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Abstract

Background

Melioidosis, a fatal infectious disease caused by Burkholderia pseudomallei, is increasingly

diagnosed in tropical regions. However, data on risk factors and the geographic epidemiol-

ogy of the disease are still limited. Previous studies have also largely been based on the

analysis of case series data. Here, we undertook a more definitive hospital-based matched

case-control study coupled with spatial analysis to identify demographic, socioeconomic

and landscape risk factors for bacteremic melioidosis in the Kedah region of northern

Malaysia.

Methodology/Principal findings

We obtained patient demographic and residential information and clinical presentation and

medical history data from 254 confirmed melioidosis cases and 384 matched controls

attending Hospital Sultanah Bahiyah (HSB), the main tertiary hospital of Alor Setar, the capi-

tal city of Kedah, during the period between 2005 and 2011. Crude and adjusted odds ratios

employing conditional logistic regression analysis were used to assess if melioidosis in this

region is related to risk factors connected with socio-demographics, various behavioural

characteristics, and co-occurring diseases. Spatial clusters of cases were determined using

a continuous Poisson model as deployed in SaTScan. A land cover map in conjunction with

mapped case data was used to determine disease-land type associations using the Fisher’s

exact test deploying simulated p-values. Crude and adjusted odds ratios indicate that melioi-

dosis in this region is related to gender (males), race, occupation (farming) and co-occurring

chronic diseases, particularly diabetes. Spatial analyses of disease incidence, however,

showed that disease risk and geographic clustering of cases are related strongly to land

cover types, with risk of disease increasing non-linearly with the degree of human modifica-

tion of the natural ecosystem.
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Conclusions/Significance

These findings indicate that melioidosis represents a complex socio-ecological public health

problem in Kedah, and that its control requires an understanding and modification of the

coupled human and natural variables that govern disease transmission in endemic

communities.

Author summary

Although the public health significance of melioidosis as a particularly highly fatal emerg-

ing infectious disease threat in the tropics is being recognized, data on the risk factors and

the geographic distribution of the disease is still limited. Previous studies have also largely

been based on the investigation of case series data. Here, we extend these studies by

employing a hospital-based matched case-control study to carry out a more robust exami-

nation of the demographic, socioeconomic, and landscape risk factors that may govern

melioidosis incidence in the Alor Setar area of Kedah, State, a key disease endemic region

of Malaysia. Our results indicate that melioidosis in northern Malaysia is significantly

associated with gender, race, occupation, co-occurring chronic disease as well as living in

risky landscapes, with disease risk increasing and declining non-linearly with the degree

of ecosystem modification. These findings denote that the disease represents a complex

socio-ecological public health problem in Kedah, and that its control requires an under-

standing and modification of both the human and natural variables that underlie disease

transmission in this setting.

Introduction

Melioidosis, once thought to be restricted to Southeast Asia and northern Australia [1], is now

increasingly diagnosed in other tropical regions, including across Africa, the Caribbean, and

other parts of Asia [2, 3]. Thriving in soil and surface water, the causative Burkholderia pseudo-
mallei saprophytic bacterium can bear extreme environments, including enduring starvation

for long durations, a likely biological factor underlying its survival and potential transmission

across broad geographical regions [4]. The main mode of transmission involves physical con-

tact of lesions with contaminated reservoirs; however, inhalation or ingestion of particles in

the air can also serve as dissemination mechanisms. B. pseudomallei has been found to be the

causal agent for approximately 20% of community acquired bacteremias in north- eastern

Thailand, [4] but the pathogen can also induce a wide spectrum of clinical manifestations

ranging from pneumonia, internal organ abscesses to septicemia. The disease is notably lethal,

with overall mortality rates found to range anywhere between 19 and 54 percent in different

communities [2, 5].

Previous work has shown that peninsular Malaysia may be at high risk for the disease, with

hospital cases recorded from practically all regions of the country [6–11], and calculated

annual incidences ranging from 4.3 per 100,000 in the eastern state of Pahang [6] to as high as

16.35 per 100,000 recently reported by us in the northwestern agricultural state of Kedah [7].

