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This Special Issue focuses on recent research on the important emerging and neglected tropical
diseases (NTDs) in South and South East Asia and Northern Australia. This region stretches from
Pakistan in the west to the Philippines in the east, and includes Afghanistan and countries to the east,
the Indian subcontinent, mainland South-East Asia, and the tropical regions of Australia. Many of
these areas are highly endemic for important NTDs and other tropical diseases, including lymphatic
filariasis (LF), soil-transmitted helminthiases (STH) such as hookworm infection, trichuriasis, ascariasis,
and strongyloidiasis, rickettsial diseases and arboviral diseases. Several of these diseases are targeted
for elimination or enhanced control by the World Health Organization (WHO) in the next 5 to 10 years,
although some have chronic lasting sequelae and disability needing lifelong management. Control
methods used include preventive chemotherapy, enhanced screening and treatment, intensified disease
management, vector control, interruption of human to animal transmission, environmental/sanitation
improvements and disability prevention/mitigation. A current list of WHO NTDs is given in Table 1.

Table 1. Neglected Tropical Diseases [1].

Neglected Tropical Diseases

Buruli ulcer
Chagas disease

Dengue and Chikungunya
Dracunculiasis (guinea-worm disease)

Echinococcosis
Foodborne trematodiases

Human African trypanosomiasis (sleeping sickness)
Leishmaniasis

Leprosy (Hansen’s disease)
Lymphatic filariasis

Mycetoma, chromoblastomycosis and other deep mycoses
Onchocerciasis (river blindness)

Rabies
Scabies and other ectoparasites

Schistosomiasis
Soil-transmitted helminthiases

Snakebite envenoming
Trachoma

Yaws (Endemic treponematoses)
Taeniasis/Cysticercosis
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At the time of publication, there have been 11 papers published upon peer review acceptance
in this Special Issue, including eight original papers, two review papers and one perspectives piece.
They each contribute to a much better understanding of Neglected and Emerging Tropical Diseases in
South and Southeast Asia and Northern Australia. The contributions to these topics can be summarized
as follows: four submissions on LFs [2–5], four submissions on STHs [6–9], two submissions on
rickettsial diseases [10,11], and one submission on arboviral diseases [12]. A systematic review and
meta-analysis leads the opening section on LF [2], which reviews prevalence and disease burden of LF
in southeast Asia [2]. Two studies in Myanmar review the utility of dried blood spots on filter paper for
sampling for detection Bm14 antibody and Og4C3 antigen in cases of LF [3,4], with the latter indicating
need for reconciliation between different sampling methods. A further study in Myanmar examined the
usefulness of low-cost devices for measuring tissue compressibility and extracellular fluid, used and
accepted in other clinical settings, for objective assessment of lymphedema [5]. A review paper leads
the other major section on STH, which focuses on the prevalence of STHs in different groups, including
immigrants, travellers, military personnel and veterans in Australia and Asia [6]. This is followed by
studies examining an extended period of surveillance data on Strongyloides stercoralis [7]; and a study
examining the prevalence of STHs in remote Aboriginal communities, both in the Northern Territory,
Australia [8]; and a study examining the links between dietary intake, nutritional status, and intestinal
parasites, such as Schistosoma japonicum, Ascaris lumbricoides, Trichuris trichiura, and hookworm, in the
Philippines [9]. The two rickettsial papers examine hospital admissions for Queensland tick typhus in
north Brisbane, Australia [10], and the other study based in Thailand looks at the influence of land use
on scrub typhus in rodents [11]. Lastly, a perspective piece reminds us that Australia is home to more
than 75 arboviral diseases-, which pose a public health threat to the Australian population [12].

The diversity of papers, the depth of the topics and the relative geographical reach of the authors
(including authors from several countries across Asia, as well as authors from Australia and Europe)
in this Special Issue confirm the continued collective major interest in this area. This wide-ranging
open access collection contributes to a much better understanding on the epidemiology, presentation,
diagnosis, treatment, prevention and control of neglected and emerging tropical diseases in South and
Southeast Asia and Northern Australia. As the editors of this Special Issue, we trust that you find the
content useful, as the authors are pleased to share their knowledge with an international audience.
We look forward to future opportunities to update advances in this field and encourage you or publish
your work in or propose a Special Issue for Tropical Medicine and Infectious Disease.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Accurate prevalence data are essential for the elimination of lymphatic filariasis (LF)
as a public health problem. Despite it bearing one of the highest burdens of disease globally,
there remains limited reliable information on the current epidemiology of filariasis in mainland
Southeast Asia. We conducted a systematic review and meta-analysis of available literature to assess
the recent and current prevalence of infection and morbidity in the region. Fifty-seven journal
articles and reports containing original prevalence data were identified, including over 512,010
participants. Data were summarised using percentage prevalence estimates and a subset combined
using a random effects meta-analysis by country and year. Pooled estimates for microfilaraemia,
immunochromatographic card positivity and combined morbidity were 2.64%, 4.48% and 1.34%
respectively. Taking into account pooled country estimates, grey literature and the quality of available
data, we conclude that Lao People's Democratic Republic (PDR), Myanmar and Northeast India
demonstrate ongoing evidence of LF transmission that will require multiple further rounds of mass
drug administration. Bangladesh, Malaysia, Thailand and Vietnam appear close to having eliminated
LF, whilst Cambodia has already achieved elimination status. We estimate that the burden of
morbidity is likely high in Thailand; moderate in Cambodia, Myanmar, and Northeast India; and low
in Bangladesh. There was insufficient evidence to accurately estimate the disease burden in Lao PDR,
Malaysia or Vietnam. The results of this study indicate that whilst considerable progress toward LF
elimination has been made, there remains a significant filariasis burden in the region. The results of
this study will assist policy makers to advocate and budget for future control programs.

Keywords: lymphatic filariasis; Southeast Asia; prevalence; infection; morbidity; lymphoedema;
hydrocoele

1. Introduction

Lymphatic filariasis (LF) is a mosquito-borne tropical disease that affects 67.88 million people in
73 countries worldwide [1–3]. It is caused by infection with the nematodes Wuchereria bancrofti (Wb),
Brugia malayi (Bm) or Brugia timori. Chronic infection causes lymphatic dysfunction, resulting in severe
morbidity from progressive, irreversible swelling of the limbs and genitals. LF is a significant cause of
permanent disability worldwide, accounting for an estimated 19.43 million cases of hydrocoele, 16.68
million cases of lymphoedema and 2.02 million disability-adjusted life years lost [3,4].

In recognition of the significant worldwide burden of LF, the World Health Organization
(WHO) established the Global Program to Eliminate LF (GPELF) calling for the elimination of LF

Trop. Med. Infect. Dis. 2017, 2, 32 4 www.mdpi.com/journal/tropicalmed
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by 2020 [1,5]. The program adopted a two-pronged approach: first, interrupt transmission through
annual single-dose mass drug administration (MDA) of entire at-risk populations with albendazole in
combination with either diethylcarbamazine (DEC) or ivermectin for a minimum of five years; and,
second, alleviate the significant morbidity burden associated with the disease.

Numerous methods are currently used to diagnose LF infection. Traditionally, thick blood smears
(TBS) were used to identify microfilaraemia (mf) in the peripheral circulation. TBS have now been
largely superseded by more sensitive antigen-based tests but are still used as a measure of potential
infectivity and ongoing transmission. Antigen tests include immunochromatographic card tests (ICT)
and Og4C3 enzyme-linked immunosorbent assays (ELISA) which use monoclonal antibodies to detect
the excretory-secretory antigens produced by adult filarial worm infection [6,7]. Because they detect a
different stage of the life-cycle and do not require adult worms to be producing microfilariae, they are
two- to fivefold more sensitive than TBS [8]. Antibody-based tests detect circulating IgG4 antibodies
against Bm14 antigen (B. malayi and W. bancrofti) or BmR1 (B. malayi only) [9]. Whilst highly sensitive
and specific, antibody prevalence cannot prove current infection because antibodies remain elevated
for many years after treatment [9]. Urinary antibody tests have been trialled but are less sensitive than
blood-based antibody tests [8,10]. PCR assays to detect LF DNA in humans are also available, but are
not used routinely because they require advanced laboratory facilities and are less sensitive than other
methods [8,10].

LF is endemic in all countries within mainland Southeast Asia [1,2,5]. The geographical region
spans both the WHO Southeast Asia and Western Pacific regions and includes Cambodia, Lao People’s
Democratic Republic (PDR), Myanmar, Thailand, Vietnam and Malaysia. Emerging data suggest
a possibly high prevalence of filariasis in Myanmar. Given the country’s significant shared border with
Northeast India and Bangladesh, both were also included.

The WHO Southeast Asia and Western Pacific regions account for 55.7% of the at-risk population,
with 94.6% of reported lymphoedema cases and 85.2% of reported hydrocoele cases globally [2].
The areas considered here (mainland Southeast Asia plus Northeast India and Bangladesh) account for
over a fifth of the population of these two regions. Elimination of LF in this area would therefore have
a significant impact on the global disease burden. LF in these countries is caused by W. Bancrofti and
B. malayi, and transmitted mainly by Culex quinquefasciatus, with some contribution by Aedes spp. and
Mansonia spp. mosquitoes [11].

All countries in this review have commenced elimination programs. Elimination as a public
health problem has been validated in Cambodia, whilst Bangladesh, Thailand and Vietnam have
transitioned to post-MDA surveillance. The remaining countries are still conducting MDA [1,2,5].

WHO country validation of ‘elimination of LF as a public health problem’ requires a set of surveys
and steps to determine whether the prevalence is below the target level (upper 95% CI of 2% in Culex
spp. transmission areas such as Southeast Asia) [12]. One important milestone is the passing of three
consecutive transmission assessment surveys (TAS) conducted on six- to seven-year-old children in
each defined geographical evaluation unit (EU). The TAS survey sets critical cut-off values for the
number of positive children that must not be exceeded for the EU to pass [13]. The sample sizes and
critical cut-off values for the TAS in Culex spp. transmission areas are designed so that an EU has (1) at
least a 75% chance of passing if the true prevalence of antigenaemia is 1.0% (half the target level); and
(2) no more than a 5% chance of incorrectly passing if the true prevalence of antigenaemia is ≥2% [13].

Despite the significant LF burden in this region, there remain limited reliable data on the current
prevalence of infection and morbidity. Whilst previous reviews have examined this topic, all are
significantly out-dated or incomplete [14–16]. Reliable, current data on the prevalence of LF are
required for the implementation and evaluation of elimination programs as well as future advocacy
efforts. Accordingly, we conducted a systematic review and meta-analysis of publicly-available data
in studies and grey literature to assess the recent (since the early 1990s) and current prevalence of LF
infection and morbidity in mainland Southeast Asia, Bangladesh and Northeast India.
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2. Materials and Methods

2.1. Protocol

This systematic review is reported using the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) guidelines [17]. A review protocol was registered with PROSPERO
international prospective register of systematic reviews, which can be viewed online [18].

2.2. Information Sources

Information was gathered through three sources: (1) a literature search of PubMed and MEDLINE
databases; (2) a web-based search of the WHO library for relevant publications; and (3) direct contact
with regional and national LF Program directors to obtain National LF Program reports [19]. Countries
with National LF Programs submit annual reports to their respective WHO regional office outlining
their MDA and surveying activities for the preceding year. A summary of the data is published
annually in a regional WHO meeting report. Reference lists of all papers were screened to identify
additional publications.

2.3. Search Strategy

A literature search was conducted for available publications on PubMed and MEDLINE via
OvidSP up until 11 December 2016 by one investigator. The search strategy used for both databases
was: (lymphatic filariasis or Wuchereria bancrofti or Brugia timori or Brugia malayi or lymphoedema
or hydrocoele or elephantiasis or microfilariae or microfilaraemia) AND ((Myanmar or Burma or
Thailand or Laos or Cambodia or Vietnam or Malaysia or Bangladesh) OR (India and Assam or
Meghalaya or Nagaland or Manipur or Tripura or Mizoram or Arunachal Pradesh)). Combinations of
the database search terms were used to search the WHO library.

2.4. Study Selection and Inclusion Criteria

The titles, abstracts and if indicated, full text of records from online databases and the WHO
library (IRIS) were screened for eligibility. Published studies and reports with original prevalence
data on LF infection or morbidity from identified countries were included. Where reports were not
available, WHO publications referencing their data were used and recorded.

Only literature available in English and published from 1995 onward was included. There were
no restrictions on age, study size, design or power. Any uncertainty regarding the inclusion of a paper
was resolved through consensus discussion with other authors.

2.5. Data Collection Process

A standardised data collection form was used to record information from included publications.
All data was then entered into a Microsoft Excel spreadsheet for analysis.

2.6. Data Items

Extracted data included study characteristics, sampling method and prevalence data. Data were
extracted directly from text and tables within the publications.

Primary outcomes were the prevalence of infection (including measurement method and species)
and chronic morbidity (lymphoedema or hydrocoele) in the given population.

Where interventional studies were included, the prevalence data that were most representative of
the population were used. That is, when a whole area participated in MDA external to the study, the
post-intervention data were used. When an intervention was implemented only on the study sample,
baseline data were used.

6
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2.7. Risk of Bias Assessment

A modified bias risk assessment tool was developed to evaluate included studies. It was based
on the Crowe and GATE validated critical appraisal tools [20,21]. Risk of bias was assessed by one
reviewer on the basis of five independent factors: total sample size (>1000, 300–1000 or <300), sampling
of location (representative randomisation, not stated/unclear or non-representative), sampling of
participants (representative randomisation, not stated/unclear or non-representative), assessment of
infection (internationally accepted methodology, not stated/unclear or non-consensus methods) and
assessment of morbidity (independently assessed, not stated/unclear or patient reported). A total
risk of bias score was generated by allocating zero, one or two points for each factor. The quality
assessment was used to interpret the reliability of each study’s results. Because of the limited number
and significant quality variation between studies, the bias assessment was not incorporated directly
into the meta-analysis.

WHO filariasis publications are based on national LF programs annual reports. WHO Regional
Program Review Groups (RPRG) assess annual national LF program surveillance reports during their
consideration of the country’s request for the donation of MDA drugs. Although general guidelines
are provided by WHO, methodology within countries frequently varies substantially and may not
be optimal due to poorly resourced programs and frequent personnel changes [22]. Independent
assessments of data quality within programs are rarely done.

2.8. Summary Measures and Synthesis of Results

Available data were summarised using percentage prevalence estimates and presented in tables
by country and region.

A meta-analysis of primary outcomes from studies was completed using the metaprop procedure
in STATA version 12.1 to produce overall estimates with exact binomial confidence intervals. A subset
meta-analysis of migrant workers in Thailand and India was also done. A random effects model was
used to account for the variation in LF prevalence between and within studies.Weighting of studies
was done using the method of DerSimonian and Laird [23]. The heterogeneity of data from each
meta-analysis was measured using the I2 statistic [24].

A map of baseline and most recent LF distribution was generated by combining government
prevalence maps found in grey literature. Endemicity was classified at implementation unit level by
all countries. Recent maps were available for all countries except Malaysia.

3. Results

3.1. Study Selection

The search protocol identified 629 papers (Figure 1). Of these, 554 clearly did not meet the
inclusion criteria (i.e., were review articles or did not include original prevalence data on infection
or morbidity published since 1995 from the identified areas). From the remaining 75 records, 17
were excluded because they did not contain original prevalence data, and one because the full text
was not available after contacting the author. The included 57 papers comprised 38 peer-reviewed
journal articles and 19 grey literature reports [5,25–79]. With the exception of Chansiri et al. [30],
which contained only polymerase-chain reaction (PCR) infection data, all studies were included in
the meta-analysis.
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Peer-reviewed journal 
articles identified through 

database searching (n = 1325) 

Government and WHO 
reports identified through 

other sources (n = 19) 

Records after duplicates removed  
(n = 629) 

Titles and abstracts 
screened (n = 629) Total Excluded (n = 554) 

Did not meet inclusion 

Full-text articles 
assessed for 

eligibility  

Total Excluded (n = 18) 
No reported prevalence data  

(n = 17) 
Full text not available (n = 1) 

Total papers with original 
prevalence data (n = 57) 
Journal articles (n = 38) 

Grey literature/reports (n = 19) 

Journal articles 
included in meta-

analysis  
(n = 37) 

Total Excluded (n = 1) 
Chansiri et al. 2002: only PCR 

data 

Figure 1. Study selection flow chart.

3.2. Study Characteristics

The characteristics of the 38 included journal articles are summarised by country in Table 1.
This includes 17 from Thailand, eight each from Malaysia and Northeast India, three from Bangladesh
and two from Cambodia. There were no studies included from Lao PDR, Myanmar or Vietnam.

All articles described primary studies, and included cross-sectional surveys (CSS) (25 studies,
66%), field diagnostic test evaluation studies (FDE) (8, 21%), field drug trials (FDT) (3, 8%) as well
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as a longitudinal observational and a retrospective cohort study. Publication year ranged from 1995
to 2016.

Together the included studies assessed 382,274 participants with wide variation in sampling
unit and sample size (145 to 232,005). Two studies, Saha et al. (2011) and Krairittichai et al. (2012),
contributed substantially to overall participant numbers with sample sizes of 232,005 and 102,090,
respectively [44,55]. Eleven of the 17 studies from Thailand assessed Myanmar migrant populations,
whilst seven of the eight papers from Northeast India examined those living in tea estates.

Studies most frequently assessed infection with the traditional thick blood smear (TBS) method
(30 studies, 79%), followed by ICT (10, 26%), IgG4 antibody (10, 26%), Og4C3 ELISA (6, 16%) and PCR
(3, 8%) tests. One study used urine rather than blood to detect IgG4 antibodies [56]. Almost half of
the studies (16, 42%) used multiple methods. Sixteen studies assessed the prevalence of chronic LF
morbidity. Of these, seven (44%) assessed both hydrocoele and lymphoedema.

Table 2 summarises the characteristics of the 19 included grey literature reports. These include 15
WHO publications, three annual national programmatic reports and a report from a non-governmental
organisation.With the exception of one WHO report, all papers summarise data from government
prevalence surveys conducted as part of their national MDA programs. Whilst only some sample sizes
were reported, at least 129,736 individuals were surveyed. Baseline mapping and MDA surveillance
surveys predominantly used TBS to diagnose infection, whilst post-MDA TASs used ICT.Some
government morbidity information was available for all countries, but the data were very limited.

3.3. Risk of Bias within Studies

The risk of bias assessment of included studies is summarised in Table S1. Overall, study quality
was suboptimal. Only seven studies (18%) used fully representative sampling methods and consensus
data collection methods.

The sample sizes of published studies were overall acceptable, with 33 studies including greater
than 300 participants. However, sample sizes were generally small relative to government surveys.

The sampling of study location introduced a significant risk of bias. Only ten (26%) studies
adequately described the random site selection required for regionally representative data. Of the
remaining studies, 21 (55%) did not describe the method/reason for study site selection, and seven
(18%) intentionally selected study sites.

Participant sampling within study locations also contributed to risk of bias. Only 18 (47%) studies
described random participant selection. Eighteen (47%) studies did not clearly state the method of
selection, whilst the remaining two studies excluded those with recent diethylcarbamazine treatment.

With the exception of Chansiri et al., all studies used a consensus method for the detection of LF
infection [30]. It is unclear whether the TBS samples in Krairittichai et al. were taken at night, which
may have affected the sensitivity of their results [44].

Of the fifteen studies that assessed LF morbidity, only four (25%) described examination methods
in detail. Of the remaining papers, eight (50%) provided some detail and four (25%) did not state the
method used.
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4. Prevalence Results and Discussion by Country

4.1. Overview

This systematic review and meta-analysis assessed the prevalence estimates for LF infection and
morbidity in mainland Southeast Asia, Bangladesh and Northeast India. These estimates are important
for the successful implementation and evaluation of elimination programs. Data on the prevalence and
distribution of infection are needed to identify and prioritise regions for inclusion in MDA programs.
MDA rounds aim to interrupt LF transmission to prevent new infections, eventuating in LF elimination.
Prevalence data are then required following MDA rounds to evaluate their effectiveness and reassess
the need for further rounds. However, even after transmission has ceased, those with previous infection
may, or will have already developed chronic disease manifestations. National programs therefore
require data on the morbidity burden in order to implement alleviation programs.

