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a b s t r a c t

In Canada, Gonorrhea infection ranks as the second most prevalent sexually transmitted
infection. In 2018, Manitoba reported an incidence rate three times greater than the na-
tional average. This study aims to investigate the spatial, temporal, and spatio-temporal
patterns of Gonorrhea infection in Manitoba, using individual-level laboratory-confirmed
administrative data provided by Manitoba Health from 2000 to 2016. Age and sex patterns
indicate that females are affected by infections at younger ages compared to males.
Moreover, there is an increase in repeated infections in 2016, accounting for 16% of the
total infections. Spatial analysis at the 96 Manitoba regional health authority districts
highlights significant positive spatial autocorrelation, demonstrating a clustered distri-
bution of the infection. Northern districts of Manitoba and central Winnipeg were iden-
tified as significant clusters. Temporal analysis shows seasonal patterns, with higher
infections in late summer and fall. Additionally, spatio-temporal analysis reveals clusters
during high-risk periods, with the most likely cluster in the northern districts of Manitoba
from January 2006 to June 2014, and a secondary cluster in central Winnipeg from June
2004 to November 2012. This study identifies that Gonorrhea infection transmission in
Manitoba has temporal, spatial, and spatio-temporal variations. The findings provide vital
insights for public health and Manitoba Health by revealing high-risk clusters and
emphasizing the need for focused and localized prevention, control measures, and
resource allocation.

© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gonorrhea caused by Neisseria gonorrhoeae (specifically, the gonococcus) is a Sexually Transmitted Infection (STI)(-
Whelan et al., 2021), and continues to be a significant global public health issue (Unemo et al., 2019). In Canada, Gonorrhea is
the second most frequent STI, following Chlamydia (Choudhri et al., 2018; Lu et al., 2020). Gonorrhea is usually spread
through unprotected vaginal, anal, or oral sexual interactions and results in cervicitis in women and urethritis in both men
and women (Holmes et al., 2007; Schmale et al., 1969; Workowski, 2013). Moreover, transmission rates are higher from men
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to women compared to the reverse direction through vaginal intercourse (Walker and Sweet, 2011). Most of the infected men
with gonococcal urethritis exhibit symptoms. However, fewer women with urogenital Gonorrhea manifest symptoms, and
when they do, the symptoms lack specificity. Rectal and pharyngeal Gonorrhea are primarily detected in men who have sex
with men (Bernstein et al., 2010). It is also common among women and often does not show any noticeable symptoms.

Microbiological diagnosis of Gonorrhea encompasses the culture of Gonorrhea, and/or the utilization of Nucleic Acid
Amplification Tests (NAATs) (Lunny et al., 2015). NAATs provide increased sensitivity while upholding a strong degree of
specificity. However, the sensitivity can differ among various NAATs and depending on the specific anatomical site being
examined (Choudhri et al., 2018; Lunny et al., 2015; Unemo et al., 2013). Gonorrhea also plays a role in enhancing the
transmission of the Human Immunodeficiency Virus (HIV) (Choudhri et al., 2018; Holmes et al., 2007; Unemo et al., 2019) and
facilitating the propagation of other sexually transmitted infections (Unemo et al., 2019). Transmission of Gonorrhea infection
can occur from infected mothers to their newborns during the birthing process (intrapartum). This is due to the vulnerability
of the neonate's conjunctiva as it traverses the birth canal, potentially resulting in ophthalmia neonatorum if the conjunctiva
becomes infected with Gonorrhea (Unemo et al., 2019). Additionally, infection during pregnancy is linked to outcomes like
low birth weight and neonatal conjunctivitis, which can escalate and lead to vision impairment (Unemo et al., 2019; Vallely
et al., 2021; World Health Organization, 2018).

