)

For TB incidence, a Poisson model is typically chosen.
The LLR of a zone i is then given by eq. 5 [60, 61]:

- { (&) () om0

If there is interest in scanning for ‘negative clusters’
with a lower rate than expected, the indicator function is
replaced by I (¢; < n;) and if the interest is in clusters of
both higher and lower rates, the indicator function is re-
moved. It is equivalent but numerically easier to work
with the logarithm, and the test statistic is given by eq. 6
that is the most likely cluster of the scanning window i €
I, which maximizes the LLR.

T= max log(LR(i)) = miaxLLR(i) (6)

The Monte Carlo test

The test statistic is calculated for each random replica-
tion as well as for the real data set, and if the latter is
among the 5 highest percentage cases, then the test is
significant at the 0.05 level. If it is among the highest
percentage case, the test is significant at the 0.01 level,
and so on. This is called Monte Carlo hypothesis testing
and was first proposed by Dwass [62]. Irrespective of the
number of Monte Carlo replications chosen, the
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hypothesis is unbiased, resulting in a correct significance
level that is neither conservative nor liberal or an esti-
mate. The number of replications does affect the power
of the test, with more replications giving a higher power
[59]. The test statistics T follows approximately an ex-
treme value distribution [63, 64], but the exact distribu-
tion is unknown, so statistical significance is evaluated
using Monte Carlo hypothesis testing. This is done by
creating a large number of random data sets generated
under the null hypothesis that there is no cluster, and
calculating the value of the test statistic for each of those
random datasets. The Monte Carlo p-value is then cal-
culated as r/(1 + m) where r is the rank of the test statis-
tic from the real data set among all the random data sets
and m the number of random datasets. For example,
with a statistical significance level of a = 0.05, the cluster
will cause a rejection of the null hypothesis if its likeli-
hood ratio is within the highest 5% among all the max-
imum likelihood ratio from the one real and the m
random datasets [59, 65].

Purely temporal cluster analysis

Purely temporal cluster analysis is a retrospective type of
scan statistics that only detects time clusters in a speci-
fied time period for a specific geographic area and does
not address their spatial variations or patterns [59].
SaTScan v. 9.7 includes purely temporal scan statistics.
For this purpose, a purely temporal cluster analysis was
performed to detect the temporal clusters of total TB
and SPPTB in the time period 2008—2018. The Poisson
discrete scan statistic was set as probability model to de-
tect clusters in areas with high and low rates; the length
of time aggregation was set at 1 year; to get a better un-
derstanding of the clustering tendency, the analyzes were
performed with three window sizes: 25, 35 and 50%.

Spatio-temporal analysis

Space-time scan statistics, introduced by Martin Kull-
dorff [66], is the approach that the statistic inference is
adjusted for multiple testing arising from many possible
geographic locations and sizes of disease clusters. The
method can detect spatial clusters irrespective of any
predefined geographical boundries by combining any
number of close locations into the same cluster in pre-
defined time periods. This method was designed to test
whether a disease is randomly distributed over space
and time with the ability to repeat similar analyses [66].
In this study, space-time discrete type of scan statistics
with space-time permutation probability was used to
analyse the spatio-temporal clustering of total TB and
SPPTB. While repeating the settings made in the purely
temporal analysis, maximum spatial and temporal
clustering analysis window sizes were adjusted to 25, 35
and 50% for both study area and time period. A circular
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shape was chosen for the spatial cluster outputs. For
statistical inference, 999 Monte Carlo replications were
performed. The null hypothesis of no clusters was
rejected at the simulated p <0.05 for the primary cluster
and p= 0.1 for the secondary clusters since the latter
ones have conservative p-values [59].

Analysis of spatial variation in temporal trends

Spatial variation in temporal trends (SVTT) is relatively
new approach, which identifies the clustering of geo-
graphical locations according to a common trend that is
significantly different from trends in outside areas [67].
The null hypothesis is that the trends are the same,
while the alternative is that they are different. Based on
these hypotheses, a likelihood ratio is calculated [59]. A
cluster can have a high trend either because it has a rate
that is increasing faster than what is the case outside or
because it has a rate that is decreasing less than the out-
side. Likewise, it can have a low trend if the opposite is
true [59]. Such trends in our study could be spotted by
the SVTT based on Poisson probability model that was
used to identifying most likely clusters in higher and
lower trend areas of TB and SPPTB. The SVTT scan
statistic does not specifically identify clusters with high
or low rates, but rather spots clusters with trends edging
higher or lower compared to outside the cluster. Out-
comes are noted in relation to the null hypothesis of all
trends being the same [59]. SVTT can be specified to
spot clusters with high trends only, low trends only or
the simultaneous identification of both. The maximum
windows size was adjusted to 25, 35 and 50% for both
study area and time period. The output was collected in
the format of descriptive tables and visualised by ArcGIS
v.10.8.