These studies have also highlighted the high fatality rate, as well as provided data suggestive of

the myriad social and ecological factors that may govern disease transmission in this region

[6–11].
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Despite the extent and potentially high public health significance of the disease in the coun-

try, definitive information on risk factors are still constrained by the fact that previous studies

have invariably focused on analyses of patient case records. Although such case series-based

studies are useful for estimating relative disease incidences and for quantifying the prevalence

of exposure or risk factors associated with the disease [12], these analyses are limited by the

quality of patient selection, observation period, and time-invariant or fixed confounder effects

[12, 13].

Here, we extend our previous case series study by employing a hospital-based matched

case-control investigation to carry out a more powerful and definitive examination of the

demographic, socioeconomic, and landscape risk factors that may govern melioidosis inci-

dence in the Alor Setar region of Kedah state. Although it is well-known that melioidosis in

Southeast Asia is associated with rice farming [2, 14], the relative risk for disease across the

major landscapes occurring in this region, including in the case of Kedah, has never been

quantified. We therefore analyzed the spatial distribution of patient-cases in this study to both

identify for the first time the areas of high risk in the state [15], and to assess the landscape fea-

tures that are likely to be associated with this soil and water-mediated infectious disease in this

region.

Methods

This was a retrospective matched case-control study conducted using melioidosis cases and

controls attending Hospital Sultanah Bahiyah (HSB), the main tertiary hospital of Alor Setar,

the capital city of Kedah, during the period between 2005 and 2011. Melioidosis is a notifiable

disease in Kedah with HSB serving as the primary reference hospital for the state. We obtained

patient demographic and residential information, clinical presentation, and medical history

for all selected cases and controls from the relevant HSB patient registries.

Selection of case-patients and controls

All case-patients were extracted from the Melioidosis Registry, established in 2005 and con-

taining all confirmed melioidosis cases referred to HSB. Confirmation of melioidosis at HSB is

rigorous and is done by culture, serology, or a combination of both tests [7]. Microbial detec-

tion of B. pseudomallei in blood cultures is achieved using the BACTEC9420 Instrumented

Blood Culture System (Fluorescent Series, Becton Dickinson). Cultures of other bodily fluids

were performed using blood agar and MacConkey’s medium, and the API 20 NE biochemical

identification system (BioMérieux) for B. pseudomallei. Serology tests are based on detection

of B. pseudomallei using the Indirect Fluorescent Antibody (IFA) method. Since culture tests

are the gold standard for diagnosis, only culture positive cases were included in this study,

resulting in an initial selection of 254 out of the original 488 cases from the Melioidosis Regis-

try for the above study period. By contrast, 384 controls were initially collected from patients

admitted to the orthopedics department in HSB at the same time as the selected case-patients.

These controls were matched with case-patients for age, gender, race, home address, and

admission date to HSB (+/- one week). Addresses were matched to the nearest village or street.

Following the matching effort, we obtained 242 matched pairs of cases and controls.

Statistical analysis of socio-epidemiological data

Demographics, risk factors, including smoking, alcohol usage and occupation, and underlying

illnesses, were compared between controls and case-patients. Occupation was categorized into

three classes representing low to high occupational risk for contracting melioidosis based on

likely exposure. Those considered to have low occupational risk were in sales, executive

Socio-epidemiological and land cover risk factors for melioidosis
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positions, academia, and other job roles with minimal outdoor exposure; the medium group

consisted of children, housewives, and those with service jobs; while those in the high occupa-

tional risk group were solely farmers. For continuous variables, either the Student’s t test or

the Mann-Whitney U test was used, and for categorical variables either the Pearson χ2 test or

Fisher’s exact tests was used as required. A conditional logistic regression was used to calculate

the adjusted odds ratios (OR) for associations of melioidosis with different underlying ill-

nesses. All analyses were performed using SPSS 20 and R 3.0.1 [16, 17].