Inwomen, since Gonorrhea frequently persists without symptoms, it complicates the prompt identification and treatment
of the infection (Davidson et al., 2021). Failure to detect and adequately treat infections can lead to ascending complications
like epididymitis and salpingitis. This situation raises the likelihood of women developing cervicitis, pelvic inflammatory
disease, ectopic pregnancy, and infertility (Choudhri et al., 2018; Holmes et al., 2007; Lenz & Dillard, 2018; Simms &
Stephenson, 2000; World Health Organization, 2018). In men, asymptomatic Gonorrhea increases the probability of con-
tracting epididymitis, epididymal-orchitis, chronic prostatitis, and infertility (Ochsendorf, 2008; Okonofua et al., 2022;
Trojian et al., 2009; Wang et al., 2017). Increased vulnerability is attributed to various sexual practices, including irregular
condom usage, engagement with multiple partners, and instances where a partner or partners maintain concurrent re-
lationships (Choudhri et al., 2018; Holmes et al., 2007; World Health Organization, 2018). Certain populations are especially
susceptible to infection. These include adolescents and young adults, specific ethnic and racial communities, socioeco-
nomically disadvantaged groups, community of men who have sex with men, and sex workers (Leichliter et al., 2020).
Gonorrhea has significantly been underestimated and not fully reported on a global scale even in high-income countries with
established STI surveillance systems (World Health Organization, 2018). Annually reported Gonorrhea infections are esti-
mated to represent only a fraction of the actual rates, with at least 70 percent going undetected or unreported (Choudhri et al.,
2018; van Lier et al., 2016), primarily because these infections are often asymptomatic (Choudhri et al., 2018). While the
asymptomatic nature of the infection partly explains this, underreporting is also due to delayed healthcare seeking and
limited availability or inadequacy of Gonorrhea testing and treatment options (Leichliter et al., 2020; Whelan et al., 2021).
Curable STIs including Gonorrhea do not establish robust and long-lasting protective immunity. After treating Gonorrhea,
recurrent infection rates usually range from 10% to 20% (Hosenfeld et al., 2009; Bernstein et al., 2010).

Researchers identified a connection between areas with lower socioeconomic status and higher rates of Gonorrhea and
Chlamydia infections in the health regions of Calgary, Canada (Bush et al., 2008). These areas were concentrated primarily in
downtown and the northeastern part of the city. A study conducted in Manitoba, Canada, revealed that among cases of
Gonorrhea and their associated contacts, the top 10% of relationships spanned distances of 237 km or more (Hippe & Jolly,
2012). Furthermore, this study found a higher proportion of long-distance partnerships among Gonorrhea cases compared
to Chlamydia cases. Another study examined and compared the transmission patterns of Chlamydia and Gonorrhea in
Winnipeg, Manitoba, Canada (Blanchard et al., 1998). Based on these results, the infections in both cases displayed high
incidence rates that were concentrated in particular geographic areas characterized by lower socioeconomic status.

In 2017, the recorded annual incidence rate of Gonorrhea in Canada was 95.8 infections per 100,000 population. In 2018,
Manitoba reported a significantly higher incidence of Gonorrhea, with a rate of 265 infections per 100,000 individuals. This
sharp increase in rates exceeding the national average highlights the significant importance of Gonorrhea as a relevant and
essential topic in the field of public health in Manitoba.

Our research aims to investigate the spatial, temporal, and spatio-temporal patterns of Gonorrhea infection in Manitoba.
Manitoba province comprises a total of 96 Regional Health Authority Districts (RHADs). We utilize administrative data from
2000 to 2016 to identify RHADs and time periods with higher Gonorrhea incidence than what would be expected by chance.
Therefore, the results of this study provide public health officials and decision-makers with a more comprehensive under-
standing of infection clusters and dynamics. The generated risk maps visually illustrate the geographical concentration of
high-risk RHADs at different time periods, offering valuable insights for the implementation of targeted surveillance and
more effective preventative strategies and control measures.

2. Materials and methods

2.1. Data sources

The Cadham Provincial Laboratory (CPL), operated by Manitoba Health, serves as the only public health laboratory in the
province of Manitoba over three centuries and provides a diverse set of public health laboratory services. These services
encompass areas such as the storage of testing data related to notifiable diseases, early detection of health risks, monitoring of
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outbreak investigations, and the identification of disease causes. CPL is organized into different sections, comprising media/
quality assurance, microbiology, perinatal chemistry, serology/parasitology, and virus detection. One of the responsibilities of
the clinical microbiology section is to conduct investigations into STIs, including Gonorrhea. Gonorrhea infection is confirmed
through laboratory tests like culture or NAAT. CPL is required to report all confirmed infections of Gonorrhea to the Epide-
miology and Surveillance Unit, which operates within the Public Health Branch of the Manitoba Health (Lix et al., 2012). The
unit's responsibility is to assist the public health system by actively monitoring, analyzing, and reporting on the occurrence,
dissemination, and severity of both communicable and non-communicable diseases and their conditions in Manitoba.

