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The first case of human brucellosis in South Korea was reported in 2002, and cases of human infection
continue to occur. Although an association between human and bovine brucellosis has been identified,
the spatial relationship has not been studied in South Korea. Here, we analysed the spatial patterns of
human and bovine brucellosis retrieved from the human and veterinary surveillance data, as well as the
spatial correlation between human and bovine brucellosis and associated factors that contribute to its
occurrence. The risk of human brucellosis was analysed using a Bayesian spatial model with potential
risk factors. Our results show that, for both human and bovine brucellosis, hotspots were clustered in
the southeast regions of Korea, whereas coldspots were clustered in the northwest regions of Korea.
Our study suggests that the risk of human brucellosis increases in rural regions with the highest risk of
bovine brucellosis. Collaborative strategies between human and veterinary health sectors (e.g, public
health intervention and region-specific eradication programs for bovine brucellosis) would reduce the
burden of brucellosis in South Korea.

Brucellosis is a globally neglected zoonotic disease'. Human infection with Brucella species, known as human
brucellosis, occurs through ingestion of contaminated dairy products (e.g., raw milk and cheese); it also occurs
through contact with body fluid, aborted foetal tissues, or inhalation of aerosolised animal products. The path-
ogens of primary concern for public health include Brucella melitensis and Brucella abortus?, the main res-
ervoirs of which are sheep or goat, and cattle, respectively. B. melitensis is commonly transmitted to humans
through a food-borne route; conversely, B. abortus is generally transmitted through an animal-contact route®.
Human-to-human transmission of brucellosis is rare, although there have been a few reported cases of infec-
tion through breastfeeding, sexual contact, and organ transplantation®. Therefore, control of human brucellosis
requires policies to prevent and eradicate animal brucellosis®. B. melitensis is the most common zoonotic patho-
gen worldwide. However, in South Korea, most reported cases of human and animal brucellosis have been caused
by B. abortus; thus, intervention measures in South Korea have been primarily focused on the control of bovine
brucellosis>>~7.

Bovine brucellosis has continuously been reported in South Korea since an initial report in 1955, involving
dairy cattle imported from the United States®. To control the disease, “test and slaughter” programs have been
conducted since the 1960s. However, prior to the 2000s, control policy was primarily focused on management
of dairy cattle. In early 2004, an intensive eradication program was conducted that involved both dairy and beef
cattle®. Despite the implementation of control measures, a total of 74,492 cases of bovine brucellosis were reported
between January 2005 and December 2010.

The first human case of B. abortus infection in South Korea was reported in 2002, involving an individual who
was infected through consumption of unpasteurized milk'. After 2002, the number of human cases continued
to increase; the highest number (215 cases) was reported in 2006, and has been followed by a decreasing but
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continuous rate of infection!!. To control human brucellosis, investigations of transmission route are needed,
including an understanding of the association with bovine brucellosis.

To date, studies of the relationship between the human and bovine brucellosis in South Korea have solely
focused on temporal and microbiological aspects®®*1%; this has limited the establishment of control and pre-
vention strategies. Previous spatial studies of other diseases (e.g., malaria and bovine spongiform encephalop-
athy) have uncovered the sources of infection, risk populations, and potential transmission routes'>!*. Spatial
analysis of human brucellosis has revealed high-risk areas, associated factors, and routes of transmission from
livestock!>16. Identification of the spatial patterns of human brucellosis and its associated factors is expected to
help policymakers to allocate resources and design region-specific policies; moreover, these data constitute useful
information that can support the development of novel intervention methods. In the present study, we analysed
the spatial characteristics of human brucellosis and its associated factors, including the risk of bovine brucellosis.
Furthermore, we conducted spatial analyses to assess the relationships of these factors with the risk of human
brucellosis.

Methods

Study design and spatial units. This ecological study involved whole regions of South Korea. During the
study period, the number of administrative regions (cities and districts) increased from 250 to 251'7. All data
including disease occurrences and demographics were collected at the administrative district level, from January
2005 to December 2010; address data were transformed using spatial units established in 2010.

Data source. Incidence data for human brucellosis were obtained from the Infectious Disease Statistics
System of the Korea Centers for Disease Control and Prevention''. Cases imported from foreign countries were
excluded from this analysis. Human population information was collected from the database of the Population
and Housing Census in South Korea; this survey is conducted once every 5 years; thus, only population data from
2005 and 2010 were extracted. The median human population number between the two periods was used as a
denominator to estimate the incidence of human brucellosis'’.

Data for bovine brucellosis were extracted from the Animal Health Integrated System of the Animal and Plant
Quarantine Agency in South Korea's. Data regarding cattle population and breed type (beef cattle, dairy cattle,
and mixed breeds raised for beef) were obtained from the database of the Census of Agriculture, Forestry and
Fisheries in Statistics Korea; this survey is conducted once every 5 years'”. The median cattle population number
(using 2005 and 2010 data) was used as a denominator to estimate the incidence of bovine brucellosis.

Mean herd size, which is used as a proxy for the magnitude of the farm industry, was obtained from the data-
base of the Census of Agriculture, Forestry and Fisheries in South Korea. Rural population was used as a proxy for
rurality'”. To identify the effect of slaughterhouses where workers experience a risk of contact with the organs of
infected animals, the district level addresses of slaughterhouses in 2006 were collected from the Animal and Plant
Quarantine Agency in South Korea®.

The shapefile of the Korean map in 2010 was obtained from the database of the Statistical Geographic
Information Service in Statistics Korea®.