Prevalence data from included studies and grey literature are summarised by country and region
in Tables S2–S3. Figure 2 illustrates the most recent distribution of LF compared to that at baseline
(pre-MDA).

(a)

Figure 2. Cont.
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(b)

Figure 2. Distribution of LF endemic areas (red): (a) at baseline; and (b) based on most recent data.

Exact prevalence estimates cannot be calculated because of the nature of available data. However,
we have attempted to estimate the current prevalence of infection and morbidity for each country
through assessment of pooled country estimates, grey literature and the quality of available data.

Given the varied sensitivity of detection methods, we defined infection prevalence as low (Mf
<0.5%, ICT/Og4C3 <1%, IgG4 <2%), medium (Mf 0.5–1.9%, ICT/Og4C3 1–3.9%, IgG4 2–7.9%), high
(Mf 2–3.9%, ICT/Og4C3 4–7.9%, IgG4 8–15.9%) and very high (Mf ≥4%, ICT/IgG4 ≥8%, IgG4 ≥16%).
For morbidity, we defined a prevalence of <0.5% as low, Mf 0.5–1.9% as medium, 2–3.9% as high and
≥4% as very high. Baseline prevalence refers to the level of infection prior to the commencement of
the national elimination program.

4.2. Bangladesh

4.2.1. Results

Grey literature indicates that bancroftian filariasis was endemic in 34 of the 64 districts of
Bangladesh during mapping between 2002 and 2004, with an estimated 75.96 million of the country’s
148.77 million at risk [5,65,78]. Fifteen districts were considered low endemic with antigenaemia levels
greater than 1% but microfilaraemia less than <0.6% [65,80]. They did not undergo MDA and have
now passed two of three TAS, with the last to be completed in 2016 [65]. The remaining 19 districts
had initial microfilaraemia prevalences of 0.2–16% [80]. These districts completed MDA rounds in
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2014 and have now passed a TAS survey to determine whether MDA can be stopped, with a further
TAS planned for 2017 to 2018. National infection prevalence estimates decreased from 1% in 2004 to
0% in 2010 [5].

Three studies from 2011–2013 have assessed infection prevalence in the northern endemic states
of Nilphamari and Panchargarh [33,55,56]. They have found prevalences by Mf, ICT and IgG4 of
1.13%, 0.31–1.70% and 2.19%, respectively.

As of 2011, government surveys had identified 23,486 cases of lymphoedema (0.10%) and
65,320 (0.27%) cases of hydrocoele [76]. Two studies have assessed the morbidity prevalence in
Bangladesh [33,55]. A large household survey of 232,005 participants reported a lymphoedema
prevalence of 0.45%, whilst a smaller survey found a prevalence of lymphoedema and hydrocoele of
2.66% and 4.16% respectively

4.2.2. Discussion

Government data suggests W. bancrofti was historically widespread across Bangladesh with a
focus in the country’s west. Baseline infection prevalence appeared high to very high, consistent with
a previous review and a study of Bangladeshi migrants [15,62]. MDA in Bangladesh appears to have
been successful with both government data and recent studies demonstrating low to moderate levels
of ongoing infection. The country has now transitioned to post-MDA surveillance and will aim to
apply for elimination status after TAS in 2018.

Large-scale household surveys and government data suggest an overall low morbidity burden
but a high prevalence of lymphoedema and very high prevalence of hydrocoele in Nilphamari District.
As Bangladesh approaches LF elimination, resources should be shifted to further quantifying and
tackling the morbidity burden.

4.3. Cambodia

4.3.1. Results

Government mapping in 2004 reported 18 endemic districts in four northern and northeastern
provinces with 3.61% of the national population at risk (474 800) [5]. Government surveys reported a
pre-MDA prevalence of 0.38–2.75% in these provinces (mixed ICT and TBS) [65]. A 2000–2001 study in
these endemic provinces showed Mf and ICT prevalence ranging 0–1.13%, and 0–1.94%, respectively [45].

Five rounds of MDA were completed between 2005 and 2009. A post-MDA countrywide
serological study in 2012 found a prevalence by IgG4 of 6.60% in this north region and 1.19–1.65% in
the rest of the country [52]. All endemic districts passed required TAS by 2015 [65]. In 2016, Cambodia
was validated by the WHO as having eliminated LF as a public health problem [2].

In 2001, the government reported 58 cases of LF-related morbidity (40 lymphoedema and
18 hydrocoele) in Cambodia [66]. The highest prevalence was in Stung Treng (10), Takeo (10) and
Rattanakiri (9). A study from the same year found the prevalence of lymphoedema and hydrocoele in
endemic provinces ranged from 0 to 0.44% and 0 to 2.97% respectively [45].

4.3.2. Discussion

Government baseline mapping indicated W. bancrofti and B. malayi were endemic at low to
moderate levels in four provinces in northern Cambodia. Two representative studies and a prior
review confirmed these findings [14]. Cambodia completed post-MDA surveillance in 2015 and WHO
validated elimination of LF as a public health problem in 2016.

Whilst LF transmission has now ceased, an overall moderate combined morbidity burden remains
in Cambodia. Although the government reported only 58 cases of morbidity in 2001, a representative
survey from the same year found a low prevalence of lymphoedema (0.34%) and moderate prevalence of
hydrocoele (1.64%) across the four endemic provinces. When the study’s results are extrapolated using
1998 census population data [81], case estimates for lymphoedema and hydrocoele are 2800–17,382 and
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8474–27,461 in the four provinces, respectively. Now that MDA is complete, efforts in Cambodia need to
shift to assessing and alleviating the morbidity burden in the country.

4.4. Northeast India

4.4.1. Results

Filariasis is endemic in 250 districts across 20 states in India, with 617 million individuals at
risk [78]. Assam is considered the only endemic state in Northeast India [5].

Baseline government mapping from 2004 illustrates a line of endemic districts from the Bangladesh
to the Myanmar border with a prevalence of 0–5% [5].

Studies prior to the commencement of MDA in 2004 found a bancroftian Mf prevalence of
0.61–10.27% and 0.45–1.79% in tea-estate and non-tea-estate populations, respectively [32,37–40,51].
Sub-group meta-analysis showed a significantly higher Mf prevalence in populations living in
tea-estates (6.11%, 95%CI 3.49–9.41%) compared to those who did not (0.88%, 0.3–1.54) (p = 0.000).
A more recent study found persistent microfilaraemia of 7.41% in a tea-estate following six rounds of
MDA [41]. The government reports that the national infection prevalence has decreased from 1.24% in
2004 to 0.35% in 2011 [5].

The prevalence of lymphoedema and hydrocoele found in tea-estate populations was 0.12–0.72%
and 1.01–8.96%, respectively [32,37,39–41,51]. One study assessed morbidity in a non-tea-estate
community and found no clinical cases [40].

4.4.2. Discussion

Available data indicate that Assam is the only LF-endemic state in Northeast India. Baseline
mapping and studies demonstrated very high levels of W. bancrofti infection amongst those living in
tea-estates and a moderate prevalence in non-tea estate populations. Tea-estates are predominantly
composed of workers who migrated from states such as Bengal, Bihar, Odisha, Uttar Pradesh, Madhya
Pradesh, Tamil Nadu and Jharkhand as part of the British tea trade in the 19th and early 20th century.
Whilst national infection prevalence has progressively declined since the commencement of the MDA
program in 2004, a recent study found very high levels of persisting microfilaraemia in a tea-estate
following six rounds of MDA [41]. Reports of missed MDA rounds in seven districts in 2009, as well
as suboptimal drug coverage may account for the ongoing LF transmission in the region [63,74,75].
Further rounds of MDA with sufficient coverage and uptake are required.

Multiple representative studies have demonstrated an overall moderate burden of disease in
the tea-estate population of Assam with a low prevalence of lymphoedema but very high prevalence
of hydrocoele. Insufficient datawere available to assess the morbidity burden in the non-tea estate
population. In addition to ongoing MDA, programmatic efforts should focus on assessing the morbidity
burden in non-tea populations and implementing alleviation programs.

4.5. Lao PDR

4.5.1. Results

No studies on the prevalence of LF in Lao PDR were found.Grey literature indicates that
W. bancrofti is only endemic in the southern Attapeu and Sekong Provinces of Lao PDR with
137,000 individuals at risk [65,66,72,79]. Mapping of the Attapeu’s five districts in 2009 showed an
antigenaemia prevalence ranging 1.9–27.4% [65]. MDA commenced in Attapeu in one district in 2008
and was expanded to all five in 2009. Only one village in Sekong Province is endemic with a prevalence
of 6% [65]. Two rounds of focused MDA have been completed in this and surrounding villages.

Only one case of lymphoedema and no cases of hydrocoele have been reported in the country [66].
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4.5.2. Discussion

Government data from Lao PDR suggest that W. bancrofti is focussed in Attapeu province (along
the Cambodian border) and parts of the adjacent Sekong province. Infection prevalence was initially
considered low to moderate as noted by previous reviews [1,11,14,15]. However, further baseline
surveys in 2009 found very high levels of antigenaemia in Attapeu province. Since the commencement
of widespread MDA, infection prevalence appears to have decreased to low to moderate levels,
however no independent studies are available to validate government data.

Insufficient dataare available to assess the morbidity burden in Lao PDR. Given the infection
prevalence in Attapeu and morbidity burden in neighbouring Cambodia, numerous cases would be
expected. Further studies are urgently needed to validate government data and assess the morbidity
burden in Lao PDR.

4.6. Malaysia

4.6.1. Results

WHO reports indicate that 116 of the 994 implementation units (subdistricts and districts) are endemic
across Peninsular Malaysia, Sabah and Sarawak with 1.12 million people at risk [72,79]. Subperiodic
B. malayi accounts for the majority of cases, with 2% caused by W. bancrofti. Government data suggest
Mf prevalence had decreased from 1% to 0.2% in Peninsular Malaysia and 5.5% to 1.5% in Sabah and
Sarawak from the 1980s until the commencement of the National MDA Program in 2004 [66,67].

Pre-MDA studies of the local population in Peninsular Malaysia, Sabah and Sarawak found
a prevalence of B. malayi Mf of 0.26–23.85%, 20.69% and 0.90%, respectively [31,34,35,46,53].

Since 2004, Malaysia has completed five rounds of MDA in Peninsular Malaysia and seven rounds
in Sabah and Sarawak. As of 2014, only five IUs were still conducting MDA rounds with the remainder
commencing TAS [79]. More recent studies in Peninsular Malaysia have found a prevalence of Mf and
IgG4 of 0 and 2.16% respectively [25,54].

No data on the prevalence of LF-associated morbidity in the local Malaysian population
were found.

4.6.2. Discussion

Brugia malayi (and to a lesser extent W. bancrofti) was widely endemic across Peninsular Malaysia,
Sabah and Sarawak. Government surveys reported a low to moderate baseline infection prevalence.
Whilst pre-MDA studies showed greater levels of infection than government data, most were not
representative. These studies likely reflected the presence of highly-endemic foci in parts of Peninsular
Malaysia and Sabah, rather than a high baseline prevalence. More recent surveys suggest infection
levels are declining in Malaysia, although one study was conducted in a known low-endemic area [54].
Whilst recent government data are lacking, a 2016 xenomonitoring survey across five states in
Peninsular Malaysia and Sabah found no active transmission [82], suggesting a likely low level
of infection and supporting Malaysia’s progress toward LF elimination. Further studies are required to
assess current infection prevalence and the need for ongoing MDA.

Although there are no data on the morbidity prevalence in the local Malay population, a significant
burden of lymphoedema is expected given the previously highly endemic foci of B. malayi infection.
Studies assessing the morbidity burden are needed to fill this knowledge gap.

4.7. Myanmar

4.7.1. Results

Bancroftian filariasis is endemic in 45 of the 65 districts of Myanmar with 85.5% of the population
at risk [5]. No published prevalence studies on Myanmar were found. One study described in a WHO
report assessed filarial antigenaemia prevalence in 1997 [73]. One hundred individuals were tested by
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ICT from seventy randomly selected townships across 14 districts. The central and western dry zone
was highly endemic (20–30%) with the northern, eastern and southern areas less endemic or free from
filariasis. Most recent government microfilaraemia prevalence data for the western Sagaing, Magway,
Rakhine and Chin regions range from 0–65% [68–70]. Prevalence in Mandalay, Kayin and Yangon
regions ranges from 0–2% [68–70]. Mean national prevalence has reduced from 7.1% in 2001 to 2.7% in
2011 [5]. Myanmar commenced its MDA Program in 2001. As of 2014, the program had been scaled-up
to 22 of the 24 endemic districts.

One government survey assessed self-reported morbidity in 280 000 individuals in Sagaing region
in 2004 and identified 520 cases of lymphoedema (0.19%) and 827 cases of hydrocoele (0.59%) [68].

4.7.2. Discussion

Baseline surveys suggest that W. bancrofti were widely endemic in the low-lying parts of Myanmar
with over 85% of the population at risk. They suggested very high baseline levels of infection in the
central and western dry zones, consistent with that seen in Myanmar migrants in Thailand. Meanwhile,
the northern, eastern and southern areas were less endemic or free from filariasis. Government data
suggest declining levels of infection in Mandalay, Kayin and Yangon states since the commencement
of MDA, but very high rates of persisting infection in the western states of Sagaing, Magway, Rakhine
and Chin. As Myanmar continues to expand its MDA program, independent studies are required to
validate government prevalence data.

The only morbidity survey found low levels of self-reported lymphoedema and moderate levels of
hydrocoele in Sagaing region [68]. However, morbidity self-reporting questionnaires are not a sensitive
or specific indicator of clinical disease [45,83]. The significant morbidity found in Myanmar migrants in
Thailand suggests that the true morbidity prevalence is likely much higher. Representative prevalence
studies are required to elucidate the morbidity burden in Myanmar.

4.8. Thailand

4.8.1. Results

Baseline government mapping in 2001 found filariasis to be endemic in two foci in Thailand
with 160,000 individuals at risk [5]. Wuchereria bancrofti was present in five provinces along the
Thai-Myanmar border, whilst B. malayi was endemic along the southern Thai peninsula. Studies
in provinces along the Myanmar border between 1998 and 2003 found an infection prevalence of
1.01–10.20%, 13.3–26.42%, 21.89–36.79% and 53.93% by TBS, ICT, Og4C3 and IgG4, respectively [26,27,
29,49,50]. Meanwhile, studies conducted along the Thai peninsula between 2001 and 2006 reported
a prevalence of B. malayi infection of 0–2.00% and 8.00–23.67% by TBS and IgG4 [36,43,59].

The 11 studies which assessed infection in Myanmar migrants living in Thailand found a
prevalence of 0–5.83%, 0.2–13.57%, 4.0–23.98%, and 2.73–42.32% by TBS, ICT, Og4C3 and IgG4,
respectively [26,28,29,42,43,48,57,58,60,61].

Thailand commenced an elimination program in 2002. Mass drug administration was completed
in 2007 in all provinces except Narathiwatt, which extended rounds until 2011. Thailand commenced
the process of verifying LF elimination in 2012 after all areas passed TAS. National mean data suggest
infection prevalence has decreased from 0.77% in 2003 to 0.09% in 2010 [5]. No post-MDA prevalence
studies on the local population were identified.

Available studies have found the prevalence of lymphoedema and hydrocoele in the local
population in endemic areas was 1.2% and 0–8.15% [27,29,36]. Studies of Myanmar migrants found
a prevalence of hydrocoele of 8.62–16.13% [29,48]. As of 2011, the government had 200 identified cases
of lymphoedema [77].

18



Trop. Med. Infect. Dis. 2017, 2, 32

4.8.2. Discussion

Two highly endemic LF foci previously existed in Thailand. W. bancrofti was present along the
Thai-Myanmar border, whilst B. malayi was endemic along the southern Thai peninsula. Government
surveys suggest that LF transmission has ceased following MDA, but no studies have independently
verified this.

The influx of LF-infected Myanmar migrants into Thailand, combined with a documented ability
of Thai Culex quinquefasciatus mosquitoes to transmit the Myanmar strain of W. bancrofti has raised
concerns regarding the potential for re-introduction of transmission [84,85]. The Thai government
has acknowledged this and expanded its MDA program to include registered migrant workers from
Myanmar and Laos [57,86]. However, the considerable number of unregistered migrants still poses
a threat to elimination efforts.

Whilst the government had only identified 200 cases of lymphoedema in 2011, available studies
suggest a potentially moderate prevalence of lymphoedema and very high prevalence of hydrocoele
in previously endemic areas. However the representativeness of these surveys is uncertain, indicating
the need for further studies to establish the true disease burden in these areas.

4.9. Vietnam

4.9.1. Results

No peer-reviewed studies from Vietnam were identified. Government data suggest filariasis was
endemic in six of Vietnam’s eight regions during 1960–2000 [66]. However, by the start of the National
Elimination Program in 2003, only the Red River delta, north-central coast and central-southern
coast regions remained endemic despite no MDA [65,66]. Within these regions, 12 districts were
considered endemic and six selected for MDA with a total population at-risk of 675,000. Brugia malayi
predominates in the north with W. bancrofti in the south [65,66].

Baseline prevalence in endemic districts in 2002 ranged from 0 to 3.6% [65,66]. Vietnam completed
its MDA program in 2011 and passed TAS in all districts in 2015. It has subsequently applied to the
WHO for LF elimination confirmation [65].

A government clinical survey in 2002 in 77 districts reported 570 cases of limb morbidity and
47 cases of hydrocoele [66]. A later survey in 2012 identified 489 morbidity cases in five provinces [65].

4.9.2. Discussion

Filariasis was historically widespread in Vietnam with Brugia malayi predominating in the north
and W. bancrofti in the south. However by the commencement of the MDA Program, it had become
confined to the Red River delta, north-central coast and central-southern coast regions. These findings
are consistent with those found in prior reviews [14–16]. It has been suggested that the reduction
in infection prevalence prior to MDA was likely the result of improvements in housing and living
conditions, man-made ecological changes, the use of bed-nets and individual case treatment [16,65].
These changes appear to have resulted in low baseline infection prevalence levels by the start of the
MDA with the exception of Khanh Vinh and Ninh Hoa districts, where prevalence remained high.
Government data suggest that since MDA, LF transmission has now ceased, although no independent
studies have yet validated this.

Whilst government surveys suggest a relatively few cases of morbidity, the number of participants
surveyed is unknown, and therefore prevalence estimates cannot be made. Given filariasis was
historically widespread with some highly endemic foci, the true morbidity burden may be higher [16].
As Vietnam approaches LF elimination, studies are needed to validate government progress and assess
the morbidity burden in the country.
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4.10. Overall Prevalence Estimates for Mainland Southeast Asia

4.10.1. Meta-Analysis Results

A random effects meta-analysis of available infection and morbidity data was completed.
Figures 3–7 and Figures S1–S9 show the point estimates with 95% exact binomial confidence intervals
(95% CI) for each meta-analysis ordered by country and study date. Substantial heterogeneity between
surveys was demonstrated by I2 values, between 83.57% and 98.74%.

 

Figure 3. Percentage estimates of combined microfilaraemia prevalence by country and year. ES:
prevalence estimate. Red-dashed line: overall estimate. Diamond: subgroup estimate. Horizontal line:
95% CI. Red study: pre-MDA, blue study: mid-MDA, green study: post-MDA.