In this study, we consider administrative health records of diagnosed infections of Gonorrhea in the province of Manitoba,
Canada, from 2000 to 2016 provided by Manitoba Health. The individual-level data consists of sex, date of birth, date of
diagnosis, 6-digit postal code of residence, and scrambled Personal Health Identification Numbers (PHINs) of confirmed
Gonorrhea infections. The ICD-9-CM codes 098, V02, and V02.7 were utilized to identify Gonorrhea infections in the dataset.

2.2. Study area

Manitoba is divided into five Health Authority Districts (HADs): Interlake, Northern, Prairie, Southern, and Winnipeg.
Within these HADs, there are a total of 96 RHADs, with specific numbers allocated to each HAD: 15 in Interlake, 16 in
Northern, 17 in Prairie, 23 in Southern, and 23 inWinnipeg. (Fig. 1). This geographic classification algorithm has been defined
by the Manitoba Centre for Health Policy (MCHP) and Manitoba Health for the allocation of HADs and RHADs based on
municipality and postal codes. Using the geographic classification algorithm, we aggregate diagnosed Gonorrhea infections
into 96 RHADs, which are then linked to 2016 Statistics Canada census data to obtain information on the sex, age, and
population of residents in those RHADs.

2.3. Time series analysis

2.3.1. Time series decomposition
A fundamental goal in the analysis of time series data involves breaking down a sequence into a collection of hidden

components that are not directly observable. These components are linked to diverse forms of temporal changes. Time series
data can encompass four primary kinds of fluctuations including trend or long-term tendency Tt, cyclical movements Ct,
seasonal variations St, and irregular component, noise, or residual variations It. Therefore, considering an additive model, the
time series xt can be conceptualized as xt ¼ Tt þ Ct þ St þ It while multiplicative model would be as xt ¼ Tt � Ct � St � It. The
seasonal index is computed by dividing the average number of infections for a specific month by the average monthly case
count observed throughout the entire study period (West, 1997). This index approaching a value of 1.0 indicates that there are
no clear and distinct seasonal patterns present in the data.

2.3.2. Seasonal auto-regressive integrated moving average model
A time series comprises a sequence of numerical information collected at consistent time intervals over a specific duration.

The Auto-Regressive Integrated Moving Average (ARIMA) model consists of three hyperparameters that specify the autor-
egressive (AR), integrated (I), andmoving average (MA) components used tomodel the non-seasonal part of a time series. The
ARIMAmodel is represented by ARIMA(p, d, q), where p is the order of the non-seasonal AR component, d indicates the degree
of differencing applied to the non-seasonal part by subtracting past values a certain number of times, and q specifies the order
of the non-seasonal MA component.
Fig. 1. Manitoba province with 5 HADs and 96 RHADs.
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The Seasonal ARIMA (SARIMA) model is a broader version of the ARIMA model designed to explicitly accommodate
univariate time series data featuring both a seasonal component and non-seasonal trends using a multiplicative approach
(Box et al., 2015; Chan & Cryer, 2008; Faverjon & Berezowski, 2018). Seasonality involves a regular and repeating pattern
within a dataset, usually following a specific time interval. The SARIMA model extends this concept, incorporating the three
hyperparameters from the non-seasonal ARIMA(p, d, q) model, along with additional hyperparameters that define the sea-
sonal period (S). The model is denoted as SARIMA(p, d, q)(P, D, Q)m, where the initial three parameters (p, d, q) pertain to the
non-seasonal aspect (the ARIMAmodel), while the latter parameters (P, D, Q)m are associated with the seasonal aspect. More
precisely, P signifies the order of the seasonal AR component, D indicates the level of differencing for the seasonal part, Q
denotes the order of the seasonal MA component, andm represents the number of periods within each season. To predict the
value of xt at time t within a time series dataset xi, i ¼ 0, …, t � 1, the SARIMA model is employed and formulated as follows:
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where Lxt ¼ xt�1 and Lixt ¼ xt�i represent the lag operators, et denotes the error terms, 4i and Fi represent the parameters of
the non-seasonal and seasonal AR components, respectively, and qi and Qi denote the parameters of the non-seasonal and
seasonal MA components, respectively.
2.4. Spatial and spatio-temporal clustering