Case definition. Reports of human brucellosis were based on passive surveillance. When infection of the
bovine brucellosis was confirmed, epidemiological investigations were conducted for the related individuals.
Individuals who had related clinical symptoms and epidemiological characteristics (e.g., contact with cattle) were
classified as suspected cases. Among these individuals, any positive results from antibody tests, using the standard
tube agglutination test, microagglutination test, polymerase chain reaction for gene or antigen detection, and
blood culture led to definitive diagnoses®?!. Laboratory diagnosis was conducted at the provincial Public Health
Laboratory or Korea Centers for Disease Control and Prevention.

Both active and passive surveillance were performed for bovine brucellosis: screening for bulk raw milk
bimonthly; mandatory annual test and pre-trade test for the animals; and upon farmers’ requests for diagnosis.
Therefore, diagnostic tests for the disease were conducted upon cattle several times per year in South Korea. For
dairy cattle, the milk ring test was conducted for bulk raw milk as a screening test. The Rose Bengal test and plate
agglutination test were performed for beef cattle and for dairy cattle that were >12 months of age in herds that
showed positive results in the milk ring test; these tests were also performed for cattle before they are traded.
Confirmatory tests included the enzyme-linked immunosorbent assay, complement fixation test, or tube aggluti-
nation test; these were conducted on cattle that showed positive results in the Rose Bengal or plate agglutination
tests. If any serological tests were positive, the cattle were recognized as confirmed cases of brucellosis®. Bovine
cases were diagnosed at the provincial Veterinary Service Center?.

Cluster analysis. Univariate and bivariate cluster analyses were conducted to assess the risks of human and
bovine brucellosis. Univariate analyses included univariate Global Moran’s I and local indicator of spatial asso-
ciation (LISA). The Global Moran’s I was conducted to detect whether there was spatial autocorrelation over an
entire study area, but not for specific locations. LISA, which is the decomposition of univariate Global Moran’s I
into individual regions, was performed to identify local clusters and assess the significance of these clusters?. To
identify the spatial correlation between the two variables, a bivariate cluster analyses including bivariate Global
Moran’s I and bivariate LISA (BiLISA) were performed as the extension of univariate cluster analyses?.
Smoothed estimates of standardized incidence ratio (SIR) were used to identify the risks of the diseases in
cluster analysis. The raw value of the SIR includes characteristics of uncertainty that depend on the population
size: if the size of the population is large, the variance of the SIR is small; otherwise, the variance is large. These
problems can be avoided through borrowing of neighbourhood information. In this study, a global empirical
Bayes smoothing method was conducted using a Poisson model?. This method represents spatial variation,
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which adjusts for uncertainty. The smoothed estimates are calculated with the pooled mean of the entire study
and the weighted local raw value, depending on the number of populations in the region.

To estimate SIR, the incidence rate of human brucellosis per person-year during the study period was calcu-
lated as the number of newly reported human cases divided by the person-year at risk. The SIR of bovine bru-
cellosis per cattle-year in the same period was also estimated. In the SIR of bovine cases, adjustment was made
for cattle breeds, including beef cattle, dairy cattle, and mixed breeds raised for beef. Regions without cattle were
excluded. Adjustment of SIR for human cases was not performed due to the lack of demographic data. SIRs of
both diseases were smoothed.

Univariate cluster analyses were conducted for each of the two diseases; bivariate cluster analyses were con-
ducted for the spatial correlations between the risk of human brucellosis and other variables, including the risk
of bovine brucellosis, rural population, cattle population, number of slaughterhouses, and mean herd sizes. The
row-standardized queen type of first-order contiguity was used to present neighbours. Statistical significance was
calculated through Monte Carlo simulation, conducted 999 times with default values. p-values less than 5% were
considered to be statistically significant.

Bayesian spatial model. A Bayesian spatial model was developed to examine the effects of certain factors
on the risk of human brucellosis. The SIR of the disease was the dependent variable; the smoothed estimates of
the SIR of bovine brucellosis, rural population, cattle population, the number of slaughterhouses and mean herd
size were selected as independent variables. Mean herd size was modified to a categorical variable based on the
median value.

Based on a preliminary study in which the SIRs of human brucellosis were positively skewed with many
zeros (38.32%, 82 of 214 regions), a zero-inflated Poisson model was selected. The model and standard Poisson
models were non-nested; therefore, the Vuong test was used to compare the fitness of the models®. The Vuong
test supported the use of a zero-inflated Poisson model, rather than a standard Poisson model (p < 0.01). The
zero-inflated Poisson model was a mixture of the zero-inflated and Poisson models, which consider two types
of zeros: structural zeros and sample zeros. The zero-inflated model was used in regions where the structurally
observable value is zero (i.e., there was no at-risk population in the region). The Poisson model was used for
observed zeros in regions where other values can be observed.

To include spatial dependence, the Bayesian spatial zero-inflated Poisson model was fitted using integrated
nested Laplace approximations (INLA). INLA is an estimation tool for Bayesian analysis, which eases the com-
putational burden but approximates accurate posterior distribution. In INLA, fitting logistic regression for struc-
tural zeros is not permitted; therefore, only probabilities can be estimated for structural zeros?. The probability
function of the number of cases in the Bayesian spatial model can be expressed as*®*?’:

exp(— )N/

yz.!

POIAL M) = Wl (y, = 0) + (1 — 7))

where I (=0)is the indicator variable; y; is the observed number of cases; ), is the average number of inci-
dences; and 7 is the probability for structural zero. In cases where y; is not structural zero, y; and ); can be
expressed as?®30;

» ~ Poisson(A))
log(A\) = o+ BX; + v, + v, + log(E)

where a is the baseline SIR of human brucellosis; (; is the regression coefficient of independent variables; X; is the
set of independent variables; v is the structured spatial random effect for region i; 1; is the non-spatial random
effect for region i; and E; is the expected number of cases. All prior distributions were selected as vague priors,
which are default in INLA. The spatial random effect was constructed using an intrinsic conditional autoregres-
sive structure. The non-spatial random effect specified following a Gaussian distribution, with a mean of zero.
Regions that had no cattle were excluded from the model. To conduct the univariable Bayesian zero-inflated
Poisson model, variables that were significant at the 20% level were selected in the Bayesian spatial model.