For microfilaraemia, 30 studies testing 133,747 individuals estimated a pooled prevalence of W.
bancrofti Mf of 1.77% (1.00–2.74%), B. malayi Mf of 0.36% (0.07–0.82%) and combined Mf of 2.64%

20



Trop. Med. Infect. Dis. 2017, 2, 32

(1.71–3.74%). For ICT antigenaemia, 10 studies testing 7237 individuals estimated a pooled prevalence
of 4.48% (1.97–7.87%). For IgG4 antibodies, 10 studies testing 14,339 individuals estimated a pooled
prevalence of 7.08% (3.63–11.54%).

For combined morbidity, 16 studies testing 256,591 individuals estimated a pooled prevalence
of 1.34% (0.81–1.97%). For hydrocoele, nine studies testing 4179 estimated a pooled prevalence of
3.84% (2.11–6.03%). For lymphoedema, nine studies testing 240,987 individuals estimated a pooled
prevalence of 0.49% (0.24–0.80%).

 

Figure 4. Percentage estimates of ICT antigenaemia prevalence by country and year. ES: prevalence
estimate. Red-dotted line: overall estimate. Blue diamond: sub-group estimate. Horizontal line: 95%
CI. Red study: pre-MDA, blue study: mid-MDA, green study: post-MDA.

4.10.2. Discussion

Meta-analysis showed an overall high prevalence of infection (Mf: 2.64%, antigenaemia: 4.48%)
and moderate burden of morbidity (1.34%) in the region. However, pooled estimates and sub-group
analyses by country are biased by the significant differences in location, time, design, diagnosis
method, sampling unit and representativeness of the included studies, and should therefore be
interpreted with caution. Despite this, meta-analyses show a general decline in infection prevalence
with time and a higher prevalence of hydrocoele compared to lymphoedema across all countries
(overall hydrocoele:lymphoedema ratio of 7.84:1).
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In the context of pooled country estimates, grey literature and the quality of available data,
we conclude that Lao PDR, Myanmar and Northeast India demonstrate ongoing evidence of LF
transmission that will require multiple further rounds of MDA. Bangladesh, Malaysia, Thailand and
Vietnam appear close to having eliminated LF, whilst Cambodia has already achieved elimination
status. We estimated that the burden of morbidity is likely high in Thailand, moderate in Cambodia,
Myanmar, and Northeast India, and low in Bangladesh. There was insufficient evidence to accurately
estimate the disease burden in Lao PDR, Malaysia or Vietnam.

These results indicate that whilst considerable progress toward LF elimination has been made,
there remains a significant filariasis burden in the region. The results will assist policy makers to
advocate and budget for future MDA and morbidity control programs.

 

Figure 5. Percentage estimates of hydrocoele prevalence by country and year. ES: prevalence estimate.
Red-dotted line: overall estimate. Diamond: sub-group estimate. Horizontal line: 95% CI.

4.11. Limitations

This systematic review was hindered by limitations at the study and review level. The overall
quality of primary studies was suboptimal. Only 18% of studies used fully representative sampling
methods and consensus data collection methods. Some of the studies were out-dated because one or
more MDA rounds had occurred since data collection. The quality of grey literature further hindered
data analysis. Available reports frequently omitted sample sizes or gave prevalence data in percentage
ranges, making further analysis difficult.The uncertain methodology of government surveys further
complicated grey literature assessment. Whilst national programs follow the WHO guidelines, there is
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often considerable variation in sampling and data collection practices in the field [22]. No published
studies were available from Lao PDR, Myanmar or Vietnam to compare with government data.

Incomplete literature retrieval led to limitations at the review level. Original copies of government
annual reports were obtained only from Myanmar, although use of WHO reports alleviated this
deficiency to some extent. Retrieval of these data would provide a more complete picture of filariasis
prevalence in these countries.

 

Figure 6. Percentage estimates of lymphoedema prevalence by country and year. ES: prevalence
estimate. Red-dotted line: overall estimate. Diamond: sub-group estimate. Horizontal line: 95% CI.

The lack of representative and recent studies in many of the countries placed reliance on
government sources for current prevalence data. Whilst sufficient information on infection was
available to produce country estimates, data on the morbidity burden are notably lacking. This
indicates the substantial need for further studies, with a particular focus on morbidity, to more
accurately assess the current LF prevalence in the region.

It is important to note that the findings and conclusions in this paper are based solely on
published prevalence data. It is therefore possible that they may not truly reflect the actual situation in
these countries.
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Figure 7. Percentage estimates of combined morbidity prevalence by country and year. ES: prevalence
estimate. Red-dotted line: overall estimate. Diamond: sub-group estimate. Horizontal line: 95% CI.

5. Conclusions

Considerable progress has been made toward the LF elimination in mainland Southeast Asia,
Bangladesh and Northeast India. Five of the eight countries reviewed are close to eliminating, or have
eliminated, LF infection. The remaining three countries will require increasing support if they are to
achieve LF elimination by 2020. The significant morbidity burden in the region requires increasing and
urgent attention. Further studies are needed to more accurately assess the morbidity prevalence and
implement desperately needed alleviation programs.
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Thailand; Figure S7: Percentage estimates of ICT antigenaemia prevalence in Thailand; Figure S8: Percentage
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Abstract: Diagnostic testing for the antibody Bm14 is used to assess the prevalence of bancroftian and
brugian filariasis in endemic populations. Using dried blood spots (DBS) collected on filter paper is
ideal in resource-poor settings, but concerns have been raised about the performance of DBS samples
compared to plasma or serum. In addition, two versions of the test have been used: the Bm14 CELISA
(Cellabs Pty Ltd., Manly, Australia) or an in-house CDC version. Due to recent improvements in
the CELISA, it is timely to validate the latest versions of the Bm14 ELISA for both plasma and DBS,
especially in settings of residual infection with low antibody levels. We tested plasma and DBS
samples taken simultaneously from 92 people in Myanmar, of whom 37 (40.2%) were positive in a
rapid antigen test. Comparison of results from plasma and DBS samples demonstrated no significant
difference in positive proportions using both the CELISA (46.7% and 44.6%) and CDC ELISA (50.0%
and 47.8%). Quantitative antibody unit results from each sample type were also highly correlated,
with coefficients >0.87. The results of this study demonstrate that DBS samples are a valid collection
strategy and give equivalent results to plasma for Bm14 antibody ELISA testing by either test type.

Keywords: lymphatic filariasis; Bm14; filter paper; DBS; CELISA; CDC

1. Introduction

Screening assays used in The Global Program to Eliminate Lymphatic Filariasis (GPELF) are
frequently performed in low resource settings where samples may be exposed to temperature changes
during collection, storage and transport. Diagnostic tests that can utilise dried blood spots (DBS)
collected on filter paper which do not require immediate cold storage have many advantages over
plasma samples in rural communities where lymphatic filariasis (LF) occurs.

The parasite antibody Bm14 diagnostic ELISA is among the techniques used to identify
bancroftian- and brugian-associated lymphatic filariasis (LF) [1–5] and is used alongside antigen
detection tests to monitor and evaluate endemicity in populations [2,6,7]. However, concerns over
the specificity and predictive values of the Bm14 ELISA have raised questions about its accuracy
in detecting residual endemicity or resurgence [8,9]. Of the three species detected by the Bm14
antibody test, Wuchereria bancrofti and Brugia malayi contribute 90% and 9% of LF disease burden
worldwide [10–12].

The Bm14 ELISA, commercially produced as the CELISA (Cellabs Pty Ltd., Manly, Australia),
incorporates positive and negative control samples to check plate to plate consistency [13]. The kit
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recommends using an optical density cut-off value for defining a positive result (0.4) [13], although
some studies use a lower cut-off of 0.25 [10]. The CDC Bm14 in-house version of the assay recommends
use of a standard curve to generate antibody units, with sample antibody values greater or equal to
the cut-off being considered positive [14]. For comparability in the current study, we used standard
curves generated from the same positive serum for both CELISA and CDC versions. Both versions of
the Bm14 ELISA recommend the application of either plasma or eluted DBS for antibody detection.

While there is not a true gold standard for LF positivity, previous studies have found that the
Bm14 test with plasma or serum has high sensitivity compared to microfilaria microscopy, recorded at
98% for samples from people with W. bancrofti and 91% for Brugia malayi filariasis [10]. Gass et al. [9]
found similar high specificity of 95% for plasma in anticoagulant ethylenediaminetetraacetic acid
(EDTA). However, CELISA DBS sensitivity can range from 50.0% to 92.3% when compared with
immunochromatographic testing and PCR testing, with consistently high negative predictive values
(NPV) of >96.6% [10].

While the dried blood spot method would be an inexpensive and convenient alternative to plasma
samples, Joseph and colleagues [8] have reported that specificity of DBS when using the CELISA
may be as low as 77%, with a positive predictive value (PPV) of 60% when compared to plasma
application. Knowledge gaps in the literature and the release of an improved CELISA kit by Cellabs
require additional evaluation and comparison of these methods.

This study investigates whether results obtained using DBS are valid and comparable to results
obtained using plasma with the CELISA and the CDC ELISA. These results will provide confidence in
and promote appropriate application of the Bm14 ELISA for whichever collection method is available.

2. Materials and Methods

2.1. Study Population

Amarapura Township within the Mandalay Region of Central Myanmar was selected as a study
site, as it was known from sentinel site records to have a high prevalence of LF infection. All young
people aged 10–21 years were invited to participate in a cross-sectional study. Ethical approval for the
study was given by the Myanmar Ministry of Health and Sports and James Cook University Research
Human Ethics Committee, approval number H5261.

Individuals were screened for LF infection using the BinaxNOW® filariasis immunochromatographic
test (ICT) card (Alere International Limited, Galway, Ireland). Young adults aged 18–21 years gave
written consent to participate, while parents or guardians gave written consent for participants
aged 10–17 years. An equal number of positive and negative participants were invited for a follow-up
visit; however, some chose not to attend, resulting in a final collection of 37 ICT positives and 55 ICT
negatives out of 92 total participants. The study sampling occurred shortly before the filariasis mass
drug administration was offered in this township. Follow-up visits were done after the mass drug
administration to ensure that positive participants took deworming drugs.

2.2. Preparation of Plasma and Blood Filter Paper Samples

Blood samples were collected by technical staff from the Myanmar Ministry of Health and
Sports. A 10 mL sample of venous blood was collected from all participants and stored in cooled
EDTA anticoagulant vacutainers (BD biosciences, Becton, Dickinson and Company, North Ryde, NSW,
Australia). An amount of 10 μL of collected blood was transferred using a micropipette to each of the
six protrusions of a filter paper disc (TropBio filter papers) and left to dry completely before storage in
individual plastic bags. Remaining whole blood was kept on crushed ice and delivered to the Public
Health Laboratory in Mandalay within four hours of collection. Plasma was separated from whole
blood by centrifugation at 3000× g for 15 min and aliquoted into 2 mL tubes. Plasma samples were
stored at −20 ◦C at the laboratory in Mandalay until transported to Yangon on dry ice and stored at
−80 ◦C by the Department of Medical Research (DMR). One vial of each plasma sample was thawed,
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aliquoted and refrozen for transport to James Cook University in Cairns, Australia, where it was stored
at −80 ◦C. Filter papers were sealed in plastic containers and kept in either 4 ◦C refrigeration or hand
luggage during direct transport to Cairns, where they were stored at −80 ◦C.

2.3. Preparation of Eluates from DBS

DBS eluates were prepared for the application of the commercially available Bm14 kit
(CELISA) [13] and the LF Bm14 CDC TMB-ELISA [14], using respective protocols. Sample diluent
was prepared according to the instructions, with individual 495 μL and 245 μL sample diluent
aliquots transferred into separate serum tubes for CELISA and CDC ELISA testing respectively,
using a micropipette. Single blood-soaked filter paper protrusions were transferred to two separate
serum tubes, one containing 495 μL of sample diluent to create 1:100 dilutions intended for CELISA
application, and another containing 245 μL sample diluent to create a 1:50 dilution intended for CDC
ELISA application. Each protrusion soaks exactly 10 μL of blood, with half of this volume estimated to
be plasma and the remaining 5 μL containing all other blood products. Therefore, it is assumed that
the 5 μL of plasma from each DBS added to 495 μL and 245 μL aliquots creates dilutions of 1:100 and
1:50 respectively. All samples were vortexed to ensure complete saturation of each disc and left to elute
overnight at 4 ◦C before being warmed to room temperature (RT) of between 20 ◦C and 25 ◦C and
vortexed again prior to testing.

2.4. Bm14 Filariasis Cellabs Enzyme Linked Immunosorbent Assay

Primary sample incubation was at 37 ◦C for 1 h before emptying and flooding wells with washing
buffer three times, followed by a final emptying and upside down tapping of each plate to ensure
wells were free of large droplets. Secondary IgG4 conjugates were added and incubated for 45 min
at 37 ◦C, before washing again and applying a final 15-min incubation with tetramethylbenzidine
(TMB) substrate without light exposure. Plates were prepared for optical density reading through the
addition of 50 μL of stopping solution per well.

2.5. Bm14 Filariasis CDC’s Enzyme Linked Immunosorbent Assay

Antigen sensitising buffer (ASB) was created at 0.1 M using NaHCO3 and dH2O with a pH of
9.6 using NaOH. Working antigen solution (Atlanta, CDC) was prepared at 2 μg/mL using ASB.
The binding of antigens to each well of Immulon 4HB plates (Thermofisher, Loughborough, UK)
was achieved by adding 50 μL of 1:50 antigen solution to each well of a 96-well microplate before
incubating at 4 ◦C overnight for at least 12 h. Working antigen solution was physically removed before
the addition of 100 μL of PBS + 0.3% Tween (Life Technologies, Mulgrave, VIC, Australia), pH 7.2,
to each well and incubated at 4 ◦C for 1 h.

Blanks were created by adding 50 μL of PBS with 0.05% Tween to intended blank wells. Dilutions
of plasma or DBS eluates were added at 50 μL to each experimental well before incubating at room
temperature on a rocker platform for 2 h. Washing steps between incubations were performed in an
identical fashion to the CELISA, referred to earlier. Following the addition of horseradish peroxidase
conjugated anti-human IgG4 (mouse) (Life Technologies), made to a 1:500 dilution with PBS with
0.05% Tween, at 50 μL to each plate well, the plate was incubated at room temperature for 45 min.
TMB substrate was added at 50 μL to each well and incubated at room temperature in the dark for
5 min before adding 50 μL of 1 M HCL.

2.6. Statistical Analysis

Optical density readings of each sample were measured at a dual wavelength of 450 nm/650 nm
with a VersaMax™ ELISA microplate reader (Molecular Devices, Sunnyvale, CA, USA) using SoftMax
Pro Software Version 6.4.1 (Molecular Devices, Sunnyvale, CA, USA) with background absorbance of
sample diluent subtracted.A moderately-positive sample collected from an endemic area of Papua
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New Guinea was used as a positive control, while negative controls were taken from Australian
lab workers.

A standard curve was constructed using a single highly-positive sample from Papua New
Guinea which was defined by an arbitrary high value of 1000 antibody units with subsequent 2-fold
dilutions. A single cut-off point of >125 units was used to determine positive readings based on
previous literature [5,9]. It should be noted that an optical density cut-off value of 0.4 is normally
recommended by the CELISA manual. Relative sensitivity, specificity, positive predictive values (PPV),
and negative predictive values (NPV), as well as paired t-tests, odds ratios, McNemar chi-square tests
and correlations were performed using the IBM statistical software SPSS Version 23.0. Confidence
intervals (CI) were reported at 95%.

3. Results

During October 2014, 377 young people residing in Amarapura Township were screened by ICT.
Positive cases were age and gender matched to negative cases and 112 young people were invited to
participate in a longitudinal study including provision of a blood sample. Not all participants returned
for participation, leaving a final sample of 37 (40.2%) positive and 55 (59.8%) negative samples that
were included in this study (Table 1).

Table 1. Positive proportions and chi-square results obtained when using the CELISA with plasma as
a standard.

Standard
N

Positive

% Positive (95%
Confidence

Interval (CI))

Comparative
Test

N
Positive

% Positive
(95% CI)

McNemar
Chi sq

P Value

CELISA
Plasma
1:100

43 47 (37–57)
CELISA Dried

blood spot
(DBS) 1:100

41 45 (35–55) 0.5 0.7

- - - CDC Plasma
1:50 46 50 (40–60) 1.3 0.5

- - - CDC DBS 1:50 44 48 (38–58) 0.2 0.9

3.1. Categorical Analysis and Comparisons of Plasma and DBS Using Cellabs and CDC ELISA Assays

Holding all CELISA plasma samples tested at a 1:100 dilution as a standard, we compared how
DBS application affects the proportion of positive results when using the CELISA at an identical
dilution. We found no significant difference in positive proportions between plasma (47%) and DBS
(45%) samples (Table 1).

The CELISA standard was also compared to the CDC version of the Bm14 ELISA to assess any
similarity in positive proportions when using plasma or DBS at the CDC recommended 1:50 dilution.
The proportions of samples classed as positive were not significantly different between the CELISA
standard (47%) and CDC ELISA with plasma (50%) or DBS (48%), respectively (Table 1). These three
comparisons suggest that high similarity in positive results is found between the CELISA and the CDC
ELISA using either plasma or DBS.

To establish how the CDC ELISA is affected by the application method, plasma and DBS samples
were compared using the 1:50 dilution. Positive proportions of 50% when using plasma, and 48%
when using DBS were not significantly different (Table 2). This confirms that the CDC ELISA will yield
similar results regardless of the sample application method.
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Table 2. Positives proportions and chi-square results obtained when comparing plasma and DBS with
the CDC ELISA.

Standard
N

Positive
% Positive
(95% CI)

Comparative
Test

N
Positive

% Positive
(95% CI)

McNemar
Chi sq

P Value

CDC Plasma
1:50 46 50 (40–60)

CDC
DBS
1:50

44 48 (38–58) 1.0 0.6

3.2. Comparing the Plasma and DBS for CELISA and CDC ELISA Samples

To determine how application of plasma and filter paper affects CELISA agreement, relative
sensitivity, specificity, PPV and NPV were calculated. When DBS was compared to plasma at a 1:100
dilution using the CELISA, results were high overall at 88.4% sensitivity, 93.9% specificity, 92.7% PPV,
and 90.2% NPV (Table 3). These results suggest that the CELISA yields reliable agreement between
plasma and DBS samples.

Table 3. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and
odds ratio statistics comparisons of plasma and DBS application using the CELISA and CDC ELISA.

Standard
Comparative

Test
Sensitivity
(95% CI)

Specificity
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Odds Ratio
(95% CI)

P Value

CELISA
Plasma
1:100

CELISA DBS
1:100

88.4%
(74.9–96.1)

93.9%
(83.1–98.7)

92.7%
(80.8–95.5)

90.2%
(80.1–95.5)

116.5
(26.15–519.4) <0.0001

- CDC Plasma
1:50

95.4%
(84.2–99.4)

89.8%
(77.8–96.6)

89.1%
(78.1–95.0

95.7%
(85.0–98.8)

180.4
(33.2–981.7) <0.0001

- CDC DBS
1:50

95.4%
(84.2–99.4)

93.9%
(83.1–98.7)

93.2%
(82.0–97.6)

95.8%
(85.6–98.9)

314.3
(50.0–1975.4) <0.0001

Performance of the CDC ELISA using plasma and DBS at a 1:50 dilution was also compared to
the CELISA 1:100 plasma standard. Relative sensitivity was high at 95.4% for both CDC plasma and
DBS samples, with specificity found at 89.8% and 93.9% respectively (Table 3). Predictive values were
also high for both CDC plasma and DBS samples compared to CELISA plasma, yielding 89.1% and
93.2% respectively for PPV, and 95.7% and 95.8% respectively for NPV (Table 3). Therefore, there is
good agreement between the CDC ELISA using plasma and DBS when compared to results yielded by
the CELISA using plasma.

Again, we compared plasma and DBS using the CDC ELISA at the recommended dilution of
1:50, to determine how test performance and relative predictive values are affected. Sensitivity and
specificity were 97.7% and 93.8% respectively, while PPV and NPV were 93.5% and 97.8% respectively
(Table 4). These results suggest that the CDC ELISA performs equally well when using either plasma
or DBS, as confirmed by a high odds ratio value (Table 4).