Spatial analysis

Cases were mapped on Google Earth based on patient address to obtain latitude and longitudi-

nal coordinates. Overall, locations were identified for 175 case-patients; controls were not

mapped because of locational matching with case-patients. The original latitude and longitudi-

nal coordinates were then projected to Kertau UTM Zone 47 for Malaysia to create a case dis-

tribution map using ArcGIS 10.1 [18]. The presence of significant clusters in the spatial case

data was assessed using the scan statistics feature in SaTScan 9.0 [19]. A continuous Poisson

model, which tests the hypothesis that cases follow a homogeneous spatial Poisson process

with constant density throughout the study area [20], was applied with the following parame-

ters: scanning for areas with high rates in a circular manner, a maximum spatial cluster size set

to 50% of the population at risk, and no geographical overlap [17].

In order to determine the prevalence of melioidosis within different landscapes occurring

in the study area, we first overlaid the case point data onto a 5 arc minutes land cover map of

East Asia and the Pacific [21], clipped to cover the Kedah state boundary. This allowed the

count of cases falling in each land cover type. A gridded population map of Kedah was then

extracted from the Gridded Population of the World [22] and overlaid on the land cover map

in order to derive the population count within each land cover type. The melioidosis preva-

lence in each land cover classification was estimated using the following equation: (number of

cases/population count) � 100,000. Spatial variation in the prevalence of the disease between

the different land cover types was assessed by applying the Fisher’s exact test with simulated p-

values based on 2000 replicates [14].

The proportions of each land cover type within and outside the identified disease cluster

were calculated using ArcGIS [18], and statistical differences in the composition of propor-

tionate landcover types within and outside the cluster were evaluated using a Dirichlet regres-

sion model for testing variations in compositional data between categorical variables [23].

Ethics statement

The project was approved by the National Institute of Health (NIH) and Malaysian Research

and Ethics Committee (MREC). All patient data used in this study was anonymized.

Results

Case-patients and controls

Demographic characteristics, and underlying risk factors and illnesses, are displayed in Table 1

for the matched cases and controls. Overall, there was a preponderance of males (76.4%), the

predominant race was Malay (93.0%), and the mean age was 46.6, with males slightly older

than females (Table 1). Subject occupation appeared to play a significant role in disease acqui-

sition, with case-patients found to be engaged proportionately more in the high risk occupa-

tion of farming (16.9% in case-patients versus 10.3% in controls: χ2 = 4.49, p< 0.034), while

Socio-epidemiological and land cover risk factors for melioidosis
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they were significantly underrepresented in the low risk occupations of sales, executive posi-

tions and academics (10.7% versus 22.3% in controls: χ2 = 11.74, p< 0.001).

While no significant associations between case-patients and either alcohol use or smoking

were found for this population, varying degrees of statistically significant relationships, by con-

trast, were found between case-patients and diabetes (χ2 = 43.269, p< 0.001), chronic renal

failure (χ2 = 8.593, p = 0.003), and other immunocompromised states (χ2 = 4.03, p = 0.045).

Crude ORs (Table 2) from running ordinary univariate logistic regressions supported these

Table 1. Characteristics of matched cases and controls including demographic characteristics, risk factors, underlying illnesses, and mortality.

Melioidosis Cases

(no. = 242) (%§)

Melioidosis Controls

(no. = 242) (%§)

p-value x2

Mean Age

Male ‡ 47.75 (16.6) 47.82 (16.4)

Female ‡ 42.95 (18.6) 42.93 (18.7)

Male 185 (76.4) 185 (76.4)

Malay 170 (70.2) 170 (70.2)

Chinese 9 (3.7) 9 (3.7)

Indian 3 (1.2) 3 (1.2)

Others 3 (1.2) 3 (1.2)

Female 57 (23.6) 57 (23.6)

Malay 55 (22.7) 55 (22.7)