In order to ensure the fitness of the Bayesian spatial model for these data, three reduced models for random
effect terms (i.e., spatial and non-spatial random effects) were developed to compare the goodness of fit of each
model. All models were compared using deviance information criterion (DIC), which is a form of the Akaike
information criterion for Bayesian modeling®'.

Choropleth maps showing the risk of human brucellosis were produced using the posterior mean values of
SIRs of human brucellosis, derived from the Bayesian spatial model.

Data management and statistical analyses were conducted using spdep® and INLA packages® in R software
3.2.4* and GeoDa 1.12%.

Results

Descriptive results. From January 2005 to December 2010, a total of 540 cases of human brucellosis were
reported, excluding one case that was non-domestic in origin. During the same period, a total of 74,492 cases
of bovine brucellosis were reported. The incidence rate of human brucellosis in South Korea during the study
period was 0.18 cases per 100,000 person-years, and the incidence rate of bovine brucellosis was 0.46 cases per
100 cattle-years. In 2006, there were 73 slaughterhouses nationwide (Table 1). In 38 districts, the SIR of bovine
brucellosis was not measured due to the absence of cattle.
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Human population 1 person 204840.00 | 157982.90 | 16781.00 174965.00 | 634941.00
Cattle population 100 cattle 128.65 142.89 0.14 86.90 778.62
SIR" of human brucellosis — 2.68 5.11 0.00 0.30 29.58
- Smoothed estimates — 2.25 3.96 0.02 0.35 2215
SIR® of bovine brucellosis — 0.90 1.15 0.00 0.56 9.09
- Smoothed estimates — 0.93 1.06 0.00 0.62 8.87
Mean herd size 1 cattle 34.10 15.93 0.00 31.78 99.85
Rural population 100 people 13.13 14.04 0.00 10.47 86.24
Number of slaughterhouses | 1 ea 0.34 0.65 0.00 0.00 5.00

Table 1. Descriptive statistics. *SIR: Standardized incidence ratio. **SD: Standard deviation.

Human brucellosis 0.30 0.00 0.04 7.83 <0.01
Univariate Global Moran’s I

Bovine brucellosis 0.22 0.00 0.04 5.41 <0.01

Bovine brucellosis 0.11 0.00 0.03 3.19 0.01

Rural population 0.35 0.00 0.03 10.65 <0.01
Bivariate Global MoransI | Cattle population 0.24 0.00 0.04 6.53 <0.01

Mean herd size —0.03 0.00 0.04 —0.77 0.23

Number of slaughterhouses 0.12 0.00 0.03 3.81 <0.01

Table 2. Results of univariate and bivariate Moran’s I.
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Figure 1. LISA and BiLISA cluster maps of human brucellosis and bovine brucellosis in Korea, 2005-2010 (a)
LISA of human brucellosis, (b) LISA of bovine brucellosis (¢) BiLISA of human and bovine brucellosis.

Cluster analyses. Table 2 shows the spatial autocorrelation of the risks of human and bovine brucellosis. The
risk of human brucellosis was positively autocorrelated (I=0.30, p-value < 0.01). The risk of bovine brucellosis
was also positively autocorrelated (I=0.22, p-value <0.01).

The cluster maps for human and bovine brucellosis in Fig. 1 show spatial clusters and their spatial heterogenei-
ties of dependence. “High-High” and “Low-Low” clusters indicated significant positive spatial autocorrelations:
these are respective hotspots and coldspots (e.g., a high risk of disease in cases was associated with high risk of
disease in neighbours). “High-Low” and “Low-High” clusters indicated negative autocorrelations (e.g., a high
risk of disease in cases was associated with low risk of disease in neighbours). Hotspots and coldspots of human
cases were located in the southeast/central and northwest regions, respectively (Fig. 1a). Similar to the clusters
of human brucellosis, hotspots and coldspots of bovine brucellosis were located in the southeast and northwest
regions, respectively. Je-ju Island was identified as a coldspot (Fig. 1b).

Table 2 shows the spatial correlations between the risk of human brucellosis and specific factors. The risk
of human brucellosis was positively correlated with the risk of bovine brucellosis (I=0.11, p-value =0.01),
rural population (I=0.35, p-value < 0.01), cattle population (I=0.2393, p-value < 0.01), and number of
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Figure 2. BiLISA cluster maps of risk of human brucellosis and risk factors in Korea, 2005-2010. (a) BiLISA
cluster map of the risk of HB and rural population. (b) BiLISA cluster map of the risk of HB and cattle
population. (c) BiLISA cluster map of the risk of HB and mean herd size. (d) BiLISA cluster map of the risk of
HB and the number of slaughtershouse.

Variable Risk ratio | 80% credible interval
Smoothed SIR” of bovine brucellosis | 1.16 1.11-1.21

Rural population 1.03 1.03-1.37

Cattle population 1.01 1.00-1.01

Mean herd size

<31.78 — —

>31.78 0.89 0.77-1.04

Number of slaughterhouses 1.24 1.14-1.35

Table 3. Results of univariable analysis using Bayesian zero-inflated Poisson model. *SIR: Standardized
incidence ratio.

slaughterhouses (I1=0.12, p-value < 0.01). However, the spatial correlation with mean herd size was not statisti-
cally significant (I=—0.03, p-value =0.223).