Table 4. Sensitivity, specificity, PPV, NPV and odds ratio statistics comparisons of plasma and DBS
application using the CDC ELISA.

Standard
Comparative

Test
Sensitivity
(95% CI)

Specificity
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Odds Ratio
(95% CI)

P Value

CDC
Plasma 1:50

CDC
DBS1:50

97.7%
(88.0–99.9)

93.8%
(82.8–98.7)

93.5%
(82.7–97.7)

97.8%
(86.6–99.7)

645.0
(64.6–6442.6) <0.0001

3.3. Comparing Difference in Bm14 Antibody Units between Cellabs and CDC Assays

All unit concentrations, with the addition of one to include results of zero, were converted to
log values to approximate a normal distribution (Figure 1). Results were compared using geometric
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means. When analysing CELISA samples, the mean log value for plasma at 1.66 was significantly
lower than the mean log value of 2.10 for DBS (p < 0.0001) (Table 5). However, the mean log values
for CDC ELISA plasma and DBS samples at 2.03 and 2.07 respectively were not significantly different
(p = 0.34) (Table 5). The data suggests a rise in estimated concentration when using DBS in comparison
to plasma when using the CELISA, but not when using the CDC ELISA.

Figure 1. Filariasis Bm14 ELISA log (antibody unit concentration +1) value comparisons between
plasma and DBS application of CELISA and CDC ELISA assays. Horizontal black lines refer to mean
concentration of each assay, with the segmented line referring to the cut-off value at log (125 units +1).
All concentrations above or equal to the defined cut-off are considered positive, while all readings
below are considered negative.

Table 5. Geometric mean concentration values and t-test comparisons between plasma and DBS
application of CELISA and CDC ELISA assays.

Group 1 Group 2 t-Test

Test
Mean log
(Antibody

unit +1)

Geometric
mean

Test
Mean log
(Antibody

unit +1)

Geometric
mean

N Mean
Difference

SD p

CELISA
Plasma 1.66 45.00 CELISA

DBS 2.10 124.42 92 0.44 0.63 <0.0001

CDC
Plasma 2.03 105.62 CDC DBS 2.07 115.51 92 0.04 0.39 0.34

3.4. Correlation Coefficient Analysis of Bm14 Antibody Concentrations from Plasma and Eluates from
Filter Paper

The log values of Bm14 unit concentrations, with the addition of one to include results of zero,
between plasma and DBS application were compared to determine correlation coefficients for both
CELISA and CDC ELISA assays. Strong correlations were found at 0.87 and 0.95 for CELISA (Figure 2A)
and the CDC ELISA (Figure 2B) respectively when comparing plasma and DBS samples (p < 0.0001).
This shows that quantitative values between plasma and DBS are strongly positively associated when
using the CELISA and the CDC ELISA.
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Figure 2. Filariasis Bm14 ELISA antibody unit concentration comparisons of plasma and whole blood
application. (A) CELISA at 1:100 dilution comparisons of plasma against DBS; (B) CDC ELISA at 1:50
dilution comparisons of plasma against DBS.

4. Discussion

The major finding of this study is the strong agreement between plasma and DBS samples, taken
from the same individuals and stored identically, when applied to either the Cellabs produced CELISA
or the CDC Bm14 ELISA. In the Cellabs CELISA protocol [13], the recommended dilution is set at 1:100.
According to the instructions for the in-house CDC filariasis serology assay [14], the recommended
dilution is set at 1:50 dilution using serum obtained from centrifuged blood. Despite these differences
in dilution optimised for the two tests, the proportions of samples classified as positive were not
significantly different, with performance (relative sensitivity, specificity and predictive values) being
very similar between all the tests.

High specificity and PPV values were found for comparisons of DBS against plasma using both
CELISA and CDC ELISA tests. According to Joseph and Melrose [8], results obtained using the
CELISA assay for DBS yielded a specificity of 77%, with 16 samples testing positive by DBS but
negative by plasma, while PPV was found at 60%, suggesting that DBS sampling may result in false
positives at an approximate rate of 40%. However, this work was done with an earlier version of the
CELISA. Weil et al. [10] stated that blood samples with a known amount of antibody applied to DBS
are not significantly different to those from serum samples under controlled conditions when using
the CELISA. Our own results of 93.9% and 92.7% for specificity and PPV when comparing DBS and
plasma suggest that the CELISA assay has improved in these regards.

Analysis of quantitative data showed that correlation was high between plasma and DBS for
both the CELISA and CDC ELISA at >0.87. Although the mean antibody units were lower for DBS
than plasma in the CDC ELISA, the difference was not significant. The significantly higher sample
concentrations for DBS than plasma when using the CELISA suggests that this test gives higher
background for DBS. However, the categorical results suggest no significant difference in agreement
(classification of positives).If the amount of antibody present is important in future studies using DBS,
it may be necessary to keep this difference in mind.

The use of DBS could facilitate more effective sample collection in endemic countries, where
large-scale sampling must be undertaken with limited resources and also eliminates the risk of thawing
or leaking during shipping.

Our analysis showed that both plasma and filter paper demonstrate similar results using both
the CELISA and CDC ELISA. High agreement was also found when comparing the CELISA using
plasma with CDC ELISA applications of either plasma or DBS. These results support the use of the
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Bm14 ELISA in assessing LF prevalence in the GPELF and can be used with either plasma or DBS on
filter paper.
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Abstract: Diagnostic testing of blood samples for parasite antigen Og4C3 is used to assess
Wuchereria bancrofti in endemic populations. However, the Tropbio ELISA recommends that plasma
and dried blood spots (DBS) prepared using filter paper be used at different dilutions, making it
uncertain whether these two methods and dilutions give similar results, especially at low levels
of residual infection or resurgence during the post-program phase. We compared results obtained
using samples of plasma and DBS taken simultaneously from 104 young adults in Myanmar in 2014,
of whom 50 (48.1%) were positive for filariasis antigen by rapid antigen test. Results from DBS tests
at recommended dilution were significantly lower than results from plasma tested at recommended
dilution, with comparisons between plasma and DBS at unmatched dilutions yielding low sensitivity
and negative predictive values of 60.0% and 70.6% respectively. While collection of capillary blood
on DBS is cheaper and easier to perform than collecting plasma or serum, and does not need to be
stored frozen, dilutions between different versions of the test must be reconciled or an adjustment
factor applied.
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1. Introduction

Accurate and reliable screening assays that can be performed in low-resource laboratory
settings have become vital for the Global Program to Eliminate Lymphatic Filariasis (GPELF).
Currently, the use of the parasite antigen Og4C3 ELISA is among several techniques used to identify
infection with lymphatic filariasis (LF) in Wuchereria bancrofti endemic areas [1–3]. Along with rapid
immunochromatographic testing (ICT), which generates positive/negative results, the Og4C3 ELISA is
used in monitoring and evaluation of the mass drug administration (MDA)-led elimination programs
among endemic populations, producing quantitative results based on antigen units derived from a
standard curve [4–6].

The Og4C3 ELISA, originally developed under Tropbio Pty. Ltd. at James Cook University, has
been commercially available since the 1990s. Since 2013, the Og4C3 ELISA has been manufactured
and supplied by Cellabs Pty. Ltd., Australia. Using categorical positive/negative results generated by
using a cut-off value for positivity, the test has previously demonstrated a high level of sensitivity for
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the detection of filarial antigen when compared with the ICT rapid test [7–9]. Typically, the Og4C3
ELISA is performed using serum or plasma, either immediately after the sample has been obtained,
or more often, from frozen samples. However, the Og4C3 ELISA also offers an alternative application
method through the use of dried blood spots (DBS) collected on filter paper, an inexpensive and
convenient method that requires less space and less stringent refrigeration for transport and storage.

Both plasma and DBS can make an important contribution to the final stages of LF elimination and
to ensuring that re-emergence of disease has not occurred, despite some differences in practicability.
For example, plasma samples can be directly applied to ELISA, yielding final results within a few
hours if onsite laboratory facilities are available. However, DBS may be more convenient for field work
and cost-effectiveness, as laboratory conditions are not mandatory despite the required overnight
elution. Limited sample variation due to fluctuations in temperature and detection of antigen even
after 12 months has also been demonstrated [10].

Despite the convenience in having two methods of application, studies which have directly
compared Og4C3 ELISA DBS results to those from serum or plasma have shown discordance. Reeve
and Melrose [11] compared results for 354 individuals from Papua New Guinea and observed
significantly higher proportions of samples classified as positive by Og4C3 ELISA for serum (48.2%)
than for DBS (32.5%). They demonstrated that the DBS technique yielded high specificity (99.2%;
N = 391) and positive predictive value (PPV) (98.8%), but that sensitivity (67.2%; N = 354) and
negative predictive values (NPV) (77%) were low when comparing DBS to serum as the gold standard.
Interestingly, Tropbio and Cellabs recommend the dilution for plasma at 1:4 [12], while filter paper is
recommended at an estimated dilution of 1:13.3, suggesting that the difference in dilution could be an
underlying factor for discordance.

A second study by Itoh et al. [10], compared Og4C3 results for serum and DBS using a sample
of 60 people in Sri Lanka, 55% of whom were reported to be positive for microfilariae, 65% positive
by Og4C3 using serum, and 63.3% positive when using DBS. While these proportions positive by
DBS and serum were not significantly different, this study used serum at a 1:3 dilution, applied at
16.7 μL per well, while DBS samples at an estimated dilution of 1:5 were applied at 3.3 μL per well.
The authors then employed a 5-fold upward correction to the DBS antigen unit results to correct this
difference in dilution. It is not clear how the results would have aligned if both sample types had been
tested at currently recommended dilutions, and not adjusted.

Given the routine use of the Og4C3 ELISA by either plasma or DBS worldwide, this study aims to
validate the existing instructions regarding the different dilutions of sample collected, and to determine
if DBS is appropriate and comparable to plasma at the recommended dilutions.

2. Materials and Methods

The study site was the Amarapura Township of the Mandalay Region in Central Myanmar, an
area known to have a high prevalence of LF infection. Persons aged 10–21 years were invited to
participate. Ethical approval for the study was obtained from the James Cook University Research
Human Ethics Committee, approval number H5261, and the Myanmar Ministry of Health and Sports.

2.1. Study Population

All participants were screened for LF infection using BinaxNOW® filariasis ICT (Alere
International Limited, Ireland). Participants who tested positive by ICT were age and gender matched
to uninfected controls and invited to participate in the longitudinal study. Written consent was
obtained from 18–21 year olds and from the parent or guardian of 10–17 year olds. Blood collection
was conducted with the assistance of the Myanmar Ministry of Health and Sports.

2.2. Preparation of Plasma and DBS Samples

A 10 mL sample of venous blood was collected from each individual in cooled
ethylenediaminetetraacetic acid (EDTA) anticoagulant vacutainers (BD Biosciences, Becton, Dickinson
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and Company, North Ryde, NSW, Australia). Ten microlitres of blood was blotted using a micropipette
onto each of six protruding filter paper sections (TropBio filter papers), which were left to completely
dry before being placed in individual plastic bags. The remaining whole blood was placed on crushed
ice and delivered to the Public Health Laboratory in Mandalay within four hours of collection. Whole
blood was spun for 15 min at 3000×g so that plasma could be aliquoted into 2 mL tubes. Plasma
samples and DBS were stored short term at −20 ◦C until transported to Yangon on dry ice for −80 ◦C
storage at the Department of Medical Research. One vial of each plasma sample was further aliquoted
and refrozen before being shipped to James Cook University in Cairns, Australia, for storage at −80 ◦C.
Filter papers were sealed in plastic containers and kept in either 4 ◦C refrigeration or hand luggage
during direct transport to Cairns where they were stored at −80 ◦C.

2.3. Application of the TropBio Og4C3 Filariasis ELISA

The Og4C3 antigen was detected in plasma using the commercially available TropBio Og4C3 kits
(Cellabs Pty. Ltd., Manly, Australia) at 1:4 dilution (50 μL of plasma into 150 μL of sample diluent,
rather than 100 μL of plasma into 300 μL of sample diluent as recommended by the TropBio kit,
to conserve samples) and at 1:16 dilution (50 μL of the 1:4 dilution into 150 μL of sample diluent). DBS
samples were not tested at 1:4, since the volume of the three DBS protrusions was too large to elute in
a small enough volume to test at 1:4.

The DBS dilution used three filter paper protrusions per sample, representing 30 μL of whole
blood. We diluted the DBS into 200 μL of diluent. If the haematocrit was 50%, this would give a dilution
of 1:13, making the assumption that the dried blood occupies no volume. Given wide individual
variation in haematocrit, we are not able to specify an exact dilution factor for DBS. The filter paper
insert supplied by TropBio suggests that the DBS assay is approximately 4-fold less sensitive than
plasma or serum tested at recommended dilution of 1:4. Therefore the dilution is likely in the range
of 1:11 to 1:16. In this study all DBS were tested as per kit recommended dilution (three spots into
200 μL). DBS were eluted overnight at 4 ◦C.

Positive control samples of serum were created at identical dilutions to ensure plate-to-plate
consistency using a pool of ten known positive sera from a LF endemic area of Papua New Guinea
(PNG). Negative controls from Australian lab workers were also used. Diluted samples were boiled
using a water bath for 10 min before centrifuging at 2000×g for 15 min. Fifty μL of the supernatant
from each diluted sample was added to each well of the plate for primary sample incubation at 37 ◦C
for 1 h, with the remainder of the ELISA technique performed as described in the instructions provided
with the Tropbio Og4C3 kit [12]. Following initial incubation, wells which contained DBS samples
were emptied and treated with washing buffer before the addition of 50 μL of 1% hydrogen peroxide
solution, made by diluting 400 μL of 30% hydrogen peroxide in 11.6 mL of prepared wash buffer, and
incubated for 10 min before subsequent washing.

2.4. Statistical Analysis

A standard curve was constructed for each ELISA plate using the kit-supplied controls, assigning
an arbitrary high value of 32,768 units with subsequent 4-fold dilutions. The Softmax Pro v5 software
(Molecular Devices, Sunnyvale, CA, USA) was used to convert optical density readings of the test
samples to units based on a four-parameter curve. A single cut off point of >32 units (representing the
sixth point of the standard curve from subsequent dilutions) was used to determine positive readings.
Differences in unit values, between sampling techniques and test variations, were examined using
paired t-tests, odds ratio, chi-square and correlation analysis. All analyses were performed using the
IBM statistical software SPSS Version 23.0 (IBM, Armonk, NY, USA). Sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) of comparisons were also analysed.
Confidence intervals (CI) were reported at 95%.
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3. Results

Individuals between 10 to 21 years of age, irrespective of gender, were tested by ICT using
fingerprick blood collected during October 2014. For each ICT-positive participant, an age and sex
matched ICT negative participant was identified. Both were invited to return for full participation in a
study of physical characteristics and to give a sample of venous blood for serological testing. Not all
selected individuals (cases and controls) returned for the second venous sample; therefore, a final
collection of 48 positive and 56 negative samples were included in this study.

3.1. Analysis of Categorical Results Used to Compare the ICT and Og4C3 ELISA

To investigate how results classified as positive and negative varied between the ICT and the
Og4C3 ELISA using plasma and DBS, categorical results were compared. Positive proportions of
46.2% obtained through the ICT were not significantly different to the proportion of 48.1% when using
plasma at 1:4 dilution (Table 1). However, values became significantly different, dropping to 37.5%
and 34.6% respectively, when plasma at 1:16 dilution or DBS was used (Table 1).

Table 1. Positive proportions and chi-square results of comparisons between the immunochromatographic
test and the Og4C3 ELISA.

Standard N Positive
% Positive

(95% Confidence
Interval (CI))

Comparative
Test

N Positive
% Positive
(95% CI)

McNemar
Chi Sq

P Value

ICT 48 46.2 (36.9–55.7) Plasma 1:4 50 48.1
(38.7–57.6) 0.3 p = 0.8

- - - Plasma 1:16 39 37.5
(28.8–47.1) 6.2 p = 0.02

- - - Dried blood
spot (DBS) 36 34.6

(26.2–44.2) 8.00 p = 0.008

Holding the ICT as a relative standard, agreement with the Og4C3 ELISA using plasma and DBS
was assessed. When ELISA using plasma at a 1:4 dilution was compared to ICT, sensitivity was 85.4%
and specificity 83.9%, while PPV and NPV were 82.0% and 87.0%, respectively (Table 2). The use of a
1:16 dilution for plasma or use of DBS resulted in a decrease in sensitivity and NPV when compared to
ICT, while specificity and PPV increased (Table 2). This suggests that the Og4C3 ELISA is significantly
affected by dilution and application method when compared to ICT, with the 1:4 dilution yielding
higher sensitivity and NPV, while the 1:16 plasma dilution or DBS yields higher specificity and PPV.

Table 2. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and
odds ratio results from ICT and Og4C3 ELISA comparisons.

Standard
Comparative

Test
Sensitivity
(95% CI)

Specificity
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Odds Ratio
(95% CI)

P Value

ICT Plasma 1:4 85.4%
(72.2–93.9)

83.9%
(71.7–92.4)

82.0%
(71.2–89.3)

87.0%
(77.0–93.1)

30.6
(10.5–89.4) p <0.0001

- Plasma 1:16 77.1%
(62.7–88.0)

96.4%
(87.7–99.6)

94.9%
(82.5–98.6)

83.1
(74.5–89.2)

90.8
(19.0–433.8) p <0.0001

- DBS 68.8%
(53.8–81.3)

94.5%
(85.1–98.9)

91.7%
(78.3–97.1)

77.9%
(69.8–84.4)

38.9
(10.5–144.6) p <0.0001

Odds ratios were used to predict the likelihood of positive and negative results from comparative
Og4C3 samples when compared to the ICT standard. Odds ratio was highest at 90.8 for comparison
against plasma using a 1:16 dilution, but decreased to 30.6 when using plasma at 1:4 dilution, and to
38.9 when using DBS (Table 2). This suggests that agreement between the ICT and Og4C3 ELISA is
best when using the Og4C3 with plasma at a 1:16 dilution.
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3.2. Analysis of Categorical Results Used to Compare Plasma at 1:4 and 1:16 Dilutions and DBS

To assess results achieved by Og4C3 ELISA, plasma application at a 1:4 dilution was held as a
standard for comparison. Again, we used chi-square tests to find a significant value of 7.5 (p = 0.009)
when comparing plasma at 1:4 to DBS, which remained significant at 5.3 (p = 0.04) when plasma was
compared using 1:4 and 1:16 dilutions (Table 3). Therefore, both plasma application at 1:16 and DBS
give different results to plasma tested at the recommended 1:4 dilution.

Table 3. Positive proportions and chi-square results of comparisons between Og4C3 ELISA application
method and dilution.

Standard N Positive
% Positive
(95% CI)

Comparative
Test

N Positive
% Positive
(95% CI)

McNemar
Chi Sq

P Value

Plasma 1:4 50 48.1 (38.7–57.6) DBS 36 34.6 (26.2–44.2) 7.5 p = 0.009
- - - Plasma 1:16 39 37.5 (28.8–47.1) 5.3 p = 0.04

To investigate if matched dilutions might improve plasma and DBS concordance between
proportions, both methods were compared using plasma at 1:16 as the new standard. The difference
was not significant when comparing plasma at 1:16 and DBS, achieving a chi-square value of 0.7
(Table 4). This confirms high agreement of positive proportions when plasma and DBS are applied
using similar dilutions.

Table 4. Positive proportions and chi-square results of comparisons between Og4C3 ELISA applications
at 1:16 dilution.