Software

Microsoft Excel 2016 was used for the descriptive ana-
lyses. ArcGIS v.10.8 (ESRI, Redlands, CA, USA), 2021),
QGIS v.3.16.3 (free and open-source Geographic
Information Systems) and SaTScan v.9.7 (software was
developed by Martin Kulldorff together with Information
Management Services Inc. Cambridge, Massachusetts,
2021) were used for spatio-temporal analyses.

Results

Descriptive results

Table 1 shows the number and incidence of TB cases in

Iran between 2008 and 2018 and Fig. 2 shows that the

TB incidence per 100,000 people has decreased from

13.46 (95% CI: 13.19-13.73) in 2008 to 10.88 (95% CI:

10.65-11.11) in 2018. The highest incidence of infection

was due to SPPTB, non-pulmonary TB, and SNPTB.
Figure 3 shows the descriptive map for total TB

incidence cases in all the provinces. This figure shows
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an overview of the prevalence of TB, which is higher in
eastern Iran. Sistan and Baluchestan in south-eastern
Iran and the province of Golestan, which is located in
northern Iran, had the highest incidence of TB among
all provinces for all the study years. The figure also
shows that the incidence rate of infection decreased
gradually in the eastern provinces during 2008 and 2018.

Results of spatial analyses
The Getis-Ord Gi* statistic for total TB infectious identi-
fied north-eastern and south-eastern Iran as TB hotspots
(Fig. 4). The analysis confirmed that the province of
Sistan and Baluchestan and the province of Golestan
had statistically significant higher rates of TB incidence
than the rest of the country. Figure 5 shows the areas for
total TB infectious clustering identified by Anselin’s
Local Moran’s I. The analysis identified Khuzestan, a
province in western Iran, as a high-low outlier through-
out the 10 years covered by the study. This significant
finding could not be obtained via the hotspot analysis
because this approach only shows two kinds of clusters.
The province of Khuzestan was identified as a High-
Low outlier of SPPTB cases for 5 years, while the prov-
ince of Gilan was in this category for only 1 year (Fig. 6).
In addition. it was noted that southern Khorasan Prov-
ince was a High-High cluster for nine of the study years.

Purely temporal analysis

Table 2 shows the results of a purely temporal analysis
of total TB and SPPTB, with the three different max-
imum time window sizes. The results indicate that
high-rate clusters of total TB were predominantly dis-
tributed in the time period between 2010 and 2014.
Furthermore, low-rate clusters were observed in 2017
and 2018 (LLR =303.99, p<0.001) with all window
sizes. A similar pattern was observed for SPPTB, ex-
cept that very high-rate clusters were seen in 2011
and 2012 (LLR =39, p<0.001). In terms of areas with
low rates, SPPTB clustering was distributed between
2015 and 2018, but were predominantly identified in
2017 and 2018 (at the 25% of the time window size).

Spatio-temporal analysis

The statistically significant most likely high-rate total TB
clusters were mainly distributed from centre to east in
Iran (Fig. 7). Table 3 shows only the analysis for areas
with high rates. Based on the 25% maximum window
size, Isfahan, Chaharmahal and Bakhtiari, South Khorasan,
Razavi Khorasan, Semnan, Fars, Kerman, Kohgiluyeh and
Boyer-Ahmad and Yazd, altogether nine locations could be
classified as high-risk areas (TS =29.92, p <0.05) (Fig. 7a).
In all three windows of maximum clustering size, the years
2009 and 2010 were considered high-risk periods (Table 3).
There were fewer clusters when we shifted the focus to
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Fig. 2 Tuberculosis incidence rate per 100,000 people in Iran 2008-2018

SPPTB, however from the spatially point of view, they
followed the same pattern as that of the total TB rates. In
the SPPTB category, the years 2009 and 2010 were consid-
ered high-risk periods (Table 3), with most likely clusters
located in the provinces Hormozgan, Kerman, Fars and
Sistan and Baluchestan (TS =19.06, p < 0.05) (Fig. 7g).