2.4.1. Spatial autocorrelation
Spatial autocorrelation, as measured by Global Moran's I (Moran, 1950), serves as an indicator for analyzing spatial

autocorrelation. The Global Moran's I statistic falls within a range between �1 and 1. A Global Moran's I statistic equal to
0 shows the absence of spatial autocorrelation, indicating a random distribution and no clustered districts across the entire
study area. A value greater than 0 states the presence of positive spatial correlation, and when it approaches 1, it signifies a
strong positive autocorrelation, indicating that districts are clustered. The significance of the Global Moran's I statistic is
assessed through the Monte Carlo test. This test helps determine whether the observed spatial autocorrelation is statistically
significant or could have occurred by random chance. The interpretation of Global Moran's I should be considered in the
context of its null hypothesis. The null hypothesis specifies that the features are randomly distributed among the districts
within the area under study. A p-value resulting from this test below the 5% significance level shows the existence of spatial
autocorrelation among districts across the entire area under study. The Global Moran's I statistic is given by:
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whereN represents the total number of features, z is the number of districts, xi and xj denote the number of features in district

i and j respectively, x
̄
represents the mean value across the entire districts, and wij represents the spatial weight between

districts i and j.

2.4.2. Spatial and spatio-temporal scan statistics
Kulldorff's spaceetime scan statistic (Kulldorff, 1997) has been applied in diverse contexts within the field of epidemiology

(Fukuda et al., 2005). Assume that the geographical area under study is divided into z districts. The districts can be counties,
enumeration districts, or health authorities. For each district i, consider Ni as the number of infections with observed value ni,
i ¼ 1, …, z, and the total number of observed infections n ¼ Pz

i¼1ni. The number of infections within each district follows a
Poisson distribution with parameter jizi (i.e., Ni ~ Poisson(jizi), i ¼ 1, …, z), where ji and zi denote the expected number of
infections and the relative risk in district i, respectively. Consider the following hypothesis test

�
H0 : EðNiÞ ¼ ji; ci2f1;…; zg;
H1 : EðNiÞ>ji; di2f1;…; zg; (1)

where the null hypothesis states there is no clustering. The circular spatial scan statistic is a circular scanning window
represented as u and is applied to each centroid of z districts shifted across the area under study. As a result, as the circular
scanning windowmoves to different positions within the district, distinct sets of districts are included. For any given centroid,
the radius of the circular scanning window changes smoothly, ranging from zero to a predetermined maximum distance, or
up to a predetermined maximum count of K districts that should be included within the cluster. Typically, the value of K is
selected to encompass a maximum of 50% of the population at risk. Hence, the circular scanning window is flexible both in
distance and number of districts. If the circular scanning window contains the centroid of a district, then that whole district is
included in the circular window. In total, a considerable quantity of distinct yet overlapping circular windows are generated.
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Each circular scanning window possesses a unique position and size, representing a potential cluster candidate. Let uik denote
the circular window composed by the (k � 1)-nearest neighbours to district i, for k ¼ 1, …, K and i ¼ 1, …, z. Then, all the
circular windows to be scanned by the spatial scan statistic are included in the set which is U ¼ {uik|1 � i � z, 1 � k � K}.
Therefore, the null and alternative hypotheses in (1) are expressed as

�
H0 : EðNðuÞÞ ¼ jðuÞ; cu2U;
H1 : EðNðuÞÞ>jðuÞ; du2U;

where N(,) and j(,) denote the random variable for the number of infections and the null expected number of infections
within the specified circular window, respectively. The alternative hypothesis H1 states there is at least one window u2 U for
which the underlying risk is higher inside the circular window when compared with outside. A likelihood of the observed
count of infections both inside and outside the circular window can be calculated for every circular window u 2 U.
Considering the Poisson assumption, the likelihood ratio for the specific circular window u 2 U is given by:

LðuÞ
u2U

¼

8>>>><
>>>>:

�
nðuÞ
jðuÞ

�nðuÞ�n� nðuÞ
n� jðuÞ

�n�nðuÞ
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1; nðuÞ � jðuÞ;

where n(u) is the observed number of infections in the circular windowu2U. The circular windowu*2 U that achieves the
highest likelihood ratio is defined as the most likely cluster and is given by u* ¼ arg max

u2U
LðuÞ.