Standard N Positive
% Positive
(95% CI)

Comparative
Test

N Positive
% Positive
(95% CI)

McNemar
Chi Sq

P Value

Plasma 1:16 39 37.5 (28.8–47.1) DBS 36 34.6 (26.2–44.2) 0.7 p = 0.6

To determine how application of plasma and DBS with recommended dilution affects final results
of each test, sensitivity, specificity, PPV and NPV were calculated. Sensitivity and NPV were low at
60.0% and 70.6% when DBS was compared to plasma at 1:4 (Table 5). Higher values of 88.9% and 83.3%
were recorded for specificity and PPV respectively (Table 5). Test performance remained relatively
unchanged when plasma at 1:16 was compared to plasma at 1:4, with the exception of an increase in
sensitivity to 66.0% over DBS when using a similar dilution (Table 5).

Table 5. Sensitivity, specificity, PPV, NPV and odds ratio results from Og4C3 method and dilution comparisons.

Standard
Comparative

Test
Sensitivity
(95% CI)

Specificity
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Odds Ratio
(95% CI)

P Value

Plasma 1:4 DBS 60.0%
(45.2–73.6)

88.9%
(77.4–95.8)

83.3%
(67.2–93.6)

70.6%
(58.3–81.0)

12.0
(4.3–33.3) p <0.0001

- Plasma 1:16 66.0%
(51.2–78.8)

88.9%
(77.4–95.8)

84.6%
(69.5–94.1)

73.9%
(61.5–84.0)

15.5
(5.5–43.5) p <0.0001

Kappa agreement statistic was used to analyse concordance between comparisons against the 1:4
diluted plasma gold standard. Kappa values were relatively low at 0.55 and 0.49 for comparisons of
plasma at 1:4 with plasma at 1:16 dilution and DBS respectively.

To assess if more closely-matched dilutions might improve positive and negative detection rates,
plasma at 1:16 dilution was employed as a standard and compared against DBS. This resulted in
relatively high sensitivity (79.5%), specificity (92.3%), PPV (86.1%), and NPV (88.2%), suggesting that
both plasma and DBS yield highest concordance in positive and negative results when applied using
similar dilutions (Table 6).
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Table 6. Sensitivity, specificity, PPV, NPV and odds ratio results from Og4C3 ELISA applications of
plasma at 1:16 dilution and DBS.

Standard
Comparative

Test
Sensitivity
(95% CI)

Specificity
(95% CI)

PPV (95%
CI)

NPV (95%
CI)

Odds Ratio
(95% CI)

P Value

Plasma
1:16 DBS 79.5%

(63.5–90.7)
92.3%

(83.0–97.5)
86.1%

(70.5–95.3)
88.2%

(78.1–94.8)
46.5

(14.0–154.2) p < 0.0001

An odds ratio of 46.5 was also achieved when comparing plasma at a 1:16 dilution and DBS
(Table 6) which was higher than odds ratio achieved when using plasma at 1:4 dilution as the standard
(Table 5). This suggests a stronger association between plasma and DBS when dilutions are matched.

Concordance between the 1:16 diluted plasma sample and the DBS sample was also measured
using kappa agreement statistic. Values were higher at 0.73 than observed with comparisons that
used a 1:4 diluted gold standard. This suggests higher concordance between samples when dilutions
are matched.

3.3. Analysis of Quantitative Mean Results Used to Compare Plasma at 1:4 and 1:16 Dilutions and DBS

Antigen unit values are shown for each sample type and dilution expressed as log (units+1)
in Figure 1.

Figure 1. Filariasis Og4C3 ELISA antigen unit concentration comparisons of dilution, plasma and whole
blood application. Horizontal black lines refer to mean log antigen unit concentration of each assay
(Table 7). All antigen unit concentrations above the defined cut-off (log (32 antigen units + 1)), shown by the
horizontal segregated line, are considered positive, while all readings below are considered negative.

Table 7. Comparison of mean Og4C3 antigen units between sample applications and dilutions.

Group 1 Group 2 t-Test

Test
Mean Log
(Antigen
Unit +1)

Geometric
Mean

Test
Mean Log
(Antigen
Unit +1)

Geometric
Mean

N
Mean Log
Difference

SD P Value

Plasma 1:4 1.32 19.75 DBS 0.89 6.81 104 0.42 0.88 p <0.0001
Plasma 1:4 1.32 19.75 Plasma 1:16 1.03 9.83 104 0.28 0.74 p <0.001

Plasma 1:16 1.03 9.83 DBS 0.89 6.81 104 0.14 0.67 p = 0.03

Analysis of log unit values + 1 was used to approximate a normal distribution for comparisons.
From these units, the mean log value for plasma at 1:4 (1.32) was significantly higher than the mean
log values achieved for DBS (0.89; p < 0.0001) (Table 7). The mean log for plasma at 1:4 was also
significantly higher than for plasma at 1:16 dilution (Table 7). Despite a statistically significant p value
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when dilutions were similar for plasma and DBS, the mean difference was smaller than previous
comparisons. These quantitative comparisons are consistent with the results described above.

3.4. Correlation Comparisons Analysis of Og4C3 Concentrations from Plasma and Eluates from DBS

To compare differences in antigen unit concentrations between tests, correlation coefficients were
measured between sample types and dilutions. When comparing recommended dilutions of plasma at
1:4 against DBS, correlation was lowest at 0.7 (Figure 2A). Correlation increased to 0.8 when plasma at
1:4 and 1:16 dilutions were compared (Figure 2B), and when plasma at 1:16 and DBS were compared
(Figure 2C). This suggests improved correlation is achieved through either matched sample application
or dilution.

Figure 2. Filariasis Og4C3 ELISA antigen unit concentration correlation comparisons. (A) Plasma
at recommended 1:4 dilution plotted against DBS samples. (B) Plasma at recommended 1:4 dilution
plotted against 1:16 dilution. (C) Plasma at 1:16 dilution plotted against DBS samples.

4. Discussion

The major finding of this study is that the agreement of results between plasma and DBS samples
is lowest when using recommended dilutions of 1:4 for plasma, and that better agreement between
these tests is achieved when using plasma at 1:16 against DBS. However, significantly fewer samples
are classed as positive when using the lower 1:16 dilution for plasma or using DBS.

We showed that the ICT had similar positive proportions and predictive values to the Og4C3
ELISA when using plasma at 1:4, but that sensitivity is reduced when using the 1:16 dilution. Previous
literature has shown that the ICT is less sensitive than the Og4C3 ELISA at 1:4 dilution, detecting
only 66.5% of known bancroftian filariasis cases with no microfilariae confirmed by microscopy [13],
but that both tests yield identical detection rates when microfilariae were detectable [13–16]. Og4C3
has also been reported to detect significantly smaller titres of filarial antigen when compared to the
ICT [13,17], although ICT and Og4C3 both showed an improved detection rate average of up to 25%
over microfilariae detection[18]. The current study suggests that despite the higher sensitivity of
Og4C3 at lower antigen dilutions, the dilution recommended for DBS application reduces the amount
of antigens per sample to a titre that will not accurately yield a positive result when the disease
is present.

When analysing positive proportions, results were similar at 46.15% and 48.08% for ICT and
plasma at 1:4, and again at 37.50% and 34.62% for plasma at 1:16 and DBS. Positive proportion similarity
between plasma and DBS has previously been discussed by Itoh and colleagues [10] as having a 97.4%
concordance. However, these results were produced using a 5-fold upwards adjustment to the DBS
antigen units.

Lack of concordance between plasma at 1:4 and DBS was supported by Chi-square analysis, which
showed significant difference when recommended dilutions for plasma and DBS were used, but no
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significant difference with matched dilution comparisons. These data support the notion that it is not
sample type per se but dilution factor that affects quantitative results, and lower positive proportions
for plasma at 1:16 and DBS are detected when compared to ICT or plasma at 1:4 dilution.

Sensitivity and NPV was lowest when DBS was compared to plasma using recommended
dilutions. This comparison also yielded an odds ratio of 12.00 and kappa of 0.49, the lowest value
among each of these comparisons. These results are similar to those found by Reeve and Melrose [11],
where sensitivity and NPV was 67.2% and 77.0% respectively using the dilutions recommended by
the Og4C3 kit. As sensitivity and NPV increased to 79.49% and 88.24% respectively when comparing
plasma at 1:16 and DBS samples, these results suggest that dilution directly affects how likely it is that
the assay will detect the presence of Wuchereria bancrofti in someone with LF, as well as how likely
it is to detect someone with a negative result when they do not have LF. These statistics were also
supported by an odds ratio, which was highest at 45.50, and by the kappa agreement statistic, which
was also highest at 0.73, when dilutions were matched.

There was a higher mean antigen concentration in plasma compared to DBS at recommended
dilutions, but the difference in mean antigen units was greatly reduced when dilutions were more
closely matched. While plasma samples were tested at 1:4 and 1:16 dilutions, equal to a 4-fold
difference, geometric mean (antigen unit +1) values were 19.75 and 9.83 respectively. The difference
in means is much less than 4-fold. The geometric means were 9.83 and 6.81 for plasma at 1:16 and
DBS respectively. The non-linear antigen unit relationship to dilution factor may be attributed to high
saturation of each ELISA well by a higher concentration of sample, which would be left with fewer
spare antibodies bound to the plastic surface available for the free floating antigens to bind during
the initial 1-h incubation period. It is possible that a lower concentration of sample antigen may bind
fewer antibodies initially, but will not saturate the well as the higher concentration sample would,
allowing a greater number of unbound antibodies on the plate to attach to free floating antigens during
incubation [19,20].

Correlation was found to be highest when either dilutions or sample application methods were
matched, but was low when plasma at 1:4 and DBS were compared. No previous study has compared
matching low dilutions but it is not surprising that matched dilutions may result in higher agreeability
between plasma and DBS. This is important as higher dilutions are less sensitive overall when
compared with ICT and therefore must be used with caution.

The results of this study indicate that the currently recommended dilution for the Og4C3 ELISA
using DBS is not as sensitive as for plasma, and that more than 25% of positive cases may be being
missed when using DBS. Concordance between methods would improve if similar dilutions were used.
Unfortunately, a 1:4 dilution is not possible with the current prescribed method of DBS preparation
and amount of sample, since that would require eluting three filter paper discs in 60 μL of diluent,
leaving insufficient supernatant for a single well after boiling and spinning. While high correlation can
be achieved when the fold difference in antigens is matched [10], Lalitha and colleagues [21] show that
correlation can drop to 0.83 when plasma and DBS are used at 1:4 and 1:20 dilutions respectively.

The outcomes of this research lead to a recommendation that further assessment be carried out to
determine how both plasma and DBS perform at other matched dilutions, such as 1:8 or 1:10. Any
such tests must accommodate the volume needed to fully saturate each dried blood spot, allow for
boiling, precipitation and spinning, and yielding 50 μL to be applied to the well of an Og4C3 ELISA.
Improved concordance between Og4C3 plasma and DBS application that also achieves a similar
detection rate as the ICT would greatly support the reliability of the Og4C3 ELISA for field collection in
non-laboratory locations, as DBS is a convenient method of collecting samples, requiring less in-depth
training, and less storage space or refrigeration during transport.

A major limitation attributed to enzyme immunoassays, referred to as the ‘hook’ effect, is shown
when a decrease in reactivity is seen as the concentration of free antigen or antibody increases [22–24].
As each plate will always give different readings, a reliable standard curve must be used to mitigate
plate-to-plate variation and avoid error in classifications of positive or negative from test to test.
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One strategy may be to perform each sample at two dilutions in order to obviate such occurrences
and to ensure that antibody or antigen excess does not occur. A two-dilution application could also
evaluate each individual plate by showing if any non-linearity between results has occurred.

In conclusion, the current recommended dilutions for plasma and DBS did not demonstrate
adequate agreement. The data obtained shows that both plasma and DBS are capable of yielding
similar results, but only when dilutions are more closely matched than is currently recommended.
Definition of a single suitable dilution factor lower than 1:16 which can be applied to both DBS and
plasma assays, and to compare specificity, sensitivity and predictive values between DBS and plasma
upon application is required. Results achieved from antigen unit analysis using DBS assays need
to be adjusted upwards to be comparable with plasma tests. We recommend that similar studies be
repeated in other endemic situations, with different test predictive values, to confirm our results and
to determine the adjustment factors required. In the longer term, the dilutions for the two test types
need to be reconciled.
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Abstract: When normal lymphatic function is hampered, imperceptible subcutaneous edema can
develop and progress to overt lymphedema. Low-cost reliable devices for objective assessment of
lymphedema are well accepted in clinical practice and research on breast-cancer related lymphedema
but are untested in populations with lymphatic filariasis (LF). This is a cross-sectional analysis of
baseline data in a longitudinal study on asymptomatic, LF antigen-positive and -negative young
people in Myanmar. Rapid field screening was used to identify antigen-positive cases and a
group of antigen-negative controls of similar age and gender were invited to continue in the study.
Tissue compressibility was assessed with three tissue tonometers, and free fluids were assessed
using bio-impedance spectroscopy (BIS). Infection status was confirmed by Og4C3 antigen assay.
At baseline (n = 98), antigen-positive cases had clinically relevant increases in tissue compressibility
at the calf using a digital Indurometer (11.1%, p = 0.021), and in whole-leg free fluid using BIS
(9.2%, p = 0.053). Regression analysis for moderating factors (age, gender, hydration) reinforced the
between-infection group differences. Results demonstrate that sub-clinical changes associated with
infection can be detected in asymptomatic cases. Further exploration of these low-cost devices in
clinical and research settings on filariasis-related lymphedema are warranted.

Keywords: neglected tropical disease; lower extremity; lymphatic filariasis; tissue tonometry;
bio-impedance spectroscopy; lymphedema

1. Introduction

Lymphatic filariasis (LF) is a parasitic disease in which thread-like worms inhabit the human
lymphatic system, where they can impair normal lymphatic pumping. Classified as a neglected
tropical disease and affecting many of the world’s poorest populations, LF can lead to lymphedema,
a progressively debilitating swelling of the skin and subcutaneous tissue in any body part, most
frequently the legs [1]. Normal lymphatic pumping actively removes circulating proteins and fluid
from the tissue spaces, maintaining a slightly negative interstitial pressure. When lymphatic capacity
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is impaired, extracellular fluid (ECF) and circulating proteins begin to accumulate in the interstitial
spaces [2]. If normal lymphatic function is not restored, this initially covert edema gradually becomes
overt, and the affected body part visibly enlarges. Over time, the protein-rich fluid is replaced with
fat and fibrous tissue, and normal limb contours are lost. The outdated eponym ‘elephantiasis’ was
inspired by the appearance of a grossly enlarged limb in late-stage lymphedema where the skin is
thick, discolored, and formed into folds. In developed countries, lymphedema is frequently caused
by surgical damage when lymph nodes are removed or irradiated during cancer treatment. Much
of what is known about initiation and progression of lymphedema comes from research on breast
cancer-related lymphedema (BCRL) of the arm [3].

A wide spectrum of devices and methods is used to objectively evaluate lymphedema depending
on the setting. At the highly resourced end of the spectrum, nuclear imaging and other sophisticated
technologies are often used to assess BCRL of the arm. Tissue tonometry to quantify tissue
compressibility and portable bio-impedance spectroscopy (BIS) to track fluctuations in free fluid
are also used and are relatively inexpensive. Using BIS, it has been shown that covert pathologic
change due to lymphatic damage during breast cancer treatment can be detected, and that early
intervention in this latent stage can prevent the onset of overt disease [4]. At the low-resourced end of
the spectrum, assessment of LF related-lymphedema (LFRL) of the leg usually relies on classification
of visible and palpable soft tissue changes [5], where subjectivity may lead to inconsistent classification.
There is no differentiation or assessment of covert change, so subtle but important alterations in tissue
composition may be missed.

In LF, mosquitoes pick up the microfilariae during a blood meal. The larvae develop to third stage
within the mosquito before being transmitted by a subsequent bite. Transmission is relatively inefficient
with a low risk of infection per bite, and after transmission there is a lag between being infected and the
development of adult worms. This means that most children with LF will remain asymptomatic until
young adulthood, which affords a long, latent period in which to implement preventive strategies [6].
Primary prevention in the Global Program to Eliminate LF (GPELF) is preventive chemotherapy, which
is delivered annually via mass drug administration (MDA) in endemic regions [7]. This will eventually
prevent any new cases of morbidity as infection rates fall too low to sustain transmission. However,
preventive chemotherapy conveys no real benefit to advanced cases, most of whom will no longer
be antigenemic, but will require life-long health care. In between the asymptomatic cases that will
never progress to overt disease and the advanced cases that have irreversible lymphedema, there are
many cases of latent and early stage lymphedema. There is some evidence that MDA may reverse
very early tissue changes in LFRL [8], but without standardized assessment or diagnostic criteria for
Stage 0, or devices sensitive enough to detect small changes in tissue composition, it is not clear at
what stage or which individuals will remain at risk of disease progression. Reliable, sensitive, low-cost
devices to provide objective assessment of LFRL are needed [9].

A pilot study in Papua New Guinea (PNG) found the skin over the posterior thigh was 20% more
compressible in asymptomatic young people who had tested positive for LF antigen compared to
antigen-negative peers, using a mechanical tonometer [10]. Subsequently, three tissue tonometers and
a portable BIS device have demonstrated intra-operator reliability in assessing tissue composition
in the lower limbs of young Australian and Myanmar populations without any history or risk of
lymphedema [11]. It is not yet known if covert lymphedema can be detected by tissue tonometry or
BIS in these populations.

There is no agreed standard for assessment of Stage 0 lymphedema, and diagnostic criteria
for clinical onset are not well defined [3]. One study on BCRL used a 3% change in BIS values to
trigger preventive treatment [4], and clinical lymphologists may use a percentage change in limb
girth or volume to track lymphedema change, with a variation of more than 10% considered clinically
relevant [12]. Variations in body composition will influence measurements with these devices as muscle
holds more free fluid than fat, fat is more compressible than muscle, and the ECF in the subcutaneous
compartment fluctuates slightly depending on overall body hydration. Individual characteristics that
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influence body composition should be considered when assessing superficial tissues of the lower
limb, including expected changes associated with growth from child to young adult and gender-based
differences in muscle and fat distribution. Habitual patterns of muscle use should also be considered,
and significant between-leg differences in healthy young Australian and Myanmar people have been
reported when using these devices [13].

This cross-sectional study on young people residing in an LF endemic region in Central Myanmar
investigated whether tissue tonometry and BIS measures were altered in asymptomatic cases who
tested positive for Wuchereria bancrofti antigen. The results will assist researchers and clinicians to
objectively quantify changes occurring in early LFRL and may contribute to formal recognition and
intervention for Stage 0 lymphedema of the leg.

2. Materials and Methods

2.1. Study Site Selection, Participant Recruitment, and Screening

Sentinel site records kept by the Vector Borne Disease Control (VBDC) Centre in Mandalay
identified Amarapura Township as a densely populated area with a high prevalence of LF. It was
also close enough to laboratory services for blood sample processing. A study site was set up in the
Administration Centre in the village of Nge Toe and baseline data were collected over a two-week
period in October 2014. The study was conducted in accordance with the Declaration of Helsinki and
the protocol was approved by the Myanmar Ministry of Health (MoH) and James Cook University
Human Research Ethics Committee (approval number H5261).

A sample size of 32 in each group was predicted to detect a 10% difference between groups with
80% power, based on a mean mid-calf value of 2.5 with SD of 0.7 using the digital Indurometer [13,14].
A convenience sample of local young people aged 10–21 years was invited to be screened for LF
antigen and to participate in a longitudinal study on early detection of LFRL. Participant information
sheets and informed consent forms were provided in Burmese. Staff of the VBDC and Amarapura
Township Hospital, the World Health Organization (WHO) technical officer for Myanmar (SSW),
and locally-trained research assistants explained all procedures to the participants, determined their
eligibility to participate, and obtained informed consent. Written consent was given by young adults
aged 18–21 and by a parent or guardian for minors aged 10–17. A further verbal assent for each
procedure was obtained from all participants prior to performing that procedure. Participant inclusion
and exclusion criteria are shown in Figure 1.

 

Figure 1. Participant inclusion and exclusion criteria.