Figures 1c and 2 show the cluster patterns of spatial correlations between human brucellosis and specific fac-
tors. Each of the five factors showed a different cluster pattern. The risk of human brucellosis had a positive spatial
correlation with the risk of bovine brucellosis in the southeast region (hotspot) as well as in the northwest region
and Je-ju Island (coldspot) (Fig. 1¢c). Figure 2a shows the spatial correlation between rural populations and the
risk of disease. Positive correlations were located in centre-north and centre-west regions (hotspots), as well as in
the northwest region (coldspot) (Fig. 2a). The positive spatial correlations between cattle population and the risk
of the disease were located in the centre/cental-west regions (hotspot) and northwest regions (coldspots). Positive
correlation patterns between mean herd size and the risk of the disease were identified in few regions (Fig. 2¢).
With regard to the number of slaughterhouses, hotspots were located in the central regions (Fig. 2d).

Bayesian spatial model. Estimates of associations in a univariable Bayesian zero-inflated Poisson model are
shown in Table 3. Four variables were statistically significant at the 20% level: the risk of bovine brucellosis [risk
ratio (RR) = 1.16, 80% credible interval (CI) = 1.11-1.21], rural population (RR=1.03, 80% CI=1.03-1.37), cat-
tle population (RR=1.01, 80% CI=1.00-1.01), and number of slaughterhouses (RR =1.24, 80% CI=1.14-1.35).
Levels of correlation and multicollinearity were low among the four variables, which were used in the Bayesian
spatial model. The model, which includes both spatial and non-spatial random effects, was the most closely fit-
ted model to this data; it showed the lowest DIC (DIC =718.93), compared with other reduced random effects
models (Table 4).

Parameter estimates of associations between the risk of human brucellosis and specific factors in the Bayesian
spatial model are shown in Table 5. The SIR of human brucellosis showed a significantly positive association with
the smoothed estimates of SIR of the bovine brucellosis (RR = 1.49, 95% CI = 1.22-1.82); it also showed a pos-
itive association with rural population (RR=1.04, 95% CI=1.01-1.07) and cattle population (RR=1.01, 95%
CI=1.00-1.01). In contrast, the number of slaughterhouses was not significantly associated with SIR of human
brucellosis (RR=0.91, 95% CI=0.69-1.20).

Risk maps of human brucellosis were represented in Fig. 3.
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Both spatial and non-spatial random effects (Bayesian spatial model) 718.93
Only spatial random effect 810.81
Only non-spatial random effect 818.27
No random effects (Bayesian Zero-inflated Poisson model) 1278.06

Table 4. Model comparison for the different random effect terms.

Smoothed estimates of SIR* of bovine brucellosis 1.49 1.22-1.82
Rural population 1.04 1.01-1.07
Cattle population 1.01 1.00-1.01
Number of slaughterhouses 0.91 0.69-1.20

Table 5. Multivariable regression results using Bayesian spatial model. *SIR: Standardized incidence ratio.
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Figure 3. Choropleth map showing posterior mean values of SIR of human brucellosis from Bayesian spatial
zero-inflated model.

Discussion

Understanding the spatial characteristics of a disease aids in determining its aetiology*®. In the USA, spatial clus-
ters of human brucellosis have been shown to be related to the ethnicities of subsets of the population and their
unique food customs, such as eating raw cheese. In China, researchers showed that spatial clusters of human bru-
cellosis were related to livestock'>!6. Although the relationships between human and bovine brucellosis in South
Korea has already been identified>**!2, their spatial characteristics are not well-understood. In this study, using
data retrieved from human and veterinary surveillance systems, cluster analyses of human and bovine brucellosis
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were conducted to identify high-risk areas and their spatial correlations. Furthermore, factors associated with
human brucellosis were investigated at the district level to suggest intervention methods.

Human brucellosis is not a transmissible disease between humans®*?7; thus, clustering of human cases would
indicate common sources of infection'®, such as animal-contact or food-borne routes. Spatial heterogeneity of
dependence in the disease suggests that the risk of human infection might not be related to dairy products in the
market; otherwise, spatial variation would not show significant variation. Moreover, in South Korea, pasteuriza-
tion of dairy products is conducted. Therefore, the occurrence of disease through food purchased on the market
might be very low. Considering the contagious characteristics of bovine brucellosis between cattle, districts with
many cattle would be at high risk of infection®. In this study, identified high-risk districts had prominent cattle
industries, which is consistent with previous studies®*.

Spatial correlation and the estimated associations between risks of human and bovine brucellosis suggest
that human Brucella infection is related to spatial closeness with cattle, either through animal-contact or raw
food-borne routes. Therefore, as the cattle population increases, exposures of humans to infected animals or raw
dairy products may be more frequent. However, this could also be affected by the extent and proportion of cattle
covered by the bovine brucellosis eradication program. The proportion of cattle subject to testing was broadened
during the study period*’. Notably, asymptomatic Brucella infections might exist in cattle that were not included
in the eradication program; those cattle could have been sources of human infection.

This study revealed that the risk for human brucellosis is high in rural regions where the risk of bovine bru-
cellosis is high. Based on these, the risk map of human brucellosis was produced. Regional interventions for
human infection should focus on two sectors: human health and animal health. In South Korea, awareness of
brucellosis was high in at-risk populations. However, they did not know prevention methods and felt inconven-
ienced by wearing personal protective equipment (PPE)*#2, Health education for prevention measures should be
performed in regions with high risks of brucellosis, because PPE can protect against infection. This can impact
not only on brucellosis, but also on other zoonotic diseases*>*,

Eradication programs for bovine brucellosis have steadily expanded to increase frequency of testing and the
proportion of cattle covered by the programs??. Combined with the compensation program for slaughtered cattle
infected with Brucella, these programs have been successful in controlling the disease*’. However, these programs
have had difficulty in adjusting for the conditions of the individual farms. Risk-level data that we obtained in this
study may be helpful for implementing differentiated and more precise eradication programs®.