In the case of areas with low clustering rates, in all
three types of maximum clustering windows, several
most likely and secondary clusters were seen to have
formed. In terms of total TB areas with low rates, the
most likely clusters formed in Mazandaran, Tehran and
Alborz (TS =93.03, P<0.05) in all three windows (Fig.
7d,e,f). The low-rate areas were particularly clustered in
the years 2009 and 2010 (Table 3). In terms of smear-
positive pulmonary TB, a similar pattern was formed
and locations 26 (Mazandaran) and 7 (Tehran and
Alborz) were most likely clustered. But in smear-positive
pulmonary TB type, in all three maximum clustering
windows, only one main cluster was formed. The years
2009 and 2010 were times when low-rate areas were
clustered more than any other years (TS =40, p <0.05).
The spatio-temporal pattern of total TB was different
from that of SPPTB. The low-rate total TB clusters, like
the high-rate ones, stretched from the centre to the East
of Iran, the SPPTB mainly formed in the northern parts
of the country. Also, the secondary SPPTB clusters were
not formed within the same area and time period.

Spatial variation in temporal trends

Table 4 shows only the result of SVIT for areas with
higher trends in all three window sizes (25, 35 and 50%).
According to this table and Fig. 8, five high-trend
clusters in the total TB category and three high-trend
clusters in SPPTB category were found. The provinces

Tehran, Alborz and Mazandaran were in high-trend
statistically significant clusters in total TB (LRR = 62.05, p-
value < 0.05) and SPPTB (LRR = 32.34, p < 0.05) (Table 4).
In terms of areas with lower trends, statistically significant
clusters were similarly formed in the different window
sizes (Fig. 8). In the total TB category, for example with
the 25% of window size, South Khorasan, Razavi Khora-
san, Yazd, Kerman, Semnan, Sistan and Baluchestan,
altogether six locations, were inside statistically significant
clusters (LLR =64.80, p <0.05). In the SPPTB category,
five locations included Sistan and Baluchestan, Kerman,
Hormozgan, South Khorasan and Yazd (LLR =44.38,
p<0.05). It was observed that incidence was decreas-
ing overall but not in the same way in all areas.

Discussions

This study provides an overview of the latest TB spatio-
temporal epidemiological status in Iran. The results
identified decreasing trends of TB during the period
2008-2018. The results are similar to that found by
other studies in the last two decades [18, 19]. Despite
the decreasing incidence of TB in Iran, there is still a
need for screening, preventive, control, and therapeutic
interventions, especially in high-risk areas such as west-
ern and eastern Iran.

Treatment at no cost, increased awareness of people,
improved hygiene levels, the establishment of new TB
research centres together with quicker and better access
to TB diagnostics have all had a significant impact on
TB reduction in Iran [18]. Importantly, the reduction of
SPPTB was found to be particularly significant. Since TB
is a communicable disease, early diagnosis and timely
treatment can reduce its incidence, particularly of
SPPTB, because it is transmitted to other people easier
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Fig. 3 The total tuberculosis incidence in Iran 2008-2018 presented as descriptive maps. The figure has been created by free QGIS software
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than the other types of TB [68]. We could observe this
difference since we investigated both the total TB inci-
dence rate and the SPPTB data. This analysis identified
high-risk areas of SPPTB that would help to better
targeting prevention endeavours. According to spatial
variation in temporal trends (Fig. 8), it was observed that
incidence is decreasing overall, but not in the same way
everywhere. With slight changes in the number and dis-
tribution of space-time patterns, variations in areas with
higher and lower trends in both total TB and SPPTB
were almost homogeneous.

Global and Local Moran’s I statistics are powerful
ways to detect spatial autocorrelation and purely spatial
clusters [48, 53], but these methods alone are not able to
identify hidden spatiotemporal patterns and clusters of
diseases over time. For this reason, a modified method
called Moran’s spatiotemporal autocorrelation statistic
(MoransST) was proposed by Anderson and Ryan [69]
to detect spatiotemporal patterns. Jaya et al. in two re-
cent studies used MoransST to explore spatiotemporal
clusters of Dengue disease in Indonesia [24, 31].
However, this methodology needs heavy mathematical
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calculations. Spatial scan statistics is another approach
to identify spatiotemporal patterns. Kulldroff has pro-
vided a comprehensive package in SaTScan to run
spatial scan statistics. Therefore, in this study, in
addition to spatial analysis conducted by Local Moran’s I
and Getis Ord G*, we used spatial scan statistics to per-
form purely temporal and spatio-temporal analyses. Scan
statistics also accounts for multiple testing through the
calculation of the highest likelihood of occurrence for all
possible cluster locations and sizes [60, 66]. This feature
allowed us to compare findings on a time-space scale

and select the most desirable results as quickly as pos-
sible. The main important feature that makes SaTScan
particularly suitable is that it can detect clusters of any
size located anywhere in the study region [55, 60].