2.2. Screening and Baseline Data Collection

A rapid field test for the presence of LF antigen was performed using an immunochromatographic
test (ICT) card (Binax Now, Alere, Waltham, MA, USA). This involved placing a 100 μL draw of blood
from a fingerprick onto a test strip. The sample was allowed to flow for 10 min and the result appeared
as one or two lines across the test strip. One line is a control and if this line was not visible then the test
was void and if possible, repeated. Appearance of the second line indicated the presence of circulating
W. bancrofti antigen that is produced by adult worms. The young people who tested positive by ICT
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(cases), and a sample of the negative participants of the same age and gender (controls), were invited to
return and participate in the longitudinal study. A James Cook University (JCU) technical staff member
(LB) trained the local research assistants in correct use of the ICT card and selected participants invited
for follow-up.

Participants returned during the following fortnight for the blood draw and device measures.
Local research assistants conducted a short interview to elicit information on current health status,
prescription or traditional medications, surgical history, family history of lymphedema, time since the
last drink (as a proxy for hydration), and if they had consumed preventive chemotherapy during the
previous annual MDA. Leg dominance was determined by asking the question ‘Which foot do you use
to kick a ball?’ Height was measured using a chart marked on a wooden post in centimeters and a set
square, and weight in kilograms was recorded using digital scales purchased locally. Device measures
were conducted in a small side office or screened off area and an adult relative was asked to be present
during the measurement of minors.

2.2.1. Device Measures

Three tissue tonometers were used to assess tissue compressibility. The Indurometer (SA Biomedical
Engineering, Adelaide, Australia) is a hand-held electro-mechanical device with a 1 cm diameter
plunger/indenter extending through a 7 cm diameter reference plate and a built-in force sensor.
The reference plate is aligned to the surface of the skin while the device is pressed evenly into the
tissue. A beep is emitted once the equivalent to 200 g of force has been applied, and the degree of
displacement is displayed in 0.01 increments on a light-emitting diode (LED) screen. An image of
the Indurometer is shown in Figure S1. The mechanical Tonometer (SA Biomedical Engineering,
Adelaide, Australia) is a similar device, in which a 1 cm diameter plunger extends beyond a 7 cm
diameter reference plate. This purely mechanical device uses a 200 g mass to drive the indenter into
the underlying tissue, and the degree of displacement is shown on an analogue scale. Both of these
devices record the displacement of the indenter in relation to the reference plate as an indication of
compliance (compressibility) of the underlying skin and tissue. The values provided by these devices
are not absolute measures and can be considered as arbitrary units used to compare measures of tissue
compressibility [15]. A third device, the SkinFibroMeter (Delfin Technologies, Kuopio, Finland), uses a
smaller reference plate with a 1.25 mm length fixed indenter and built-in force sensors. The reference
plate is pressed evenly onto the skin and the device emits a beep when the equivalent of 50 g has
been applied. The device is applied five times and the average resistance in newtons is displayed on a
digital screen. A tape measure and washable skin marker were used to locate and mark the midpoint
of each thigh (front and back) and the back of each calf, and all tonometry measures were taken at
these marks.

Extracellular and intracellular fluid loads were assessed using bio-impedance spectroscopy (BIS),
which measures the resistance to multifrequency, low-level electrical currents. The difference between
resistance in the intracellular (Ri) and extracellular (Re) fluid compartments was represented as a ratio
Ri:Re. As the intracellular fluid (ICF) compartment is tightly regulated, any changes in the ratio usually
represent changes in the extracellular fluid (ECF). Whole-leg BIS measures were recorded for each leg
with the SFB7 (Impedimed, Australia) using self-adhesive electrodes applied to the skin according to
manufacturer’s instructions for lower limb measures.

A detailed description of data collection methods was published in a reliability study on these
devices in Australia and Myanmar [11]. All devices were operated by the principal researcher (JD),
who was blinded to the infection status of the participants. Tonometry scores were recorded on data
collection sheets by a research assistant, and BIS data was downloaded to an Excel file (Microsoft
Office 365, version 1706).
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2.2.2. Blood Collection and Processing/Storage

Blood samples were collected by local research assistants, who were trained in specific blood
collection and handling protocols by the JCU technician (LB). A 10 mL draw of venous blood was
collected from each participant into cooled ethylenediaminetetraacetic acid (EDTA) anticoagulant
vacutainers (BD Biosciences, North Ryde, Australia). The antigen test was repeated using 100 uL of the
venous blood pipetted onto an ICT card, and the remaining blood was kept on ice until delivery to the
Public Health Laboratory in Mandalay. Separation of plasma and red blood cells was performed using
a centrifuge for 15 min at 3000 rpm; the plasma was transferred into 2-mL cryotubes by pipette in
duplicate (4 mL per person) and stored at −20 ◦C. Once all baseline data had been collected, the plasma
was transferred on dry ice to the Department of Medical Research in Yangon for long-term storage at
−80 ◦C in a monitored freezer connected to a back-up generator and with daily monitoring. There
were no thaws during plasma transportation or storage. One set of the cryotubes was aliquoted
and used to conduct ELISA assay for the presence of Og4C3, an antigen marker for W. bancrofti,
using the recommend 1:4 dilution for plasma as per the manufacturer (Cellabs, Sydney, Australia) kit
instructions [16]. Samples were classified as positive if the antigen units, estimated using the standard
curve of controls provided with the kit, exceeded 32 units. Detailed methods for the ELISA assays
were previously published in a study on diagnostic testing for LF antigen [16].

2.3. Data Analysis

LF antigen-positive cases were defined as those who were positive by either antigen test
(ICT or Og4C3). Body mass index (BMI) was calculated as kg/m2, but adult values cannot be
used for children; therefore, WHO growth charts and definitions were used to identify underweight
participants, who were defined as being more than two standard deviations below the median BMI
for their age [17]. Chi-squared tests, Fisher’s exact tests, and independent samples t-tests were used
to compare antigen-positive and -negative group characteristics at baseline for known moderating
factors. Paired sample t-tests were used to compare device measures of dominant and non-dominant
legs. Statistical analysis was conducted in SPSS version 23 (IBM Corp), and significance was set at
0.05 with a 95% confidence interval. Clinically-relevant difference for tonometry measures was set at
>10% and for BIS measures it was set at >3%. Stepwise regression was performed for dominant and
non-dominant legs separately to determine the level of variance in device measures associated with
infection status (univariate) and other potential moderating factors (multivariate).

3. Results

3.1. Participants

Screening for LF found 60 antigen-positive cases among 316 volunteers, and 114 young people
(57 cases and 57 controls of the same age and gender) were invited to continue in the longitudinal study
(see Figure 2). Ten people either could not be found or refused to return, and 104 participants were
available for baseline blood draw and physical measures. Data from six participants were excluded
from the final analysis; four were found at a later measure to have been outside the target age range
at baseline, one had a prosthetic leg, and another had a heart condition, neither of which had been
disclosed at the screening interview. The final study population was comprised of 46 antigen-positive
cases detected by ICT plus a further four cases identified as antigen positive by Og4C3 ELISA (n = 50).
There were 48 antigen-negative (control) cases.
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Figure 2. Flow of participants through recruitment, screening, and baseline data collection.

3.1.1. Participant Characteristics

All participants (n = 98) were aged between 10 and 21 years (mean 15.3 SD 3.4) and there were
55 females and 43 males. The mean height, weight, and BMI were 152.0 cm (SD 12.0, range 118.8–174.0),
42.3 kg (SD 11.5, range 17.5–82.7), and 18.0 kg/m2 (SD 3.0, range 12.4–29.7), respectively. The cohort
was 95.9% right leg dominant and 13.3% (n = 13) were considered underweight. Almost half (44.9%) of
the participants were working in weaving workshops, 27.6% were students, 8.2% were street vendors,
2.0% were construction workers, and the remaining 17.3% worked in other occupations or did not
disclose their occupation. None had a history of lymphedema in their immediate family, previous
surgery or medical implants, and all were in good health. Two participants were taking prescription
medications and one was using traditional medicine. One participant felt unwell on the day scheduled
for taking the measures and was asked to return when feeling better. Comparing antigen-positive
and antigen-negative groups, there were no significant between-group differences for any physical
attribute or moderating factor. Participant characteristics at baseline are shown in Table 1.
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Table 1. Group characteristics of antigen-positive and antigen-negative participants (positive by either
immunochromatographic test (ICT) or Og4C3) at baseline.

LF Antigen-Positive Cases LF Antigen-Negative Controls
Mean Diff (95% CI) p=

n = 50 n = 48

Age in years—mean (SD) 15.20 (3.38) 15.48 (3.46) 0.28 (−1.09, 1.07) 0.691 a

Gender
Female n (%) 27 (54%) 28 (58%) 0.410 b

Male n (%) 23 (46%) 20 (42%) 0.410 b

Height in cm—mean (SD) 151.80 (12.56) 152.20 (11.52) 0.399 (−4.44, 5.24) 0.870 a

Weight in kg—mean (SD) 42.27 (12.81) 42.30 (10.12) 0.028 (−4.617, 4.670) 0.990 a

BMI in kg/m2—mean (SD) 18.05 (3.46) 18.03 (2.65) −0.012 (−1.239, 1.216) 0.985 a

Body composition n = (%) 0.976 c

Median weight 41 (82%) 40 (83%)
Underweight > −2SD 7 (14%) 6 (13%)
Overweight > +1SD 2 (4%) 2 (4%)

Dominant leg right/left 47/3 47/1 0.324 b

Occupation n = (%) 0.395 c

Student 14 (28%) 13 (27%)
Working/other 32/4 (72%) 34/1 (73%)

Drank liquid n = 97 0.590 c

<60 min 13 (26%) 12 (26%)
>60 min 37 (74%) 35 (74%) (1 NA)

Consumed 2013 MDA n (%) 17 (34%) 22 (46%) 0.383 c

LF = lymphatic filariasis; BMI = body mass index; SD = standard deviation; a independent samples t-test;
b Fishers exact test; c Pearson chi-square; NA = participant was not asked.

3.2. Moderating Factors Associated with Device Measures

3.2.1. Effect of Infection on Device Measures

In the antigen-positive group, tissue compressibility was higher at all measuring points, and
there was more free fluid in both legs compared to that of the antigen negative group. Independent
t-tests found that, at mid-calf on the non-dominant side, the increase in Indurometer measures was
both clinically (11.1%) and statistically significant (p = 0.021). In addition, whole leg BIS measures
found clinically-relevant (>3%) increases in free fluid in both legs (dominant leg, 4.9% (p = 0.220),
non-dominant leg, 9.2% (p = 0.053)). Mean values and between-group differences for the Indurometer
and BIS measures are shown in Table 2. Neither the mechanical Tonometer nor SkinFibroMeter found
any clinically relevant or statistically significant differences between infection groups, with many
differences too small to be evident at two decimal places. The only between-group difference of interest
with these two devices was increased tissue compressibility with the Tonometer at the non-dominant
calf (4.8% softer, p = 0.296). Mean values and between-group differences for all devices including the
Tonometer and SkinFibroMeter are given in Table S1.
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3.2.2. Effect of Infection Status, Age, Gender, Body Composition, and Hydration on Device Measures

Regression was first performed with infection status (antigen positivity) alone, and then stepwise
regression was used to add moderating factors. Being antigen positive was significantly associated
with increased compressibility in the non-dominant calf when using the Indurometer (Table 3, step 1)
which is consistent with the t-test results given above in Table 2. Using multivariate regression, after
adjustment for other factors (gender, age, underweight, and hydration), increased compressibility
remained significantly associated with being antigen positive (in the non-dominant calf) using the
Indurometer, and was also significant in the dominant calf using the same device. When considering
all factors, being antigen positive was significantly associated with increased fluid in the non-dominant
leg using BIS (Table 3, step 2).

In the stepwise regression, being female was significantly associated with higher tissue
compressibility using all three tonometers. The largest gender-related effect using the Indurometer was
in calf measures where there is a relatively thin fat layer over the muscles, making small differences in
fat and muscle composition more likely to be detected (dominant leg B (SE) = 0.639 (0.117), p < 0.000)
(see Table 3). The least effect of gender was found over the anterior thighs where the relatively thicker
fat layer reduces the influence of the underlying muscle tone and a small difference between the sexes
is not likely to register as much change. Using BIS, being female was significantly associated with less
free fluid in both legs, and this is consistent with females having relatively smaller muscle/higher
fat mass (less fluid) than males of the same age. The largest coefficient was in the non-dominant leg
(B (SE) = 0.485 (0.103), p < 0.001) (see Table 3).

Being less well hydrated, defined as not having a drink within one hour of measures,
was associated with lower tissue compressibility. This was significant at the non-dominant calf
(B (SE) = −0.239 (0.110), p = 0.032). Being older was significantly associated with a small increase in
free fluid in both legs, consistent with normal growth increase in muscle mass. Being underweight
was significantly associated with a small increase in free fluid in the non-dominant leg (BIS) which
may be associated with reduced fat mass or an increased capillary filtrate due to proteinemia.

In summary, when accounting for known moderating factors of age, gender, BMI, and hydration,
there was a highly significant association between antigen positivity and increased Indurometer
measures at the non-dominant calf (p = 0.007). At the dominant calf, the same association was also
significant (p = 0.038). When these factors are taken into account for BIS measures, there was a
clinically relevant and significant increase in free fluid (Table 2) in the non-dominant leg (p = 0.038).
All associations between moderating factors and device measures are given in Table S2.

Table 3. Stepwise regression for moderating factors associated with variation in Indurometer and
bio-impedance spectroscopy (BIS) measures.

Indurometer BIS

Higher Values = Increased Tissue Compressibility Lower Values = Increased ECF

Posterior Thigh B (SE) Calf B (SE) Whole Leg B (SE)
Factor Dominant Non−dominant Dominant Non−dominant Dominant Non−dominant

Step 1 R2= 0.002 0.000 0.029 0.054 0.017 0.042
Antigen Positive 0.070 (0.182) 0.015 (0.180) 0.212 (0.126) 0.272 (0.116) * −0.117 (0.095) −0.238 (0.122)

Step 2 R2= 0.189 0.187 0.283 0.269 0.283 0.398
Antigen Positive 0.093 (0.168) 0.049 (0.166) 0.234 (0.111) * 0.286 (0.104) ** −0.108 (0.083) −0.210 (0.099) *
Gender = Female 0.751 (0.178) ** 0.679 (0.175) ** 0.639 (0.117) ** 0.492 (0.110) ** 0.230 (0.087) ** 0.485 (0.103) **

Older age 0.022 (0.025) 0.041 (0.025) 0.010 (0.017) 0.024 (0.016) −0.051 (0.012) ** −0.061 (0.015) **
Underweight 0.136 (0.250) 0.277 (0.247) −0.052 (0.165) −0.094 (0.155) −0.237 (0.120) −0.302 (0.142) *

Less Recent Hydration −0.338 (0.177) −0.223 (0.174) −0.139 (0.117) −0.239 (0.110) * 0.107 (0.085) 0.124 (0.101)

ECF = extracellular fluid; SE = standard error; * p < 0.05; ** p < 0.01.

3.3. Patterns of Tissue Compressibility and Free Fluid in Dominant and Non-Dominant Legs

There was a consistent pattern of tissue compressibility at the measurement sites that held
true for all devices and all subgroups by age, gender, or infection status. The most compressible
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tissue was located at the (relatively) fatty anterior thigh, the least compressible tissue was over the
dense tendomuscular junction at mid-calf, and values for the posterior thigh fell between the two.
When comparing dominant and non-dominant legs, a consistent pattern of between-leg differences
was seen and can be attributed to expected muscle activity during a kick. The skin was less
compressible (more muscle tone) over the front of the ‘dominant’ kicking thigh and over the back
of the ‘non-dominant’ thigh and calf muscles that propel the body forward during the kick. Using
BIS, there was more free fluid (more muscle mass or less fat) in the dominant leg compared to the
non-dominant leg (9.6%); this difference was both clinically relevant (>3%) and statistically significant
(p < 0.01) using paired samples t-tests. Mean values and between-leg differences for the Indurometer
and BIS are given in Table 4. Mean values and between-leg differences for all devices including the
Tonometer and SkinFibroMeter and are given in Table S3.

Table 4. Mean values and between-leg differences using the Indurometer and BIS.

Indurometer (n = 98) BIS (n = 90)

Anterior Thigh Posterior Thigh Calf Whole Leg

Dominant leg mean (SD) 4.74 (0.72) 4.10 (0.90) 2.81 (0.63) 2.50 (0.46)
Non−dominant leg mean (SD) 5.05 (0.79) 3.87 (0.89) 2.60 (0.59) 2.74 (0.59)

Mean difference (SD) −0.31 (0.31) 0.23 (0.23) 0.21 (0.21) −0.24 (0.32)
95% CI of the difference −0.41, −0.21 0.11, 0.35 0.13, 0.28 −0.31, −0.17

% difference 6.5% ** 5.6% ** 7.5% ** 9.6% **,#

Direction (dominant leg) Harder Softer Softer More fluid

SD = standard deviation; ** Significant between-leg difference p ≤ 0.01; # Clinically relevant between-leg difference
(tonometry > 10%, BIS > 3%).

The overall pattern of between-leg differences (dominant vs. non-dominant), as demonstrated
by kicking a ball, was maintained in the antigen-positive cases, but the degree of difference was
altered. Figure 3 is a radar graph showing the percentage of between-leg differences in Indurometer
and BIS values for the whole cohort and by infection group. In the infected group, between-thigh
differences in tissue compressibility were exaggerated (closer to the outer ring in the radar chart) but
only slightly, with similar percentage differences for positive (7%), negative (6.1%), and whole cohort
groups (6.5%). The between-infection group differences were more pronounced at the calf where the
mean between-calf difference in the positive cases (6.5%) was much smaller (closer to the middle)
than that of the negative cases (9.7%) or whole cohort (7.5%). Similarly, as well as an overall increase
in free fluid, BIS results indicated that positive cases had smaller between-leg differences compared
to those of their negative counterparts (7.5% vs. 11.7%). Although not statistically significant, these
reduced between-leg differences in the distal legs of the antigen-positive cases suggest a covert edema
overlying and masking normal between-leg variations in muscle tone and mass.
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Figure 3. Percentage between-leg differences using the Indurometer and BIS in the LF antigen-negative
cases, LF antigen-positive cases, and whole cohort. Data points which are closer to the outer ring
indicate greater between-leg differences.

4. Discussion

In this study, tissue compressibility and free fluid loads were higher in asymptomatic young
people infected with LF compared to their uninfected peers. Both groups displayed normal patterns of
within-leg tissue compressibility; i.e., tissue was most compressible over the anterior thigh and least
compressible at the calf, and between-leg differences were consistent with kicking a ball. However,
when stratified by infection status, the size and direction of between-leg differences in the positive
cases were consistent with a covert accumulation of subcutaneous fluid in the lower leg. Usually,
LFRL appears distally and progresses proximally, so detectable tissue changes may occur earlier at the
calf than at the thigh. The relatively thin layer of skin and tissue over the muscle of the calf may also
render early tissue changes more evident than in fattier parts of the leg. Accordingly, the association
with LF antigenemia and Indurometer measures was statistically significant at mid-calf, and large
enough on the non-dominant side to also be clinically relevant. This early appearance of lymphatic
dysfunction in the non-dominant leg is consistent with reports on BCRL, which show an increased risk
of arm lymphedema if the operated side is also the non-dominant arm [18]. This tendency for fluid
to accumulate more readily on the non-dominant side could be the result of differences in muscular
activity that naturally promotes lymph flow and may be greater or more frequent on the dominant side.

For all devices, the significant associations between higher tissue compressibility and lower free
fluid in females reflect expected variation in muscle to fat ratios between the sexes. Other moderating
factors such as hydration, although not as universal as gender, did have significant associations with
measures at the calf, but this could be reduced by administering a standardized drink during the
assessment protocol. Increased free fluid associated with age and being underweight can be attributed
to a year-by-year increase in muscle mass, or a systemic reduction in fat mass, respectively.