The scanning window takes on different shapes depending on the context. In spatial scanning, it typically manifests as a
circular or elliptical shape. In temporal scanning, the scanning window represents a specific time span. However, in space-
time scanning, the window adopts a cylindrical shape. Here, the cylinder's base symbolizes the spatial dimension, while
its height corresponds to the temporal dimension.

As our study uses aggregated data based on RHADs, if the centroid of a RHAD falls within the radius of the circle associated
with a specific RHAD, then that particular RHAD should be included as part of the window. Spatial and spatio-temporal
clustering analysis of Gonorrhea infections are performed using the SaTScan™ software developed by Kulldorff (Kulldorff
et al., 1998). R software version 4.3.1 is used for time series analysis, decomposing, and estimating the seasonal occur-
rences of monthly infections.
3. Results

3.1. Age and sex patterns

Fig. 2a presents the total and sex-specific annual incidence rates of reported infections per 100,000 population. It is
evident that there is a significant increase in the annual rate of the infections for both sexes in 2016 when compared to
preceding years. The data highlights a significant change in the sex distribution during the study period. From mid-2005
onwards, there is a shift in the sex distribution, as the rate of infections in females started to exceed that of males by an
average of around 10 more infections per 100,000 population annually. This shift could be influenced by a combination of
factors such as sexual behaviors factors, underreporting in males, asymptomatic infections, sexual network dynamics, and
demographic changes. This trend in sex continues until the end of the study period in 2016, when a near balance happened,
with nearly equal numbers of reported infections in both sexes. Fig. 2b also illustrates that the mean age of infected
Fig. 2. Annual incidence rates (a) and age-sex distribution (b) of Gonorrhea infections in Manitoba, 2000e2016.

1049



A. Abed, M. Torabi and Z. Mashreghi Infectious Disease Modelling 9 (2024) 1045e1056
individuals is approximately 25 years. Moreover, there exists a notable sex-age disparity within the dataset. Specifically, the
mean age for female cases hovered around 23 years, whereas for male cases, it is observed around 28 years. This divergence
underscores a distinctive age-related pattern, with male cases presenting as roughly 5 years older than their female coun-
terparts, thereby suggesting a propensity for Gonorrhea to manifest at younger ages among females. Furthermore, the
analysis of mean age among both male and female cases as well as the overall mean age across the entire study period exhibit
a consistent and stable pattern. No specific trend or significant deviation in mean age is observed over the duration of the
study. This finding suggests that the infection's prevalence among different age groups remained relatively constant during
the years under study.

Fig. 3 illustrates the annual rates of age and sex-specific age groups of reported Gonorrhea infections per 100,000 pop-
ulation, categorized into distinct age groups (0e14, 15e19, 20e24, 25e29, 30 and older). This graphical representation offers
valuable insights into the prevalence and distribution of infections among various age groups. It enables a better under-
standing of how the infection affects different age and highlights potential sex disparities in its impact. This classification
corresponds to the stages of development andmilestones associatedwith sexual behavior. Adolescents usually start exploring
their sexuality in their mid-teens (ages 15e19), and this trend of increased sexual activity and engagement in risky behaviors
continues into early adulthood (ages 20e24 and 25e29) (Pinto et al., 2018; Unemo et al., 2019). This breakdown highlights
important phases of sexual development and the potential risk of Gonorrhea exposure. Moreover, research consistently
indicates that Gonorrhea infections typically peak during late adolescence and young adulthood, emphasizing the signifi-
cance of these age groups for monitoring and intervention efforts (Cantos& del Rio, 2020; Unemo et al., 2019). By focusing on
these peak transmission periods, public health authorities can allocate resources efficiently and implement targeted pre-
vention strategies where they are most needed. In Fig. 3b, for instance, it is readily observable that a notable portion of annual
rates of females occurs within the age group of 15e19, whereas annual rates of males primarily concentrated within the age
group of 20e24.