The number of slaughterhouses in a specific area was not significantly related to the risk of human brucellosis.
Slaughterhouse workers are a known risk group because they experienced a high possibility of direct contact with
animal products, such as organs and body fluids*"*4#°. This lower risk may be because slaughterhouse workers
constitute a small proportion of all infected people, or because of pre-trade testing for cattle as part of the eradi-
cation program.

Several previous studies of animal infectious disease, including brucellosis, were conducted using the livestock
trade network, with consideration of the ability of the disease to be transmitted between animals*®*’”. Based on the
present results showing a spatial relationship between the two diseases, control of zoonotic transmission of bru-
cellosis may also be enhanced through understanding of animal-human contact in the livestock trade network®:.
Further studies incorporating networks for zoonotic infections are recommended.

This study has some limitations. First, as an ecological study, it may incur an element of ecological fallacy when
the results are interpreted at the individual level. Second, the spatial unit used in this study was the city or district
level. In the Infectious Disease Statistics System of the Korea Centers for Disease Control and Prevention'!, it
was not possible to retrieve demographic data associated with human cases (e.g., age, sex, and occupation). Thus,
relationships of these factors could not be investigated. Nevertheless, the effects of rural population and spatial
patterns of human and bovine brucellosis indicate that the risk of human infection is strongly associated with
agriculture. Moreover, previous studies of human brucellosis in South Korea showed that most cases involved
elderly males who were associated with agriculture®*. Third, diagnostic methods for brucellosis have low valid-
ity°®°L. Therefore, some cases of human and bovine brucellosis may have not been identified (i.e., misclassification
bias). However, epidemiological investigations combined with the use of multiple diagnostic methods for human
cases may reduce the probability of pseudo-negative results. Similarly, the use of multiple diagnostic tests for
cattle may reduce the number of undetected cases. Furthermore, according to a previous study®?, spatial depend-
ence and patterns of disease are not strongly affected by limitations of diagnostic methods, especially for large
datasets. Consequently, misclassification bias is not expected to have seriously affected the results. Fourth, the
Bayesian models identified a low risk ratio for the smoothed ratio of bovine brucellosis. However, the smoothed
ratios of bovine brucellosis were distributed between 0 and 8.87. Thus, the region with the highest risk of bovine
brucellosis has approximately 34.8-fold greater risk of human brucellosis than the region with no risk of bovine
brucellosis, when other variables are adjusted appropriately. Similarly, risk ratios were 24.68-fold and 10.44-fold
greater when the rural and cattle populations were compared between maximum and minimum values, respec-
tively. Additionally, the at-risk population in South Korea is typically a rural population; their proportion of the
total population in South Korea is small (Table 1). Therefore, risk ratios indicate that bovine brucellosis and its
veterinary policy have considerable implications on the incidence of human brucellosis. Lastly, it is difficult to
identify the main route of transmission.

Despite our inability to confirm the main route of transmission, the spatial closeness of the two diseases
supports the animal-contact route as the main transmission method in South Korea. First, beef cattle comprise
the majority of the cattle population in South Korea®. Therefore, the risk of human infection might be primar-
ily related to Brucella infection of beef cattle. A possible route of infection from beef cattle is through contact
with raw meat products. However, the likelihood of this route is considered minimal because meat products
seldom transmit Brucella species®. Second, nearly all cases of human brucellosis in South Korea were B. abor-
tus infections, and the occupational characteristics and history of patients supported transmission through the
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animal-contact route>*. Taken together, these facts indicate that zoonotic transmission of brucellosis in South
Korea primarily occurs through animal contact. However, considering that there have been a few reports of
food-borne infection®?, that route cannot be underestimated.

To our knowledge, this was the first study to analyse the spatial relationship between human and bovine
brucellosis in South Korea. Human brucellosis was significantly spatially clustered with bovine brucellosis.
Animal-level intervention for zoonosis led to benefits for human health®; therefore, a stricter eradication pro-
gram for bovine brucellosis is needed in rural regions with a high risk of cattle infection combined with the infor-
mation of risk map of human brucellosis. Moreover, health policies, such as health education for epidemiology
of brucellosis and associated prevention, should be implemented in rural regions. Collaborative approaches with
human and veterinary health are needed to control brucellosis®*®¢. We expect that the data from this study will
aid in implementing veterinary and public health policy.

Data Availability
The datasets generated and analysed during the current study are available from the corresponding author on
reasonable request.

References
1. World Health Organization. Neglected Zoonotic Diseases, http://www.who.int/neglected_diseases/zoonoses/infections_more/en/
(2015).
2. Franco, M. P, Mulder, M., Gilman, R. H. & Smits, H. L. Human brucellosis. The Lancet Infectious Diseases 7, 775-786, https://doi.
org/10.1016/s1473-3099(07)70286-4 (2007).

. Corbel, M. J. Brucellosis in humans and animals. (World Health Organization, 2006).

4. Tuon, E. E, Gondolfo, R. B. & Cerchiari, N. Human-to-human transmission of Brucella - a systematic review. Trop Med Int Health
22, 539-546, https://doi.org/10.1111/tmi.12856 (2017).