Chinese 0 0

Indian 1 (0.4) 1 (0.4)

Others 1 (0.4) 1 (0.4)

Occupation

Low�� 26 (10.7) 54 (22.3) <0.001 11.74

Medium 69 (28.5) 75 (31.0) 0.60 0.36

High� 41 (16.9) 25 (10.3) 0.04 4.49

Unknown 106 (43.8) 88 (36.4) 0.12 2.79

Smoker

Yes 52 (21.5) 46 (19.0) 0.678 0.17

No 109 (45.0) 87 (36.0)

Unknown 81 (33.5) 109 (45.0)

Alcohol Consumption

Yes 3 (1.2) 2 (0.8) 0.202 0.65

No 239 (98.8) 240 (99.2)

Underlying Illnesses

Diabetes Mellitus�� 145 (59.9) 73 (30.2) <0.001 43.27

Chronic Renal Failure�� 19 (7.9) 5 (2.1) 0.003 8.59

Chronic Lung Disease 3 (1.2) 1 (0.3) 0.315 1.01

HIV/AIDs 4 (1.7) 1 (0.3) 0.177 1.82

Immunocompromised States 4 (1.7) 0

Other Diseases 87 (36.0) 79 (32.7) 0.045 4.03

Data shown as no. (%); p-value <0.05 � and <0.01 ��

‡ data shown as mean (standard deviation)
§ percentages calculated based on total subjects (no.) for each disease group.

A few of the conditions included in the “Other Diseases” category are hypertension, hypercholesterolaemia, heart disease, hepatitis B and C, thalassemia, and

tuberculosis. A majority of the deceased patients presented with various combinations of the underlying illnesses, most commonly, diabetes mellitus and chronic renal

failure, as well as, diabetes mellitus and other diseases.

https://doi.org/10.1371/journal.pntd.0007243.t001
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findings for diabetes, (OR = 3.46, 95% CL:2.38–5.04) and chronic renal failure (OR = 4.04,

95% CL:1.30–2.05), but not other diseases (chronic lung failure, HIV and other immunocom-

promised states) (OR = 1.20, 95% CL:0.83–1.75). By contrast, adjusted ORs from the condi-

tional logistic model showed that all three (diabetes: OR = 4.13, 95% CL:2.62–6.51; chronic

renal failure: OR = 1.95, 95%CI 1.19–3.19; and other diseases: OR = 10.0, 95% CL:1.28–78.12)

comprised significant risk factors for the disease. They also show that the odds of acquiring

melioidosis is likely to be 4 times higher among diabetics and about 2 times higher among

patients with chronic renal failure.

Case-fatality

The case-fatality ratio among culture-confirmed melioidosis cases was 41.8% (95% CL: 35.5–

48.4) while the case-fatality ratio among melioidosis-suspected cases was 19.7% (95% CL:

14.7–25.9) (Table 3). Risk factors which significantly affected the relative risk of death among

the confirmed cases include age group (with risk of death significantly low amongst the youn-

gest section of the present cases), having diabetes mellitus, having an unknown-risk for occu-

pation, or having an unknown smoking status. Among melioidosis-suspected cases, the risk

factors significantly affecting the risk of dying include having an underlying infection of diabe-

tes mellitus or chronic renal failure.

Spatial analysis

The spatial distribution of melioidosis cases superimposed on the Kedah land cover map is

shown in Fig 1, and indicates a concentration of cases in the urban and semi-urban settings

surrounding Alor Setar. The continuous Poisson spatial scan statistic detected one likely pri-

mary cluster (log likelihood ratio = 505.18, radius = 25.57 km, centroid coordinates = 100.467,

6.15, p<0.001) that included HSB (Fig 1). No significant secondary cluster was detected.

Table 4 shows the prevalence of the disease across the five major land types or landscapes

expected to influence melioidosis transmission within the present study location. These land

cover types were derived by combining the finer scale environments shown in Fig 1 (see details

of the land cover combinations carried out as shown in Table 4), and might be considered to

represent a gradient in the underlying environmental exposure risk to acquiring melioidosis.