Given access to the PHINs of infections, we were able to identify instances of repeat infections, denoting infections where
individuals contractedmore than oncewithin a single year. To quantify the prevalence of repeated infections for each year, we
computed the percentage by dividing the number of repeat infections by the total number of infections for that respective
year. Fig. 4 presents a visual representation of the percentage of repeated infections in Manitoba from 2000 to 2016. This
figure illustrates a significant rise in the percentage of reported infections in 2016, with approximately 16% of infections being
linked to individuals who had multiple infections within the same year. This marks a substantial increase when compared to
previous years. Additionally, from the second half of 2007 onward, there is a higher occurrence of recurrent infections among
females compared to males.
Fig. 3. Annual rates of age groups of reported Gonorrhea infections per 100,000 population in Manitoba, 2000e2016, for males (a), females (b), and total (c).
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Fig. 4. Percentage of annually repeated Gonorrhea infections in Manitoba, 2000e2016.
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3.2. Spatial patterns

The Global Moran's I value of 0.48 (p-value<0:05) suggests a statistically significant positive spatial autocorrelation of
infections among the RHADs in Manitoba from 2000 to 2016. This indicates a non-random spatial clustered distribution of
Gonorrhea infections.
Fig. 5. Spatial clusters of Gonorrhea infections in Manitoba, 2000e2016.
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Fig. 6. Monthly time series data decomposition.
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We aggregate the data of Gonorrhea infections for each RHAD ignoring temporal information. We adjust the expected
number of cases for age groups (0e14, 15e19, 20e24, 25e29, 30 and older) and sex (male and female) using 2016 Statistics
Canada census data of residence and population residing in the 96 RHADs for purely spatial analysis. We also consider a
circular window scanning for a maximum of 50% of the total at-risk population. Kulldorff's space-time scan statistic,
implemented using a discrete Poisson model within a purely spatial framework, results in the detection of 26 RHADs, as
illustrated in Fig. 5. This indicates that the northern districts of Manitobawith 20 RHADs and the central districts of Winnipeg
with 6 RHADs are significant clusters for the incidence of the infection.
3.3. Temporal patterns

As temporal information is not incorporated in our purely spatial analysis presented in Section 3.2, we intend to explore
the temporal patterns of Gonorrhea in Manitoba. The annual incidence rates of infections exhibits cyclical fluctuations
throughout the study period (Fig. 2a). These fluctuations suggest the presence of temporal patterns influencing the infection's
transmission dynamics. Fig. 6 illustrates the additive time series decomposition of monthly infections. Gonorrhea infections
experience a rise from August 2005 to October 2008, reaching a historical peak of 158 infections in September 2007, and a
mild increase occur from August 2011 to November 2013 with a peak of 145 infections in August 2012. Additionally, there is a
Fig. 7. Monthly time series data and SARIMA model fitting.
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significant increase in the number of infections from 2015 until the end of the study period in 2016 with a peak of 274 in-
fections in September 2016.

The time series decomposition reveals that Gonorrhea occurrence has a seasonal and recurring patterns over the late
summer and fall (Fig. 6) seasons with higher numbers of infections occurring from August through November each year. The
Friedman test (Ollech & Webel, 2020) for seasonality is utilized to assess the statistical significance of the existence of the
seasonal trend within the dataset. Furthermore, a SARIMA(2, 0, 0)(1, 0, 0)12 model with 41 ¼ 0.47, 42 ¼ 0.45, and F1 ¼ 0.17 is
effectively applied (Fig. 7), confirming the presence of a strong temporal trend of infections. We apply a Box-Cox trans-
formation (Box & Cox, 1964) with the parameter estimated at 0.01 before fitting the SARIMA model to make the model
variance stationary. The residuals from the fitted SARIMA model demonstrate that they are uncorrelated and normally
distributedwith a mean of zero and a constant variance. The Ljung-Box test (Ljung& Box,1978) is employed to investigate the
existence of residual autocorrelation subsequent to model fitting. The outcomes of the test reveal that no residual autocor-
relation persisted within the fitted model.
3.4. Spatio-temporal patterns

We employ a spatial and temporal scanning window size of 50% of the total population at risk and the entire study
duration to detect the significant space-time clusters. Additionally, we consider aggregated monthly data of infections across
all RHADs from 2000 to 2016 in our spatio-temporal analysis. Kulldorff's space-time scan statistic, applied through a discrete
Poissonmodel within a spatio-temporal framework, reveals space-time heterogeneity in the spread of infections in Manitoba
from 2000 to 2016 and identifies the most likely and the secondary statistically significant high-risk clusters illustrated in
Fig. 8. The most likely space-time cluster is located in the northern districts of Manitoba including 16 RHADs. This most likely
space-time cluster occurs during the high-risk period from January 2006 to June 2014 with 3617 reported infections and a
relative risk of 5.3. In addition, the secondary cluster is identified in central districts of Winnipeg, covering 2 RHADs. This
secondary space-time cluster is associatedwith a high-risk period from June 2004 to November 2012, including a total of 1896
reported infections and a relative risk of 2.91.
Fig. 8. Spatio-temporal clusters of Gonorrhea infections in Manitoba, 2000e2016.
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4. Discussion