In recent years, geospatial analytical methods have
been used as efficient tools to identify and visualise
high-risk areas of infectious diseases [30, 70, 71]. Although
the descriptive maps only visualise the TB incidence rate
(Fig. 3), hotspot/cluster maps are needed for informed de-
cision making (Figs. 4, 5 and 6). The latter maps reveal the
statistically significant high-risk and low-risk areas with
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Fig. 5 The total tuberculosis incidence in Iran 2008-2018 presented as cluster maps. The figure has been created by free QGIS software
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regard to TB incidence rate over space. In this study, the
total TB cluster map showed that the province of Khuze-
stan was a High-Low outlier region in all 10 study years
(Fig. 5), which means that the TB incidence rate in the
province is high, while it is low in neighbouring areas.
This is a remarkable finding that should urge policy-
makers to investigate this difference further. This result
was not available through hotspot analysis, because it con-
siders two kinds of clusters (high-risk and low-risk), and it
cannot identify High-Low and Low-High areas (Fig. 4).
The province of Khuzestan is on the Iran-Iraq border, so

one reason could be the migration of Iraqi people to this
province. Iraq is a high TB-burden neighbour of Iran,
which has severely disrupted health services because of
long internal wars [14, 18, 72]. Furthermore, the province
has the highest average temperature in Iran and Ahvaz,
the capital of Khuzestan, is in fact one of the hottest cities
in the world [73]. This is of particular interest since Cao
et al. (2016) found a positive relationship between
temperature and TB incidence rate in a spatial-temporal
epidemiology study in China [74]. A previous study [75]
identified Al-Howizeh/Al-Azim marshes in Khuzestan
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Fig. 6 Smear-positive pulmonary tuberculosis incidence in Iran 2008-2018 presented as cluster maps. The figure has been created by free QGIS software
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and Sistan Basin as sand and dust storms sources in Iran.
These sources are responsible for the dust storms in
Khuzestan and Sistan and Baluchestan provinces. There is
a clear correaltion between TB and dust storms [76]. These
storms can cause the high rates of TB incidence in these
areas. However, even if high temperature and sand storms
could be reasons for this high TB incidence in our study,
we lacked data to confirm this relationship, and further re-
search is therefore required to explain the pattern observed.

The Getis-Ord Gi* statistic and spatio-temporal ana-
lysis of current study identified Sistan and Baluchestan

and Golestan provinces as high risk areas for TB
incidence. Assessing epidemiology of tuberculosis in re-
cent years have reported Sistan and Baluchestan and
Golestan as provinces with highest incidence rates in
Iran [77, 78]. Golestan Province has a large number of
immigrants from Sistan and Baluchestan. Most of TB
patients in the province of Golestan inhabit in low socio-
economic and rural areas. Farm workers immigrated
from Sistan and Baluchestan were identified as high-risk
people [78]. Sistan and Baluchestan, called the center of
TB in Iran, is neighbour to Afghanistan and Pakistan
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Type of disease Window size Time frame Number Expected Annual cases / OE RR LLR P-value
of cases cases 100,000

Total TB Areas with
high rates
25% 2012-2013 22,073 20,425.02 14.2 1.08 1.10 81.73 0.001
35% 2011-2013 32,712 30,226.28 14.2 1.08 112 143.69 0.001
50% 2010-2014 53,366 49,895.66 140 1.07 115 238.58 0.001
Areas with
low rates
25% 2017-2018 17,937 21,059.13 1.2 0.85 0.82 303.99 0.001
35% 2017-2018 17,937 21,059.13 1.2 0.85 082 303.99 0.001
50% 2017-2018 17,937 21,059.13 1.2 0.85 0.82 303.99 0.001