They also represent a graded increase in the degree of human modification of the natural eco-

system from forested areas to the urban setting. Table 4 shows that, as expected, melioidosis

prevalence varied markedly between these land cover types, with results from the Fisher’s

exact test showing this variation to be highly statistically significant (χ2 = 45.019, p< 0.0005).

We estimated the risk of living in these environments by calculating an exposure OR based

on the joint distributions of cases and populations at risk in each land type. This showed that

while living in areas with large-scale irrigation-based agriculture represented the most risk for

acquiring melioidosis (OR = 2.24, 95% CL:1.57–3.17), followed by mixed agriculture/pastoral

environments (OR: 1.55, 95% CL:1.02–2.31); living in forest-associated areas, either the mixed

Table 2. Crude OR and adjusted OR from conditional logistic regression for matched cases and controls.

Crude O.R 95% CI Adjusted O.R 95% CI p-value

Diabetes 3.46 2.38–5.04 4.13 2.62–6.51 0.00

Chronic Renal Failure 4.04 1.30–2.05 1.95 1.19–3.19 0.01

Other ‡ 1.20 0.83–1.75 10.00 1.28–78.12 0.03

‡ includes chronic lung failure, HIV, and immunocompromised states

https://doi.org/10.1371/journal.pntd.0007243.t002
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forested (OR: 0.55, 95% CL:0.34–0.86) or forestry areas (OR: 0.28, 95% CL:0.08–0.73), pro-

tected against the disease. Living in urban Alor Setar also provided some protection, but this

protection did not attain statistical significance (OR: 0.83, 95% CL: 0.59–1.13). Fig 2 plots the

ORs in relation to the five land cover types, and illustrates the non-linearity in the impact of

the investigated land cover types on melioidosis risk.

Fig 3 shows the proportions of the five landscapes observed within the primary high infec-

tion cluster (Fig 1) in comparison to the proportions recorded outside the cluster. The propor-

tions outside the cluster were obtained by calculating the respective areas of each land cover

type occurring within a convex hull placed around the locations of cases outside the primary

cluster (Fig 1). The results show that the proportions of each land cover type varied markedly

within and outside the primary cluster, with high risk land cover types (mixed agriculture and

Table 3. Case-fatality ratio and relative risk of death by socio-demographic and clinical factors among melioidosis culture-confirmed and suspected cases.

Melioidosis Confirmed Cases (n = 220) Melioidosis Suspected Cases (n = 193)