5. Park, M. Y. et al. A sporadic outbreak of human brucellosis in Korea. ] Korean Med Sci 20, 941-946, https://doi.org/10.3346/
jkms.2005.20.6.941 (2005).

6. Yoon, H. et al. Epidemiology of brucellosis among cattle in Korea from 2001 to 2011. Journal of Veterinary Science 15, https://doi.
org/10.4142/jvs.2014.15.4.537 (2014).

7. Lee, J. Y. et al. An Imported Case of Brucella melitensis Infection in South Korea. Infect Chemother 50, 149-152, https://doi.
0rg/10.3947/ic.2018.50.2.149 (2018).

8. Park, D. & Lee, C. Brucellosis of cattle in Korea. ] Kor Vet Med Assoc 3, 1-12 (1959).

9. Lee, H. S., Her, M., Levine, M. & Moore, G. E. Time series analysis of human and bovine brucellosis in South Korea from 2005 to
2010. Prev Vet Med 110, 190-197, https://doi.org/10.1016/j.prevetmed.2012.12.003 (2013).

10. Park, M. S. et al. The first case of human brucellosis in Korea. Infection and Chemotherapy 35, 461-466 (2003).

11. Korea Centers for Disease Control and Prevention. Infectious Disease Statistics System, https://is.cdc.go.kr/dstat/index.jsp (2018).

12. Her, M. et al. A genetic comparison of Brucella abortus isolates from animals and humans by using an MLVA assay. ] Microbiol
Biotechnol 20, 1750-1755, https://doi.org/10.4014/jmb.1005.05039 (2010).

13. Brooker, S. et al. Spatial epidemiology of Plasmodium vivax, Afghanistan. Emerg Infect Dis 12, 1600-1602, https://doi.org/10.3201/
€id1210.060051 (2006).

14. Stevenson, M. A. et al. Descriptive spatial analysis of the epidemic of bovine spongiform encephalopathy in Great Britain to June
1997. The Veterinary record 147, 379-384, https://doi.org/10.1136/vr.147.14.379 (2000).

15. Fosgate, G. T. et al. Time-space clustering of human brucellosis, California, 1973-1992. Emerg Infect Dis 8, 672-678, https://doi.
0rg/10.3201/eid0807.010351 (2002).

16. Li, Y.-J,, Li, X.-L.,, Liang, S., Fang, L.-Q. & Cao, W.-C. Epidemiological features and risk factors associated with the spatial and
temporal distribution of human brucellosis in China. BMC Infectious Diseases 13, 547, https://doi.org/10.1186/1471-2334-13-547
(2013).

17. Statistics Korea. Census of Agriculture, Forestry and Fisheries, https://mdis.kostat.go.kr/index.do (2018).

18. Animal and Plant Quarantine Agency. Korea Animal Health Integrated System, http://www.kahis.go.kr (2018).

19. Animal and Plant Quarantine Agency, http://www.mafra.go.kr/sites/mafra/index.do (2018).

20. Statistics Korea. Statistical Geographical Information System, https://sgis.kostat.go.kr/view/index (2018).

21. Korea Centers for Disease Control and Prevention. Case definitions for national notifiable infectious diseases (2016).

22. Ministry of Agriculture, Food and Rural Affairs, Korea,. Standard operation procedure on tuberculosis and brucellosis. Notice
2014-13 (2014).

23. Luc, A. Local Indicators of Spatial Association—LISA. Geographical Analysis 27, 93-115, https://doi.org/10.1111/j.1538-4632.1995.
tb00338.x (1995).

24. Anselin, L., Syabri, I. & Smirnov, O. Visualizing multivariate spatial correlation with dynamically linked windows. Urbana 51, 61801
(2002).

25. Marshall, R. J. Mapping Disease and Mortality Rates Using Empirical Bayes Estimators. Applied Statistics 40, https://doi.
org/10.2307/2347593 (1991).

26. Vuong, Q. H. Likelihood Ratio Tests for Model Selection and Non-Nested Hypotheses. Econometrica 57, 307-333, https://doi.
0rg/10.2307/1912557 (1989).

27. Havard, R,, Sara, M. & Nicolas, C. Approximate Bayesian inference for latent Gaussian models by using integrated nested Laplace
approximations. Journal of the Royal Statistical Society: Series B (Statistical Methodology) 71, 319-392, https://doi.
org/10.1111/j.1467-9868.2008.00700.x (2009).

28. Blangiardo, M. & Cameletti, M. Spatial and spatio-temporal Bayesian models with R-INLA. (John Wiley & Sons, 2015).

29. Lawson, A. B. Bayesian disease mapping: hierarchical modeling in spatial epidemiology. (Chapman and Hall/CRC, 2013).

30. Besag, ., York, J. & Mollié, A. Bayesian image restoration, with two applications in spatial statistics. Annals of the Institute of
Statistical Mathematics 43, 1-20, https://doi.org/10.1007/bf00116466 (1991).

31. Spiegelhalter, D.]., Best, N. G., Carlin, B. P. & Van Der Linde, A. Bayesian measures of model complexity and fit. Journal of the Royal
Statistical Society: Series B (Statistical Methodology) 64, 583-639, https://doi.org/10.1111/1467-9868.00353 (2002).

32. Bivand, R., Hauke, J. & Kossowski, T. Computing the Jacobian in Gaussian Spatial Autoregressive Models: An Illustrated
Comparison of Available Methods. Geographical Analysis 45, 150-179, https://doi.org/10.1111/gean.12008 (2013).

33. Lindgren, F. & Rue, H. Bayesian spatial modelling with R-INLA. Journal of Statistical Software 63 (2015).

34. R: A language and environment for statistical computing (R Foundation for Statistical Computing, Vienna, Austria, 2013).