The findings of this study enhance our knowledge of Gonorrhea transmission dynamics, the epidemic, and its spread
through space and time in Manitoba. This research investigates the temporal, spatial, and spatio-temporal clusters of the
infection at the RHAD level within the Canadian province of Manitoba, from 2000 to 2016. Purely spatial analysis of the
infections reveals that there are significant clusters of Gonorrhea in Manitoba, particularly in the northern district of the
province with 20 RHADs and the central districts of Winnipegwith 6 RHADs. The temporal analysis of the infections uncovers
a seasonal and recurrent pattern, with Gonorrhea infections consistently peaking during the late summer and fall months
each year. The spatio-temporal cluster analysis offers additional evidence of RHADs experiencing a higher number of in-
fections thanwhat would be expected within a specified geographic area and time frame. The spatio-temporal analysis shows
that the distribution of the infections in Manitoba from 2000 to 2016 exhibits significant spatial and temporal variations.
Specifically, high-risk clusters are identified in two distinct periods and geographical locations: the identified high-risk
clusters are located in the northern parts of Manitoba from 2006 to 2014 and central districts of Winnipeg from 2004 to
2012. The high-risk cluster located in the northern parts of Manitoba is the larger cluster covering a total of 16 RHADs.
Furthermore, there are disparities in reported infections based on sex and age, with a higher incidence among females and a
lower mean age compared to males. The higher rates of female cases may be attributed to the fact that Gonorrhea tends to be
more asymptomatic in males. Moreover, nearly 16% of the 2016 reported infections are associated with individuals who
experienced multiple infections within a single year. Those individuals can significantly contribute to the infection's spread.
Therefore, it is essential to identify and address this specific group to minimize the overall transmission of the infection in the
community.

This study has some limitations. First, while our administrative data includes all laboratory-confirmed infections in the
province, this data is potentially underreported due to the asymptomatic nature of the disease and the healthcare-seeking
behaviors of individuals. Second, individual-level data on laboratory-confirmed Gonorrhea infections after 2016 were not
accessible during the time of conducting this study. Additionally, due to the lack of data on the sexual behaviors of the infected
individuals, we are not able to identify high-risk sexual behaviors which could be informative for the public health officials for
the further interventions and prevention strategies.
5. Conclusion

To the best of our knowledge, this study is the first investigation into the spatial, temporal, and spatio-temporal clustering
of Gonorrhea infection in Manitoba between 2000 and 2016 at the RHAD level, using individual-level, laboratory-confirmed
administrative data. This study detects the existence of the temporal, spatial, and spatio-temporal clusters of the infection at
the RHAD level. This study also evaluates the variations in the spread of Gonorrhea across different age and sexes within the
province. Emphasizing the frequency of repeat Gonorrhea infections can play a crucial role in increasing public awareness
about the importance of practicing safe sexual behaviors, getting regular testing, and adhering to prescribed treatments. This
heightened awareness has the potential to stimulate behavioral changes that effectively lower the risk of infection.

The outcomes of this study provide valuable insights for public health andManitoba Health as they reveal the existence of
high-risk clusters of Gonorrhea infections. These high-risk clusters determine where the prevention strategies, control
measures, and allocation of resources should be focused and strengthened to reduce the burden of the infection. Furthermore,
policymakers should prioritize age and sex groups that are at higher risk of both contracting and spreading the infection. This
emphasis is essential for the development of targeted and localized prevention strategies and control programs. Given that
Gonorrhea is more prevalent among younger age groups, particularly among females, there is a clear need for comprehensive
health education programs in schools, colleges, universities, and the general public. These programs should aim to educate
individuals about the risks associated with the infection, modes of transmission, available treatments, common symptoms,
and the importance of utilizing screening programs and accessing clinical services. This proactive approach is vital in raising
awareness and promoting responsible sexual health practices to reduce the spread of Gonorrhea.
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