n§ Deaths RR 95% CI n§ Deaths RR 95% CI

Case Fatality Ratio‡ 220 92 41.8 35.5–48.4 193 38 19.7 14.7–25.9

Sex

Male 163 68 Ref. — 124 25 Ref. —

Female 57 24 1.01 0.71–1.44 69 13 0.93 0.51–1.71

Age

0–24 34 9 0.53 0.29–0.97� 26 2 0.32 0.08–1.26

25–54 118 49 0.83 0.60–1.14 85 16 0.77 0.43–1.38

55+ 68 34 Ref. — 82 20 Ref. —

Race

Malay 199 85 Ref. — 175 33 Ref. —

Chinese 9 3 0.78 0.31–1.99 11 3 1.45 0.53–3.98

Indian 7 3 1.00 0.42–2.40 3 0 0.00 NA

Others 5 1 0.47 0.08–2.72 4 2 2.65 0.95–7.41

Occupation

Low 24 6 Ref. — 32 5 Ref. —

Medium 68 19 1.12 0.51–2.47 72 12 1.07 0.41–2.78

High 34 12 1.41 0.62–3.23 28 5 1.14 0.37–3.54

Unknown 94 55 2.34 1.15–4.78� 61 16 1.68 0.68–4.16

Smoker

Yes 41 16 1.13 0.71–1.79 40 11 1.56 0.82–2.99

No 107 37 Ref. — 108 19 Ref. —

Unknown 72 39 1.57 1.12–2.19� 45 8 1.01 0.48–2.14

Underlying Illnesses

Diabetes Mellitus 128 61 1.41 1.01–1.99� 88 23 1.83 1.02–3.29�

Chronic Renal Failure 18 10 1.37 0.88–2.14 10 5 2.77 1.39–5.54�

Chronic Lung Disease 3 2 1.61 0.71–3.63 3 0 0 NA

HIV/AIDs 3 1 0.79 0.16–3.97 3 1 1.71 0.34–8.70

Immunocompromised States 5 2 0.96 0.32–2.83 2 0 0 NA

Other Diseases 83 30 0.80 0.57–1.12 58 14 1.36 0.76–2.43

§ Individuals who were transferred to a different hospital or discharged from the hospital at their own risk were excluded from the analysis as we do not know if they

final clinical outcome was death
‡ data shown as case-fatality ratio rather than relative risk ratio

� indicates a p-value <0.05.

https://doi.org/10.1371/journal.pntd.0007243.t003
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in particular, agricultural areas) occurring proportionately more within the primary cluster

(Dirichlet Regression with intercept only versus one including cluster effects: devi-

ance = 220.5142, df = 5, p<0.001). A multivariate logistic regression analysis, controlling for

the effects of age, gender and occupational differences between cases located within and out-

side the primary cluster, confirmed that the observed spatial clustering of melioidosis cases

found in this study was a direct function of living in such “pathogenic” environments

(Table 5).

Fig 1. Population map of Kedah, Malaysia showing spatial distribution of melioidosis cases. Red block with “H”

represents Hospital Sultanah Bahiya (HSB). Spatial scan statistic revealed the most likely disease cluster, black triangle

(radius 0.23, p<0.001). No significant secondary clusters were discovered. Created with ArcGIS 10.1 [18] using district

boundaries provided by the Department of Statistics, Malaysia. Land cover and population map layers were generated

as described in Methods.

https://doi.org/10.1371/journal.pntd.0007243.g001

Table 4. Prevalence of melioidosis within various land use types.

Land Use Type Prevalence Rate (per 100,000)

Forestry 3.30

Mixed forestry and pastoralism 6.82

Mixed agriculture and pastoralism 16.17

Agriculture–large scale irrigation 21.04

Urban Areas§ 9.93

§7 cases were removed from the urban prevalence estimation due to their participation in a high-risk occupation.

(Fisher’s exact test showed significance with a simulated p-value of 0.0005)

https://doi.org/10.1371/journal.pntd.0007243.t004
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Discussion

Although Malaysia is increasingly recognized as an important endemic focus for melioidosis

[7, 24], and previous investigations have highlighted the basic epidemiological features of the

Fig 2. Increasing risk of melioidosis with escalating levels of human modification to the ecosystem of Kedah, Malaysia.

https://doi.org/10.1371/journal.pntd.0007243.g002
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disease among cases, this is the first case-control study from that country conducted specifi-

cally to elucidate the socio-epidemiological and landscape risk factors, as well as magnitudes of

their association, for bacteremic disease. In order to more effectively evaluate the impacts of

these diverse etiological factors, we have also used an efficient matched case control study

design to undertake the present analysis.

Our study populations were representative of the ethnic make-up of Kedah state, with 93.0

percent of study subjects being Malay. The Census of Malaysia reports an equal proportion of

males and females within the state of Kedah [25]. However, 76.4 percent of the case-patients in

our study population were males while 23.6 percent were females, supporting suggestions that

Fig 3. Percentage of land use types inside and outside of the primary cluster of melioidosis cases in Kedah,

Malaysia.

https://doi.org/10.1371/journal.pntd.0007243.g003

Table 5. Adjusted OR from binary logistic regression comparing cases inside and outside of the primary cluster.