35. Anselin, L., Syabri, I. & Kho, Y. GeoDa: an introduction to spatial data analysis. Geographical analysis 38, 5-22 (2006).

36. Moore, D. A. & Carpenter, T. E. Spatial analytical methods and geographic information systems: use in health research and
epidemiology. Epidemiologic reviews 21, 143161, https://doi.org/10.1093/oxfordjournals.epirev.a017993 (1999).

w

SCIENTIFIC REPORTS |

(2019) 9:6657 | https://doi.org/10.1038/s41598-019-43043-7 8


https://doi.org/10.1038/s41598-019-43043-7
http://www.who.int/neglected_diseases/zoonoses/infections_more/en/
https://doi.org/10.1016/s1473-3099(07)70286-4
https://doi.org/10.1016/s1473-3099(07)70286-4
https://doi.org/10.1111/tmi.12856
https://doi.org/10.3346/jkms.2005.20.6.941
https://doi.org/10.3346/jkms.2005.20.6.941
https://doi.org/10.4142/jvs.2014.15.4.537
https://doi.org/10.4142/jvs.2014.15.4.537
https://doi.org/10.3947/ic.2018.50.2.149
https://doi.org/10.3947/ic.2018.50.2.149
https://doi.org/10.1016/j.prevetmed.2012.12.003
https://is.cdc.go.kr/dstat/index.jsp
https://doi.org/10.4014/jmb.1005.05039
https://doi.org/10.3201/eid1210.060051
https://doi.org/10.3201/eid1210.060051
https://doi.org/10.1136/vr.147.14.379
https://doi.org/10.3201/eid0807.010351
https://doi.org/10.3201/eid0807.010351
https://doi.org/10.1186/1471-2334-13-547
https://mdis.kostat.go.kr/index.do
http://www.kahis.go.kr
http://www.mafra.go.kr/sites/mafra/index.do
https://sgis.kostat.go.kr/view/index
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.2307/2347593
https://doi.org/10.2307/2347593
https://doi.org/10.2307/1912557
https://doi.org/10.2307/1912557
https://doi.org/10.1111/j.1467-9868.2008.00700.x
https://doi.org/10.1111/j.1467-9868.2008.00700.x
https://doi.org/10.1007/bf00116466
https://doi.org/10.1111/1467-9868.00353
https://doi.org/10.1111/gean.12008
https://doi.org/10.1093/oxfordjournals.epirev.a017993

www.nature.com/scientificreports/

37. Doganay, M. & Aygen, B. Human brucellosis: an overview. International Journal of Infectious Diseases 7, 173-182, https://doi.
org/10.1016/51201-9712(03)90049-x (2003).

38. Al-Majali, A. M., Talatha, A. Q., Ababneh, M. M. & Ababneh, M. M. Seroprevalence and risk factors for bovine brucellosis in Jordan.
Journal of Veterinary Science 10, https://doi.org/10.4142/jvs.2009.10.1.61 (2009).

39. Lee, B. Y. et al. Surveillance and control of bovine brucellosis in the Republic of Korea during 2000-2006. Prev Vet Med 90, 66-79,
https://doi.org/10.1016/j.prevetmed.2009.03.003 (2009).

40. Yoon, H. et al. Impact of bovine brucellosis eradication programs in the Republic of Korea. Prev Vet Med 95, 288-291, https://doi.
org/10.1016/j.prevetmed.2010.04.004 (2010).

41. Lim, H.-S,, Yoo, S.-]. & Lee, K. Awareness of Zoonoses among Cattle Slaughterhouse Workers in Korea. Journal of agricultural
medicine and community health 34, 101-112, https://doi.org/10.5393/jamch.2009.34.1.101 (2009).

42. Choi, K.-B,, Lim, H.-S,, Lee, K. & Min, Y.-S. Awareness of Major Zoonoses among Dairy Farmers in Gyeonggi Province. Journal of
agricultural medicine and community health 35, 339-349, https://doi.org/10.5393/jamch.2010.35.4.339 (2010).

43. Esmaeili, S. et al. Seroprevalence of Brucellosis, Leptospirosis, and Q Fever among Butchers and Slaughterhouse Workers in South-
Eastern Iran. PLoS One 11, e0144953, https://doi.org/10.1371/journal.pone.0144953 (2016).

44. Yoo, S. . et al. Seroprevalence and risk factors of brucellosis among slaughterhouse workers in Korea. ] Prev Med Public Health 42,
237-242, https://doi.org/10.3961/jpmph.2009.42.4.237 (2009).

45. Seleem, M. N., Boyle, S. M. & Sriranganathan, N. Brucellosis: a re-emerging zoonosis. Vet Microbiol 140, 392-398, https://doi.
org/10.1016/j.vetmic.2009.06.021 (2010).

46. Craft, M. E. Infectious disease transmission and contact networks in wildlife and livestock. Philosophical transactions of the Royal
Society of London. Series B, Biological sciences 370, https://doi.org/10.1098/rstb.2014.0107 (2015).

47. Darbon, A. et al. Network-based assessment of the vulnerability of Italian regions to bovine brucellosis. Prev Vet Med 158, 25-34,
https://doi.org/10.1016/j.prevetmed.2018.07.004 (2018).

48. Roy, S., McElwain, T. E & Wan, Y. A network control theory approach to modeling and optimal control of zoonoses: case study of
brucellosis transmission in sub-Saharan Africa. PLoS Negl Trop Dis 5, €1259, https://doi.org/10.1371/journal.pntd.0001259 (2011).

49. Jang, Y. et al. Epidemiological aspects of human brucellosis and leptospirosis outbreaks in Korea. J Clin Med Res 3, 199-202, https://
doi.org/10.4021/jocmr630e (2011).