Results in the Myanmar study reinforce earlier findings from PNG [10], where clinically significant
between-infection group differences were found in physical leg measurements. However, some
differences in observations between studies were noted. In particular, in young PNG people, increased
tissue compressibility was found in the posterior thighs of the infected group using the mechanical
Tonometer. In the Myanmar cohort, the between-infection group differences were found using the
digital Indurometer at the calf. There may be several reasons for this discrepancy. The PNG cohort had
a higher proportion of females (64% vs. 54%) than the Myanmar cohort and a higher mean BMI (19.7 vs.
18.05). In addition, age, gender and hydration were not considered in that analysis. In the current study,
the Tonometer did return slightly softer measures in the dominant posterior thigh and non-dominant
calf in the Myanmar group, but in this cohort, the differences were not significant. (Table S1). In PNG,
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no MDA had been available prior to the study, after which treatment was offered to all participants;
in Myanmar, MDA had been offered in 2013 and earlier, although less than half of the participants
reported taking it. Taken together, these two studies provide the first empirical evidence that there are
covert but measurable increases in tissue compressibility and free fluid associated with LF antigenemia,
although the optimal site for assessment may differ for different populations. The advance in the
current study over that done in PNG was the availability of newer, digital devices and inclusion of
age, gender, BMI, and hydration in multivariate regression, which confirmed an independent effect
of infection.

The proportion of all infected individuals that will progress to LFRL, while considered to be
relatively small, is not well understood. It appears to depend on multiple factors including genetics,
geography, exposure to infection, and worm species, and it was not possible in this cross-sectional
study to determine which of the positive cases may be at risk of progression to advanced disease, if any.
The fact that mean between-infection group differences can be objectively measured suggests that there
is an insidious effect of LF antigenemia on skin and subcutaneous tissues in the lower limb, and this
is consistent with the current understanding of the pathogenesis of lymphedema [19,20]. Follow-up
on this Myanmar cohort may provide some insight into individual variation among antigen-positive
persons to define who is most at risk.

The Indurometer gave the clearest indication that tonometry can be used to detect covert lymphatic
change in the lower limb. While the Tonometer and SkinFibroMeter may not have detected latent
changes in asymptomatic cases in this cohort, their use in assessment of established leg lymphedema
from all causes warrants further study. When using these devices to track changes in the same person
over time, moderating factors such as age and gender will be immaterial, hydration can be controlled
for by administering a drink prior to measurement, and any change in BMI can be considered when
interpreting the results, as is already the practice in BCRL. Indurometry and BIS measures may be
useful in monitoring clinical progression in people at risk of lower limb lymphedema and may provide
an inexpensive means to objectively measure lymphedema in LF populations.

The presence and direction of clinically-relevant changes in the antigen-positive cases in Myanmar
support the hypothesis that LF can induce covert changes in the subcutaneous tissues of the lower
limbs. This contributes to the case for formal recognition of a Stage 0 in the classification of LF-related
lymphedema. The disparity in resources between BCRL and LFRL settings should not be a barrier to
transferring reliable and effective protocols for early detection and intervention in lymphedema to
LF populations.

Supplementary Materials: The following are available online at www.mdpi.com/2414-6366/2/4/50/s1,
Figure S1: Indurometer, SA Biomedical Engineering; Table S1: Between-infection group differences (independent
samples t-test) for (a) Digital Indurometer, (b) Mechanical Tonometer, (c) SkinFibroMeter and (d) BIS measures,
size and direction of variation; Table S2: Stepwise regression for moderating factors associated with variation in (a)
Digital Indurometer, (b) Mechanical Tonometer, (c) SkinFibroMeter and (d) BIS measures; Table S3: Mean values
and between-leg differences (paired samples t-test) for (a) Digital Indurometer, (b) Mechanical Tonometer,
(c) SkinFibroMeter and (d) BIS measures.
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Abstract: Soil-transmitted helminths (STH) infect 2 billion people worldwide including significant
numbers in South-East Asia (SEA). In Australia, STH are of less concern; however, indigenous
communities are endemic for STH, including Strongyloides stercoralis, as well as for serious
clinical infections due to other helminths such as Toxocara spp. The zoonotic hookworm
Ancylostoma ceylanicum is also present in Australia and SEA, and may contribute to human infections
particularly among pet owners. High human immigration rates to Australia from SEA, which
is highly endemic for STH Strongyloides and Toxocara, has resulted in a high prevalence of these
helminthic infections in immigrant communities, particularly since such individuals are not screened
for worm infections upon entry. In this review, we consider the current state of STH infections in
Australia and SEA.

Keywords: soil-transmitted helminths; Trichuris trichiura; Ascaris lumbricoides; hookworm;
Ancylostoma ceylanicum; Strongyloides stercoralis; South East Asia; Australia

1. Introduction

Soil-transmitted helminths (STH) are estimated to infect 2 billion people worldwide. Many of
these infections occur in South-East Asia (SEA) [1,2]. Species included in the term STH are the human
hookworm species Ancylostoma duodenale and Necator americanus, the human roundworm Ascaris
lumbricoides, and the human whipworm Trichuris trichiura [3]. Hookworm and Trichuris have zoonotic
counterparts (A. caninum, A. ceylanicum, T. suis, and T. vulpis) [4–14]. A. lumbricoides itself is a zoonosis as
the previously-identified pig roundworm, A. suum, has been found through molecular characterisation
to be nearly identical to A. lumbricoides, and instead represents a haplotype of A. lumbricoides [6,15].
Toxocara canis and Strongyloides stercoralis are additional important nematode species of dogs that can
also infect humans and are included in this review. Strongyloides is estimated to infect 30–100 million
people [16,17], while the seroprevalence (2–5% in urban areas, 14.2–37% in rural areas) of Toxocara in
developed countries indicates that the number of people at risk of infection may be in the millions [18].
While Toxocara and Strongyloides have low prevalences in Australia, our closest neighbours in SEA,
as well as many countries from which refugees and immigrants originate, are highly endemic for
these parasites. These helminths are also considered neglected tropical diseases (NTD) due to their
occurrence in low socio-economic regions and have thus not received as much attention as other
diseases occurring in developed countries. Primarily, these helminthic infections are endemic in tropical
and subtropical areas due to the requirements for warm moist soil for egg or larval development.
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Another potential reason for their status as NTDs is the chronic rather than acute nature of
the infections they cause. Symptoms are similar between the causative species and are generally
non-specific; namely nausea and/or vomiting, diarrhoea, abdominal pain, and fever. In adults the
impact can be seen as lower ability to work. As such, the impact of these parasites should be examined
by considering the disability adjusted life years (DALYs) to measure disease burden. According to the
WHO definition, one DALY is one year of life quality lost compared to a healthy individual, and the
sum of these DALYs across a population is a measurement of the gap between current health status
and an ideal health situation [19].

As of 2010 there were an estimated 438.9 million people infected globally with hookworm,
819.0 million with A. lumbricoides, and 464.4 million with T. trichiura [20]. It was calculated that STH
contributed to 4.98 million years lived with disability (YLDs), with 65% attributed to hookworm,
22% to A. lumbricoides, and 13% to T. trichiura [20]. The DALYs for intestinal helminths (including
only A. lumbricoides, T. trichiura, and hookworm) have been reduced from 170 per 100,000 (94–290) in
1990 to 75 per 100,000 (43–128) in 2010 and 69.4 per 100,000 (43.3–106.4) in 2013 [21,22]. DALYs are
not considered a good measurement of the burden of disease for S. stercoralis since the majority of
infections cause limited clinical symptoms; the most common complaint and symptom is stomachache.
Poor diagnostics for S. stercoralis also result in the true prevalence being underestimated [23].

Infection with hookworm or hyper-infection with S. stercoralis can result in anaemia, and
hookworm can also present with cutaneous rash from larval migration. Ascaris, Strongyloides
and hookworm larvae migrate to the lungs to be coughed up and swallowed, thus entering the
gut where they mature. Lung-stage infection by Ascaris can cause pneumonia, called Loeffler’s
pneumonia, while disseminated Strongyloides can also cause pneumonia and pulmonary haemorrhage;
hookworm-associated pneumonia, ‘eosinophilic pneumonia’, is a rare manifestation [24–26].
Toxocara infections can result in a range of symptoms depending on where the larvae migrate. The
migrating larvae themselves, much like in Strongyloides and hookworm infections, can result in a
rash, or larval tracks, due to inflammation. In the eye, Toxocara can cause partial or total retinal
detachment leading to blindness and may result in neurological symptoms if the larvae are present in
the brain [18,27].

Strongyloides stercoralis, which is endemic in aboriginal communities of Australia, can be a serious
roundworm infection with severe health implications due to autoinfection and dissemination. Infection
in immunocompromised individuals is particularly serious, and can be fatal. Autoinfection with
S. stercoralis occurs when the larvae produced by the adult worms cause reinfection without ever
having to leave the body. In such instances there is no immune response against the migrating larvae
and this can lead to hyperinfection and dissemination. Continuous reinfection with S. stercoralis
through autoinfection can also lead to persistent infections lasting many years (Figure 1). Infections in
immigrants in Australia have been found more than 20 years after moving away from an endemic area
(Table 1). Disseminated strongyloidiasis occurs when the parasite is distributed throughout the body
and is more commonly seen in people with impaired immune systems [28]. It can lead to abdominal
pain and swelling, pulmonary and neurological complications and meningitis, depending on where
the parasite is located, as well as septicaemia, a leading cause of death in S. stercoralis infection [28,29].
Septicaemia occurs due to migration of larvae through the gastrointestinal wall. While generally
considered as a human parasite, S. stercoralis has also been found in non-human primates and
dogs [30–32]. There are also haplotypes identified for this species, and grouping of haplotypes
from humans with haplotypes from canids and indicates potential zoonotic transmission [33,34].
Sequencing of isolates found in dogs and humans in Cambodia found two haplotypes of S. stercoralis
in dogs, one of which was indistinguishable from that found in humans, again indicating the potential
for zoonotic transmission [30]. Dogs are an important reservoir for zoonotic infections in terms of
transmission as they live in close contact with humans, increasing the likelihood of transmission when
compared with other potential zoonotic hosts such as non-human primates, which have a far more
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limited association with humans. Australia has a high pet ownership, particularly dogs and cats, with
many also living inside homes, thus providing clear potential for transmission [35].

Figure 1. Lifecycles of soil-transmitted helminths (STH), S. sterocoralis, and Toxocara. 1. Adult worms
reside in the gastrointestinal tract (GIT). Hookworm, A. lumbricoides, and S. stercoralis adults reside in
the small intestine while T. trichiura adults reside in the cecum and ascending colon. Female worms
produce eggs which are passed in the stool of an infected person. 2. T. trichiura, Toxocara, and A.
lumbricoides eggs mature in soil but do not hatch. Hookworm eggs hatch in soil and mature into L3
hookworm larvae. S. stercoralis eggs hatch into rhabditiform larvae in the gut, which are then excreted
via the faeces. Rhabditiform larvae then mature into infective filariform larvae or free-living adults.
3. Infectious L3 filariform larvae of hookworm and S. stercoralis penetrate the skin directly, enter the
circulation and migrate to the GIT after passing into the lumen of the lungs. 4. Mature eggs of Toxocara,
A. lumbricoides, and T. trichiura are swallowed by the host. The eggs hatch, releasing larvae in the GIT.
T. trichiura larvae hatch in the small intestine and mature into adults in the colon while Toxocara and
A. lumbricoides larvae penetrate the gut. Toxocara larvae are carried by the circulation to a variety of
tissue types while A. lumbricoides larvae are carried to the lungs. 5. Hookworm and A. lumbricoides
larvae penetrate the alveolar walls and ascend the bronchial tree to the throat and are swallowed. Once
they reach the small intestine the larvae mature into adults. S. stercoralis can also follow bronchial
migration, or they can penetrate straight to the GIT. 6. Toxocara larvae can be carried to any tissue type.
As humans are dead-end hosts the larvae do not undergo further development once they reach these
sites, they can cause local reactions, known as the disease toxocariasis. Ocular toxocariasis, where the
larvae penetrate the eye, can result in blindness. 7. S. stercoralis can also undergo autoinfection, where
the rhabditiform larvae become infective filarial form larvae in the small intestine and penetrate the gut
or perianal region. The filariform larvae can then disseminate to throughout the body. 8. Strongyloides
rhabditiform larvae develop into free-living adults that produce eggs from which rhabditidorm larvae
hatch. Rhabditiform larvae then develop into infectious filariform larvae and penetrate a human host.
The free-living cycle exists for one generation cycle only.
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Recent molecular analysis of hookworm species has been important for speciation and shows
a different epidemiological pattern than previously thought, including a much higher prevalence of
A. ceylanicum, which had been considered to be only a rare infection in humans [4,11,50–53]. This
is due in part to the morphological similarity of eggs and larval stages between hookworm species
leading to misdiagnosis, and partly due to initial erroneous assumptions of their epidemiology [53].
While dogs are thought to be the primary source of zoonotic A. ceylanicum, there is evidence that
human–human transmission can occur [11]. Two haplotypes have been identified, with the zoonotic
haplotype also identified in cats [11,54]. This has public health implications, since dogs and cats will
act as reservoir hosts and will thus need to be taken into consideration for control. Dogs are also the
main host for A. caninum, which can cause gastric enteritis in humans, and Toxocara canis which can
cause serious eye disease often resulting in blindness, as well as neurological symptoms depending on
where the parasite migrates to in the body. T. cati, found in cats, can also cause similar pathology.

We review the STH, Strongyloides and Toxocara in SEA and Australia, considering their lifecycles;
prevalence in SE Asia and Australia; diagnosis; and treatment and control. In addition, their zoonotic
potential will be further explored.

2. Lifecycles

The lifecycles of the STH are shown in Figure 1, illustrating key differences in infection strategy
and migration pathways. Adults of all STH species and S. stercoralis live in the gastrointestinal tract
(GIT) and produce eggs that are excreted into the environment via the stool. STH and S. stercoralis
require moist, warm soil to develop, largely restricting these parasites to tropical areas. Hookworm
eggs hatch in the faecal mass and moult from L1 to infective L3 larvae. The L3 larvae then migrate
onto vegetation, penetrate the skin, are carried via the blood to the lungs where they undergo tracheal
migration, pass through to the small intestine, mature into adults and attach to the gut wall [55].
For both T. trichiura and A. lumbricoides, eggs are passed unembryonated and mature to an infectious
stage after 15 days. The now infectious eggs are ingested, often due to poor hygiene and contaminated
food, and hatch in the small intestine. Larvae of T. trichiura then mature in the small intestine
into adults [56]. A. lumbricoides larvae penetrate the gut and undergo tracheal migration similar to
hookworm larvae, and develop into mature adults once in the small intestine (Figure 1) [57].

The lifecycle of S. stercoralis is more complicated than other STH since it has a free-living stage in
addition to the parasitic lifecycle [58]. Adults in the gut produce eggs that hatch into first-stage larvae,
which have a distinctive oesophageal appearance that gives rise to the descriptive term ‘rhabditiform
larva’. This first stage larva will moult to become either free-living, a dioecious adult or an infectious
larva, the filariform larva. Free-living adults produce eggs that hatch as rhabditiform larvae that
moult twice to become 3rd stage filariform larvae. Filariform larvae then penetrate the skin, much
like hookworm L3 larvae, and migrate to the gut – this can be via the lungs and they are coughed
up as occurs in the hookworm lifecycle, or direct travel to the gut. Autoinfection occurs when eggs
from adult parasites hatch into rhabditiform larvae that become filariform larvae while still in the
gut. The filariform larvae can complete the lifecycle in the gut, or disseminate, migrating to other
organs and tissues (Figure 1). The free-living cycle for S. stercoralis only persists for one generation, not
indefinitely as in Parastrongyloides sp. [59,60].

Humans are accidental hosts of Toxocara spp. and become infected by ingesting eggs in
contaminated soil [61]. The eggs hatch in the gut and the larvae penetrate the gut and are carried by
the blood to different organs where they can promote a local reaction, which is the cause of toxocariasis.
Visceral and ocular migrans are the most common presentations. There is also a suggested link between
seropositivity for toxocariasis and epilepsy [62].

3. STH and Strongyloides in SEA

STH infections are common in SEA, where approximately one-third of global STH cases occur,
with active, stable transmission occurring in all countries of the region [63–65] (Figure 2). Risk factors
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for infection include poverty, lack of access to clean water and toilets, as well as unhygienic practices
such as not washing hands [64].

Figure 2. Distribution of STH in South-East Asia and Australia, modified from Brooker et al., [64].

T. trichiura, A. lumbricoides and hookworm are the most prevalent STH and infected individuals
are often found with co-infections. Polyparasitism with STH is very common in SEA, mainly due to
the shared geographical locations in tropical areas, where these worms are endemic. Additionally, the
infection pathways of the STH are similar (Figure 1). Polyparasitism with STH is more likely than
mono-infection in endemic areas, where co-infection with other helminths and protozoan parasites is
also very high [66–71]. Because STH endemicity is quite low in Australia, data for polyparasitism is
limited, although it may occur in remote Aboriginal communities [42].

Co-infections with parasites have been identified with increased disease status, and synergism
between parasite infections. Infection intensity of helminths in co-infections also seems to differ, with
hookworm infection intensity significantly increased with multiple infections [72]. Maternal infection
with STH may also increase susceptibility of the unborn child to infection with STH, but it is unclear
if this is due to shared environmental factors [73,74]. Co-infections may necessitate combination
chemotherapy depending on drug efficacy for the infecting species.

The precise global prevalence of Strongyloides is unknown although it is estimated to infect
30–100 million people worldwide [75]. There are also issues with diagnosis because serology can
return negative results, particularly in early infections, and may not pick up disseminated cases [16].
Eggs are rarely seen in the stool; rather the rhabditiform larvae are present instead, although often in
low numbers. Both copro-culture, which can be laborious, and direct smears, can be used to identify
larvae [76]. Other methods include the formalin ethyl acetate sedimentation method, which has
low sensitivity, immunodiagnostics, and molecular methods [77]. Molecular methods, specifically
PCR, have been used to sensitively diagnose Strongyloides [78,79]. Strongyloides is endemic in SEA
and there are a number of reports from countries in the region using an array of different diagnostic
techniques [80–83]. A comprehensive review is available of its global distribution based on community,
hospital, and refugee and immigrant surveys [84] (Figure 3). Depending on the diagnostic method used,
the prevalence of S. stercoralis given in Figure 3 may be an underestimate due to the low sensitivity
of many of the procedures used, and the low number of larvae that are excreted, even in heavy
infections [77,79,84].
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Figure 3. Prevalence of S. stercoralis in Asia and Australia based on community-based studies,
hospital-based studies, and prevalence in immigrants and refugees. Modified from Schäret al., [84].

4. STH and Strongyloides in Australia

Australia has a low number of STH cases, largely because these worm infections can be readily
controlled by good hygiene, access to safe, clean water, and the use of toilets. The overall prevalence
of hookworm and T. trichiura in the Australian Northern Territory is quite low at 0.17% and 0.65%,
respectively (Table 1), based on hospital data collected between 2002 and 2012 [42,43]. These cases
were primarily detected in people admitted to hospital for reasons other than hookworm or Trichuris
infection; thus the true prevalence may be much higher, and may follow a more focal intensity that
would not be accounted for by recording state-wide or country-wide prevalence. For both species the
prevalence has been reduced; with T. trichiura, there was a drop from 123.1 cases per 100,000 in 2002 to
35.8 cases per 100,000 in 2012 [42]. The zoonotic STHs, particularly A. caninum and A. ceylanicum, are of
importance in Australia since they are found in domestic and wild canids (Table 2) [85,86]. Intestinal
parasites of pigs in Australia also include T. suis and A. suum, which can infect humans, although the
extent of human disease is unclear [4,87].