O.R. 95% CI p-value

Occupation (low) 1.48 0.56–3.88 0.43

Occupation (medium) 1.77 0.49–6.35 0.39

Occupation (high) 1.69 0.53–5.36 0.38

Diabetes 0.79 0.37–1.68 0.54

Land use 3.01 1.48–6.13 0.002

Age 1.01 0.99–1.03 0.54

Gender 0.98 3.96–2.40 0.96

https://doi.org/10.1371/journal.pntd.0007243.t005
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there is a strong tendency for infections to occur in males in this region [24, 26]. The mean age

of male subjects was slightly higher than that of females (Table 1), but since our previous study

indicated that age may have a non-linear rise and fall relationship with cases [7], this age differ-

ence is unlikely to underlie the higher occurrence of the disease in males. On the other hand,

as males in the present community engage more in activities related to greater contact with

soil (e.g. farming, small-scale foodstuff or recreational gardening), this result corroborates pre-

vious conclusions [27, 28] that the elevated disease prevalence/incidence observed for males is

due to their higher occupational exposure to the disease [27–29].

The strong occupationally-related hazard for acquiring melioidosis was further corrobo-

rated by our analysis of socio-economic risk factors for the disease (Table 1). Thus, while indi-

viduals engaged in activities with a generally low outdoor exposure appeared to be protected

from the disease, those in occupations with higher outdoor exposure were at elevated risk of

being infected and sick. In particular, the results indicate that due to a potentially prolonged

exposure to soil sources and thus higher probability of inhalation, ingestion or inoculation of

B. pseudomallei, rice farmers, a large proportion of who were also males, in this region form

the most vulnerable group for infection. This finding is in line with results from other studies

conducted in Southeast Asia with a comparable extensive rice farming agricultural profile as

Kedah state [30, 31]. However, as our spatial analysis of landscape risk indicates, this observed

association with occupation may be a complicated one. The key result here is that after con-

trolling for occupation, individuals living in high risk environments, viz. agriculture/mixed

agriculture regions, are still at higher risk for acquiring infection, suggesting that rather than

occupation per se it is the place in which these activities take place that is more important.

Excess alcohol consumption has been identified as a predisposing factor for melioidosis in

tropical Australian populations [26]. However, the religion most commonly practiced in

Kedah is Islam, which prohibits practicing Muslims from the consumption of alcohol. Thus,

only a diminutive one percent of our study group consumed alcohol, showing its insignifi-

cance as a risk factor in this particular population, as was also found to be the case in previous

studies from Malaysia [10] and Singapore [32]. By contrast, our results reinforce the results

from different communities in tropical Australia and across the Southeast Asia region, which

indicate that patients with undermined immune systems, specifically those with diabetes and

chronic renal diseases, are significantly at higher risk for developing melioidosis [4, 24–26].

The finding that diabetes is a risk factor for melioidosis is of particular concern in Malaysia

due to its high diabetes prevalence and the observed trend of increasing prevalence [33], which

has been attributed to the adoption of more “Westernized” diets and population shifts in exer-

cise [34]. However, while patients with chronic lung disease were also at a significantly higher

risk for the disease in the northern tropical Australian study setting, this subgroup was not a

major constituent in our study (Table 1), and was also omitted in the Thailand investigation

due to difficulties in risk estimation using retrospective records [25, 26]. These disparate

results, and the finding from a concluded randomized control trial [35], has cast doubt on the

involvement of the complex polymorphonuclear leukocyte (PMNL) network in increased risk

to melioidosis observed amongst those with the above underlying diseases [29, 36–38], sug-

gesting that research to uncover more complex mechanisms in diverse endemic populations

must continue to be a priority if more effective therapeutic or other interventions are to be

developed for controlling such deadly co-morbidities.