50. Gall, D. & Nielsen, K. Serological diagnosis of bovine brucellosis: a review of test performance and cost comparison. Rev Sci Tech 23,
989-1002 (2004).

51. Araj, G. F. Update on laboratory diagnosis of human brucellosis. Int ] Antimicrob Agents 36(Suppl 1), S12-17, https://doi.
org/10.1016/j.ijantimicag.2010.06.014 (2010).

52. Berke, O. & Waller, L. On the effect of diagnostic misclassification bias on the observed spatial pattern in regional count data—a case
study using West Nile virus mortality data from Ontario, 2005. Spat Spatiotemporal Epidemiol 1, 117-122, https://doi.org/10.1016/j.
sste.2010.03.004 (2010).

53. Yoo, J. R., Heo, S. T, Lee, K. H., Kim, Y. R. & Yoo, S. ]. Foodborne outbreak of human brucellosis caused by ingested raw materials of
fetal calf on Jeju Island. Am J Trop Med Hyg 92, 267-269, https://doi.org/10.4269/ajtmh.14-0399 (2015).

54. Roth, F. et al. Human health benefits from livestock vaccination for brucellosis: case study. Bulletin of the World health Organization
81, 867876 (2003).

55. Rock, M., Buntain, B. ], Hatfield, J. M. & Hallgrimsson, B. Animal-human connections, “one health,” and the syndemic approach to
prevention. Soc Sci Med 68, 991-995, https://doi.org/10.1016/j.socscimed.2008.12.047 (2009).

56. Ryu, S., Kim, B. I, Lim, J. S, Tan, C. S. & Chun, B. C. One Health Perspectives on Emerging Public Health Threats. ] Prev Med Public
Health 50, 411-414, https://doi.org/10.3961/jpmph.17.097 (2017).

Acknowledgements
The authors would like to thank Jun-Hee Han (EpiCentre, School of Veterinary Sciences, Massey University) for
his comments for manuscript.

Author Contributions

J.S.L. and S.I.C. designed the study. J.S.L. collected the data and performed the analysis. J.S.L. designed the
analytical method with comments from K.D.M., S.R. and S.S.H. J.S.L., S.I.C. and S.S.H. were responsible for
interpretation of the data. J.S.L. drafted the manuscript through consultation with S.R., K.D.M. and S.I.C. All
authors contributed to the final version of manuscript. All authors read and approved the final manuscript.

Additional Information

Competing Interests: KDM, SR, SSH, and SIC declare no competing interests. JSL is a public veterinary officer
in Gyeonggi Provincial Government. However, this study was conducted by the authors independently of the
government. Therefore, the opinions expressed in this article do not necessarily reflect the opinions of the
Gyeonggi Provincial Government.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS | (2019) 9:6657 | https://doi.org/10.1038/s41598-019-43043-7 9


https://doi.org/10.1038/s41598-019-43043-7
https://doi.org/10.1016/s1201-9712(03)90049-x
https://doi.org/10.1016/s1201-9712(03)90049-x
https://doi.org/10.4142/jvs.2009.10.1.61
https://doi.org/10.1016/j.prevetmed.2009.03.003
https://doi.org/10.1016/j.prevetmed.2010.04.004
https://doi.org/10.1016/j.prevetmed.2010.04.004
https://doi.org/10.5393/jamch.2009.34.1.101
https://doi.org/10.5393/jamch.2010.35.4.339
https://doi.org/10.1371/journal.pone.0144953
https://doi.org/10.3961/jpmph.2009.42.4.237
https://doi.org/10.1016/j.vetmic.2009.06.021
https://doi.org/10.1016/j.vetmic.2009.06.021
https://doi.org/10.1098/rstb.2014.0107
https://doi.org/10.1016/j.prevetmed.2018.07.004
https://doi.org/10.1371/journal.pntd.0001259
https://doi.org/10.4021/jocmr630e
https://doi.org/10.4021/jocmr630e
https://doi.org/10.1016/j.ijantimicag.2010.06.014
https://doi.org/10.1016/j.ijantimicag.2010.06.014
https://doi.org/10.1016/j.sste.2010.03.004
https://doi.org/10.1016/j.sste.2010.03.004
https://doi.org/10.4269/ajtmh.14-0399
https://doi.org/10.1016/j.socscimed.2008.12.047
https://doi.org/10.3961/jpmph.17.097
http://creativecommons.org/licenses/by/4.0/

	Spatial analysis to assess the relationship between human and bovine brucellosis in South Korea, 2005–2010

	Methods

	Study design and spatial units. 
	Data source. 
	Case definition. 
	Cluster analysis. 
	Bayesian spatial model. 

	Results

	Descriptive results. 
	Cluster analyses. 
	Bayesian spatial model. 

	Discussion

	Acknowledgements

	Figure 1 LISA and BiLISA cluster maps of human brucellosis and bovine brucellosis in Korea, 2005–2010 (a) LISA of human brucellosis, (b) LISA of bovine brucellosis (c) BiLISA of human and bovine brucellosis.
	Figure 2 BiLISA cluster maps of risk of human brucellosis and risk factors in Korea, 2005–2010.
	Figure 3 Choropleth map showing posterior mean values of SIR of human brucellosis from Bayesian spatial zero-inflated model.
	Table 1 Descriptive statistics.
	Table 2 Results of univariate and bivariate Moran’s I.
	Table 3 Results of univariable analysis using Bayesian zero-inflated Poisson model.
	Table 4 Model comparison for the different random effect terms.
	Table 5 Multivariable regression results using Bayesian spatial model.