Smear Positive Areas with

Pulmonary TB high rates
25% 2011-2012 10,891 10,089.69 7.1 1.08 1.10 39 0.001
35% 2011-2013 16,277 15,113.59 7.1 1.08 1.1 63 0.001
50% 2010-2014 26,720 24,948.57 70 1.07 115 12432 0.001
Areas with
low rates
25% 2017-2018 8984 10,529.88 56 0.85 0.82 148.99 0.001
35% 2016-2018 13911 15,703.99 58 0.89 0.84 151.91 0.001
50% 2015-2018 18,886 20,809.17 59 091 0.85 15272 0.001

and many of Afghan immigrants live in this province.
The high incidence of TB in Sistan and Baluchestan is
expected because of long borders with Afghanistan [79,
80]. Also, extensive droughts and sandstorms are other
factors which are responsible for high occurrence of TB
in this area [80].

Based on the spatio-temporal clusters presented in this
study, despite differences in the number and distribution
of clusters in high-rate areas in different window sizes,
the eastern and south-eastern parts of Iran were the
focus of most likely cluster formations (Fig. 7). The east-
ern and south-eastern border neighbours of Iran are
Afghanistan and Pakistan. These countries are main
sources of TB, which affect TB transmission in Iran [18].
A spatio-temporal study of TB in Pakistan [32] revealed
northern and western parts of country as high-risk clus-
ters for TB. Western areas of this country share long
borders with eastern and south-eastern Iran. Previous
studies in Kerman [81], Hormozgan [82] and Semnan
(Damghan) [83] provinces in Iran have confirmed the ef-
fect of immigrants, specially individuals who come from
Afghanistan and Pakistan during TB occurrence. Afghan
immigrants were known as high-risk people for TB oc-
currence and spread in Kerman Province [81]. A longi-
tudinal study [84] assessed the TB pattern of immigrant
populations by using Iranian TB register Program data
for 2005-2011. This study reported that 97.1% of non-
Iranian TB cases were Afghan immigrants [84]. Also, a

previous study in Fars Province identified high incidence
of TB in Afghan immigrants [85]. Another study [86]
which investigated the trend of TB prevalence in Yazd
City during 2005-2014, considered the referring of
Afghan immigrants to health centres of Yazd for
treatment as the cause of high TB rates in this province.
A previous study reported high incidence of TB in
Khorasan Province [87] and 26% of all diagnosed cases,
during 5 years period, were foreign immigrants [88].

Strengths and limitations

This is the first study using a comprehensive GIS-based
approach to examine the spatio-temporal epidemiology
of TB incidence rate in Iran as a whole. The study was
conducted at the provincial level because the data was
not available at finer geography scale in the whole coun-
try. As a result, the differences within the provinces were
not examined. Previous studies demonstrated that sensi-
tivity and specificity from individual studies were highly
variable. Pooled results of the most widely used tests
showed sensitivity at 76 and 59% and specificity at 92
and 91% in smear-positive and smear-negative patients,
respectively [89]. Therefore, our results might be
underestimated.

Conclusion
For a resource-limited country, investigating the spatio-
temporal patterns of TB incidence rate can be useful for
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regional policymakers knowledge regarding the high-risk
provinces. Our findings provide strengthened evidence
for the design of local interventions aimed at reducing
and controlling TB incidence in high-risk areas by
implementing geographically targeted prevention pro-
grammes and ensuring efficient allocation of resources.
Further research is needed to assess the environmental

and social factors in identified high-risk areas and to ex-
plore local and regional patterns of TB at small-area
level. For example, we strongly recommend performing
spatio-temporal studies to examine the TB incidence
rate in the province of Khuzestan, located in the Iranian
West to see whether there is any TB geographical vari-
ation inside the province.
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Fig. 8 Spatial variations in temporal trends of the incidence rates of total tuberculosis and smear-positive pulmonary tuberculosis in Iran 2008-2018.
The results shown in columns 1 to 3 were obtained with the maximum windows of 25, 35 and 50%, respectively. The circles in red shades show
locations with increasing trends and circles in blue shades locations with lowering trends. The figure has been created by free QGIS software

Recommendations

WHO Eastern Mediterranean region is one of the
most prevalent areas of TB across the world. Twenty-
two countries, including Iran, are located in this area
in such a way that Pakistan has the highest amount
of TB incidence, with 268 per 100,000 people among

these countries, and the lowest amount is for the
United Arab Emirates with 1 per 100,000 people in
2018 [90]. The countries of this area, including Iran,
should examine passengers and immigrants with re-
spect to TB from the high-risk neighbouring countries
to reduce the incidence.
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