The overall case-fatality rates among culture-confirmed and suspected cases were 41.8%

and 19.7%, respectively (Table 3), illustrating the lethal nature of the disease in Kedah commu-

nities despite the use of recommended standard antibacterial agents for therapy. For both con-

firmed and suspected cases, case-fatality rates did not differ significantly by sex or ethnicity

but were higher for patients with diabetes and for suspected cases, patients with chronic renal

Socio-epidemiological and land cover risk factors for melioidosis
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failure (Table 3). These findings are similar to results from other studies carried out in South-

east Asia and Australia [26, 27].

Our analysis of the spatial distribution of melioidosis cases, indicated, firstly, the presence

of a significant primary cluster of elevated cases occurring in close proximity to the main city

of Alor Setar, where HSB is also located (Fig 1). While this may reflect the confounding effect

of patient proximity to the hospital, the fact that HSB serves as the primary reference hospital

for the disease in the state of Kedah suggests that this influence is unlikely to be the major

cause of the identified disease cluster. This conclusion is further supported by the results of

our analysis of the spatial risks associated with acquiring melioidosis for populations residing

in different landscapes. The major finding here is that while human-unaltered forested areas

are protective, the highest risks occurred with agricultural-related modifications of the envi-

ronment, particularly in the case of large-scale irrigation-based agriculture, which in the

Kedah context is primarily related to vast rice cultivation. Intriguingly, the results show that

the risk of acquiring the disease declined, and indeed was neutral in the urban setting of Alor

Setar, which may be considered to represent the most human modified of the land types stud-

ied here. These findings support the growing evidence from landscape-based epidemiological

studies, which suggest that forest modification and fragmentation may be a major driver for

the emergence of many vector- and water-borne diseases [39, 40]. We suggest that for melioi-

dosis, the specific mechanisms, apart from variations in human population density, which

could underlie this association may be primarily related to an increase in the habitat and hence

abundance of B. pseudomallei as forest ecosystems are altered to produce agricultural land

types. For example, the protection afforded by intact forests may be due to their ecohydrologi-

cal functions that may regulate water- or soil-borne pathogen emergence by filtering patho-

gen-laden runoff and modulation of the amplitude of flows during seasonal rain [35].

However, we did not measure the presence or abundance of B. pseudomallei in the different

land use types, so this additional analysis would need to be conducted to test our proposed

hypothesis.

However, our finding that the risk of acquiring melioidosis may be reduced in the urban

setting indicates that the association between infectious disease emergence and human modifi-

cation of the natural ecosystem is complex and will depend on the specific pathogen. For

melioidosis, we suggest that urban areas may represent a neutral risk setting because although

on the one hand, they represent centers of high population density, this is countered by the

presence of lower pathogen habitats, higher socio-economic development of the population,

and better provision of health and other services.

This study has several limitations. Firstly, melioidosis may remain latent for years before

symptoms develop; thus, the place of residence at the time of infection may differ from the

place of current residence. Secondly, we selected controls from the orthopedics department,

which may introduce a selection bias as individuals in the orthopedics department may not be

representative of the entire melioidosis-negative population. Individuals in the orthopedics

department were not clinically tested for the presence of B. pseudomallei; however, it is

unlikely the controls are infected as melioidosis is a notifiable disease although they may be

latently infected. An additional source of selection bias may have been introduced by the deci-

sion to recruit individuals from a single hospital; distance to hospital may play an important

role in determining which individuals choose to seek treatment. However, melioidosis is a

notifiable disease and clinically positive individuals are referred to HSB from all over Kedah

state, so this may diminish the importance of the distance to hospital variable.

Overall, our results indicate that complex and interacting socio-ecological factors may

underlie the transmission of melioidosis in Kedah. This conclusion also indicates that if we are

to gain a fuller understanding of the components and their modification required to prevent

Socio-epidemiological and land cover risk factors for melioidosis
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the future emergence as well as reduction of the disease amongst at-risk populations in Malay-

sia, and elsewhere in the tropics, it is essential that we deploy an investigatory approach that

examines melioidosis as an outcome of coupled human and natural variables acting at various

spatial scales from the individual host to the environment.
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