In 1918, hookworm was considered such a serious problem in North Queensland that a five-year
campaign to eradicate the disease was instigated and although considered successful, hookworm
infection continued to be a problem in Aboriginal communities [53,88]. The majority of published
papers on STH in Australia are relatively old, with very few published in the last 10 years. Prociv and
Luke [88] provide a solid review of the early history of hookworm infections in Australia. Ascaris spp.
infection has never been very prevalent despite the requisite tropical climate and moist soil existing in
Australia [89].

S. stercoralis appears to be more prevalent in Australia than the other STH, or at least, there are
more published data available (Table 1) (Figure 2). The parasite is endemic in tropical regions of
Australia including Queensland, the Northern Territory, Western Australia, as well as Northern NSW.
It is primarily found among Aboriginal people living in remote communities, with a prevalence of
>60% recorded (Table 1) [90–94]. This worm has persisted due to lack of attention to the disease it
causes, despite the potential for high morbidity and mortality in immunosuppressed individuals [94].
Its true prevalence is unknown in Australia, and probably globally. As reported by Speare et al – “if you
don’t look, you won’t find” [94]. As a human-only parasite, it can be readily treated with ivermectin
and eliminated from the community. A retrospective study examined indigenous Australians in
Central Australia who were positive for S. stercoralis infection and who may also have been positive
for human T cell lymphotropic virus type I (HTLV-I). This virus invades adult T cells, thereby reducing
the effectiveness of the immune system [29]. Of these subjects, eleven (n = 18) were tested for HTLV-I,
of which seven were positive. Of those who tested positive for HTLV-I, four were never treated for
Strongyloides, and of those who were treated, many were not treated at initial diagnosis and infection
status was not checked on subsequent visits [29]. Of these eighteen patients, fifteen died from sepsis.
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A complication of disseminated strongyloidiasis is secondary bacterial infection that can become
systemic, and has likely contributed to mortality in at least four cases. Further studies have found
high prevalence of HTLV-I in Aboriginal communities (33.6% n = 889), which may lead to more cases
of hyperinfection with S. stercoralis in the future [118,119]. Along with immune suppression due to
infection with HIV or HTLV-I, and immunosuppression due to organ transplantation, treatment with
steroid drugs suppresses the inflammatory response and can also result in hyperinfection [29,119–124].
There is a clear need to increase knowledge of physicians in endemic areas, perhaps as part of a
database for NTDs. Speare et al [93] advocated that S. stercoralis be added to the national notifiable
diseases surveillance system in Australia to help combat this sadly neglected disease. Notification
would bring with it greater oversight and available information to physicians, which would help
lead to better management of cases, including the provision of effective treatment. To date this has
not occurred and, indeed, there are no helminth diseases on the list; malaria is the sole parasite
infection listed.

5. Immigration Screening in Australia

Outside remote communities, it is primarily in immigrants from developing nations and returning
travellers that STH cases occur in Australia (Table 1) (Figure 2). Current health screening for immigrants
does not include testing for parasites and focuses on notifiable diseases such as tuberculosis and
HIV/AIDS. Since STH infections are not notifiable, it is possible that there are autochthonous and
returned traveller cases occurring in Australia that are not identified or reported.

Cross-sectional surveys have been performed on recent (1997–2000) and long-term immigrants
to Australia in the East African and Cambodian communities in 2000 and 2002, and long-term
immigrants from Cambodia [36] (Table 1). S. stercoralis and T. trichiura were identified in the East
African cohort, with only S. stercoralis present in the Cambodian cohort. Despite having been
in Australia for some years and subject to immigration screening, the high prevalence recorded,
particularly in the Cambodian cohort (42%, Table 1), indicates a need to include NTDs such as STH
in pre-immigration screening. Entamoeba histolytica, Hymenolepis nana, Schistosoma spp. (East African
cohort), and Dientamoeba fragilis were also identified [36]. Far from being an isolated occurrence, there
is a history of STH found in resettled immigrants (Table 1). An earlier study on immigrants from Laos,
who had been resettled in Australia for at least 12 years prior to the survey, found S. stercoralis in
24% of participants (23/95) [37]. Strongyloides is the most commonly reported helminth infection in
immigrants (Table 1). Generally S. stercoralis infections are asymptomatic. More severe complications
from infection include eosinophilic pneumonia, malnutrition, and disseminated strongyloidiasis.

While screening for helminth and protozoan parasites does not occur upon entry to Australia,
the government does provide reimbursement for GPs who perform heath assessments within
12 months of arrival [125]. There are also state-funded refugee services in most states and
territories [126–130]. In theory, these services could include parasitological identification. As of
June 2016, 28.5% of Australians were born overseas, with five of the top 10 countries of birth in SEA
(China, India, the Philippines, Vietnam, Malaysia) [131], countries with high STH endemicity. A global
distribution map for STH [64] shows stable transmission occurring in SEA and Africa, origins of many
immigrants coming to Australia (Figures 2 and 3).

6. Returned Service Personnel

Another cohort for Australian STH infections are Australian army veterans, including older
veterans who served in STH-endemic areas from World War II onwards (Table 2) [39–41,132].
Strongyloides is the most commonly identified helminth infection in this cohort, possibly the only
STH actually considered. In Vietnam veterans, 11.6% had positive serology in 2013 for Strongyloides,
despite serving between 1962 and 1975 [40]. This shows that the adult worms can persist for many
years, as highlighted earlier for immigrants who had been long-term residents in Australia still testing
positive for this disease.
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7. Diagnostics

Microscopy

Stool-based microscopy remains the most common diagnostic method for STH, including in
Australia, with the formol ethyl acetate sedimentation technique most commonly employed [133,134].
For S. stercoralis, serology is recommended, due to low and irregular numbers of larvae excreted in
the stool even in heavy infections, with stool microscopy used to rule out other infections [133,135].
Diagnosis of STH in Australia is largely done on a case-by-case basis rather than by case detection.
Case detection, involving diagnostic sweeps of a community, is more likely to occur as part of a
research program in endemic countries. The diagnostic method used will vary. Case-by-case studies
are likely to use more sensitive, albeit more laborious, diagnostics than prevalence surveys, which
examine a large number or individuals and usually necessitating faster, cheaper diagnostics such as
the Kato-Katz (KK) method.

In Asia, a number of different diagnostics have been employed, often as part of specific research
projects or for assessing government control programs. The main diagnostic employed is the KK
method, a tool also used for diagnosis of schistosomiasis and STH in the Philippines and China. The KK
procedure is cheap and easy to perform, particularly under field conditions, which are the reasons
it is generally used in large-scale studies. However, the KK is known to lack sensitivity, particularly
in low prevalence/intensity infections, and particularly for Strongyloides [136–138]. Additionally,
hookworm eggs hatch rapidly after stool deposition, with the result that KK slides need to be
prepared and examined quickly before eggs lyse [139,140]. FLOTAC is another microscopic, albeit
more recent, technique that has been used in STH diagnostics, and has a higher sensitivity than
the KK procedure [136,137,141–144]. The main disadvantage of FLOTAC is the length of time it
takes to implement, with a single FLOTAC taking around 30 minutes to produce a result [145].
Other methods include the Baermann technique, which is based on the movement of larvae out of
stool, the formalin-ether concentration technique (FECT), and coproculture [136]. Strongyloides has
low sensitivity on stool examination so either multiple stool samples need to be examined or serology
undertaken, which is the recommended diagnostic approach [77]. Other methods such as PCR, agar
plate culture, and Baermann sedimentation can also be performed on stool samples, and have a higher
sensitivity than microscopy [77]. Both agar plate and the Baermann technique can be time consuming.
While PCR is more expensive than microscopy, agar plate, or Baermann, it achieves higher sensitivity
than all of these techniques [78].

8. Immunodiagnostics

As indicated, serology is often used in Australia for diagnosis of S. stercoralis [133], with
microscopy employed for the other STH. In general, this holds true for Asia as well. For hookworms,
which as discussed earlier, have fragile eggs, immunodiagnostics can be a more sensitive detection
method than faecal microscopy. However, lack of specificity, cross-reactivity, and the inability
to distinguish between past and current infections are limitations of many immunodiagnostic
tests. The most common immunodiagnostic methods used for STH detection are enzyme-linked
immunosorbent assays (ELISAs), western blots, and ELISPOT [14,146,147]. Dipstick assays are rapid
diagnostics that usually detect antibodies in blood to a target parasite. A dipstick developed for
S. stercoralis, which is no longer available, had a similar sensitivity (91%) to the ELISA assays it was
compared to and a specificity of 97.7% [148]. While serology is recommended for strongyloidiasis due
to the poor sensitivity of stool examination, serology can also miss heavy infections as demonstrated
by a recent fatal case from Israel of hyperinfection with S. stercoralis that was ELISA-negative [23].
An assortment of immunodiagnostics are available for Strongyloides, which have a range of sensitivities
and specificities [149].

Dried blood spot (DBS) testing occurs by blotting blood samples onto filter paper. Samples can
be collected and stored for later analysis, allowing for large numbers of samples to be collected but
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without requiring large amounts of storage space, and allows relative ease of collection because only a
drop from a fingerprick is required. Dried blood spots have been used for molecular diagnostic tests,
but can also be used for immunodiagnostics [46]. Most recently, the application of DBS was utilised in
serology to diagnose S. stercoralis in a remote community in Northern Australia [46].

9. Molecular Diagnostics

There is a range of molecular diagnostic tests available that offer higher sensitivity than
microscopy-based diagnostics, albeit with a higher price tag, and these have been reviewed
elsewhere [150]. The main benefit of molecular methods is the ability to multiplex assays, that
is, identify multiple species using a single assay. However, as well as being more costly than
microscopy techniques, they also require specialised equipment. An exception is loop-mediated
isothermal amplification (LAMP), which can be performed in the field due to much reduced equipment
requirements [151,152]. However LAMP does not allow for multiplexing and to date, of the STH, has
only been used to detect hookworm infections [152].

Molecular methods with multiplexing capabilities include conventional polymerase chain reaction
(cPCR), real-time PCR (qPCR), multiparallel and tandem qPCR, and digital droplet PCR (ddPCR).
Both cPCR and ddPCR are endpoint PCRs, which rely on designing primers that produce amplicons
of different lengths to distinguish individual parasite species. ddPCR also uses fluorescent dyes, while
real-time PCR reactions utilise fluorescent probes to distinguish between amplicons; the use of taqman
probes can increase the sensitivity and specificity of an assay. Of these methods only ddPCR has yet to
be used to diagnose STH infections, although it has been utilised for other parasites such as Schistosoma
spp., detecting cell-free DNA (cfDNA) in a range of body fluids (stool, serum, urine, saliva) [153,154].
The assay provides absolute quantification and can detect very low levels of target DNA; it is also
more sensitive than qPCR. While currently only providing for two channels, it is possible to multiplex
the reactions for four targets by utilising different size amplicons, much as for a conventional PCR
multiplex, because targets can be separated based on size. While schistosomes are blood parasites,
and are thus in contact with host blood and tissues, the STH live in the gut and the potential for
detection of parasite cfDNA in body fluids such as blood, urine, and saliva would likely be reduced.
However, since hookworm is a blood feeder it does gain access to the host blood stream and it is
possible that hookworm cfDNA would be detectable in sera. Likewise, the larvae of hookworm and
Ascaris penetrate the alveolae of the lungs to be coughed up and swallowed, thereby reaching the gut.
It is therefore possible that a saliva or sputum sample would yield cfDNA or the larvae themselves.
Regardless, the use of ddPCR on stool samples will readily amplify target parasite genes with very
high sensitivity. Because it confers absolute quantification and by partitioning the PCR mix (containing
master mix, primers, and DNA) into ~20,000 droplets pre-amplification, it effectively means that each
sample has ~20,000 technical replicates. Therefore there is no need to run samples in duplicate or
triplicate for ddPCR as there is for qPCR. This can save on costs, although in practice the cost of ddPCR
and qPCR is similar.

10. Costs of Diagnostics

The cost of a single KK slide, excluding personnel costs and stool collection costs, is US$0.30 [155].
The total cost for single and duplicate KK slides have been estimated to be $US1.73 and US$2.06,
respectively, while the FLOTAC costs $2.35 [145]. In comparison, a multiplex qPCR costs $7.68.
For qPCR the major costs result from DNA extraction as the qPCR assay itself costs $1.68 per sample
in triplicate. A multiparallel qPCR has been costed at $1 per sample, excluding DNA extraction
costs [156].

11. Treatment and Mass Drug Administration (MDA) of STH Infections

Mass drug administration (MDA) is a hallmark of many control programs aimed at controlling
STH infections. The benzimidazoles (albendazole and mebendazole) are the most commonly used
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drugs for STH infection in humans, and are recommended for MDA. In the Philippines there is an
annual deworming program among school-aged children. In 2003 the prevalence of STH in pre-school
children was 66%, after which the Philippines Department of Health introduced the national school
deworming program, The Integrated Helminth Control Program (IHCP) [157], with albendazole or
mebendazole being recommended for use. The program has been successful in reducing overall
prevalence at least in some areas, although MDA coverage can vary. Chemotherapy does not prevent
re-infection, and once out of the school program there is no mandated MDA for STH treatment in
adults. Fear of birth defects has also been recorded as a reason for refusing STH treatment by pregnant
women in the Philippines [158]. School-based MDA has a compliance of >75% while community wide
MDAs tend toward low compliance (25–65%) [158,159]. In some cases this is due to poor community
involvement, but also because of concerns with possible side effects of the drugs. In the IHCP school
deworming program, there was an increase in STH in at least one city (46.05% in 2007 to 56.60% in
2011), and the overall prevalence remained high at 45% as of 2011 [160]. Assuming 100% coverage,
the problem of STH will still exist, since re-infection can occur very quickly after treatment, and
STH eggs/larvae can live in the environment for several weeks to months, remaining viable for
infection. Another issue is drug efficacy. While most available drugs for STH are highly efficacious
for A. lumbricoides, there are varying efficacies for hookworm, Strongyloides spp. and Trichuris spp.
Efficacy varies depending on the drug given, whether the drug is given as a single or multiple dose,
and the amount given. Most programs of MDA rely on a single dose, being easier and not relying
on individuals returning for treatment on multiple days. Drug efficacy for hookworm species can be
difficult to untangle, as many studies do not speciate the infecting worms. There are documented
differences in drug efficacy between A. duodenale and N. americanus, with mebendazole less effective
against N. americanus, and pyrantel pamoate less effective against A. duodenale [161]. For all STH, drug
efficacy likely varies on a regional level depending on parasite populations and treatment programs,
particularly those involving MDA.

A World Health Organization (WHO) report [162] showed a range of efficacies against STH for
mebendazole, albendazole, pyrantel, levamisole, and ivermectin. For A. lumbricoides, efficacy was up
to 100% for all drugs except ivermectin. For hookworm the highest efficacy, in terms of cure rate (CR),
was achieved with levamisole (66%–100%), and for T. trichiura with mebendazole (45%–100%). In the
same report comparing differing single doses of albendazole and mebendazole (recommended by the
WHO for STH control and treatment) with multiple doses of mebendazole, multiple doses resulted in
a higher CR for both hookworm and Trichuris spp., albeit the median CR was still around 80% [162].
However, the WHO also recommends periodic worming with albendazole or mebendazole where
prevalence is >20% [163]. The aim of the WHO with regards to STH control is to carry out preventative
worming in endemic countries with a prevalence of >20%. However if drug efficacy is low, particularly
for hookworm and Trichuris spp., this approach is unlikely to decrease prevalence in the long term.

Of relevance to treatment of STH cases in Australia and SEA, a study on immigrant populations
(in Canada) found an overall reduction in intestinal parasites (STH and Giardia) 6 years after
resettlement and treatment with thiabendazole, from 63.7% down to 21.9%; however the prevalence
of S. stercoralis remained relatively high with a reduction from 15% to 11% [37,164]. However, since
that report, ivermectin has been designated the drug of choice for Strongyloides spp. infection because
this has a high efficacy given singly as a 200 mcg/kg dose (96% CR) or as a split 400 mcg/kg dose
(98% CR) [165]. This highlights the need for combined chemotherapy when treating individuals
infected with more than one species of STH.

Cure rates may be lower than reported due to insensitive diagnostics used in many drug efficacy
trials, primarily stool microscopy, and variation in CR given by the same drug regimens in different
trials may be due to the methods used to assess treatment success or failure. The sensitivity of
diagnosis varies considerably with the more traditional microscopic diagnostics, such as the Kato-Katz
procedure, lacking the sensitivity of more recently developed techniques such as real-time PCR-based
diagnostics. Serological diagnosis measuring antibodies should not be used to assess CR since they
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will detect antibodies from previous infections for several months post-treatment, assuming 100%
efficacy. Antigen-based tests are more specific but many detected antigens tend to break down quickly
in the body.

In an interesting development, the bacterium Bacillus subtilis has been engineered to express
the anthelmintic protein Cry5B, which proved lethal to Caenorhabditis elegans and experimental
A. ceylanicum hookworm infections in hamsters [166]. This approach could be used by modifying
‘good’ bacteria that are safe for human ingestion. There are numerous probiotics on the market, of
which the most common bacterial species are Lactobacillus acidophilus, L. casei, Bifidobacterium lactis, B.
bifidum, and Bacillus subtilis.

Resistance to anthelmintics continues to be a concern. Currently, resistance has been reported for
the human helminth, Onchocerca volvulus against ivermectin [167]. N. americanus eggs heterozygous
for a β-tubulin mutation associated with resistance to benzimidazoles (albendazole, mebendazole) in
A. caninum were recovered from a small number of individuals (n = 28) in Haiti [168]; homozygous eggs
were not identified, but may be present. This raises the possibility of emerging benzimidazole resistance
in human hookworm infections, as it has in veterinary hookworm. Drug resistance is common in
helminths of veterinary importance where resistance has been reported against not only benzimidazoles
but also levamisole, avermectins, and milbemycins (which include ivermectin) [169,170]. Resistance has
not been reported for any of the zoonotic helminths. With the increase of MDA programs in
STH-endemic areas, there is increasing evolutionary pressure on parasite populations, which may
lead to resistance. To rigorously assess resistance, however, sensitive diagnostics will be required,
and research needs to be undertaken in the search for alleles conferring resistance. Wolstenholme
et al [170] have provided an excellent overview of drug resistance in veterinary helminths, while
Vercruysse et al [171] consider the potential of resistance to currently-available drugs developing in
human helminths.

12. Control Programs

STH reinfections can largely be controlled with appropriate hygiene, including washing hands
after defecation, and using a toilet, as augmentation to treatment. There are several programs operating
in Asia that seek to combat STH infection by using educational interventions. These include the ‘Magic
Glasses’ program in China [172,173], which has now been extended to the Philippines, and the WASH
(water, sanitation, and hygiene) program, which aims to provide clean water, toilets, and promoting
good hygiene practices, implemented, for example, in Timor-Leste [174,175]. Helminth infection
is of lesser concern in developed countries, where toilets and clean running water are available.
While STH chemotherapy is effective, it does not prevent re-infections that can happen very quickly
after treatment [176]. The aim of currently applied interventions is to prevent re-infection, and thus
reduce the overall prevalence and eventually eliminate STH from a community.

The Magic Glasses program targets school aged children in China to reduce prevalence of STH
and to increase knowledge of STH parasites to reduce re-infections occurring [172]. The focal point
of the intervention is a cartoon, produced along with other teaching aids, to teach children about
STH and what they can do personally and in their homes to prevent infection, including washing
hands after defecation, only using a toilet, covering food, and wearing shoes. In some schools, water
tanks were provided outside toilets to facilitate handwashing. Parasite prevalence and intensity levels
were assessed pre-intervention and a year later post-intervention; knowledge was also tested at these
times using a questionnaire and quiz. The project was highly successful in reducing re-infection and
increasing knowledge in Hunan province [172], and has been further trialled in Yunnan province. It is
ongoing in the Philippines, where a new video was created to match local popular cartoons, culture
and language. The program has the potential to be modified for many different cultures and areas,
including Australia.

WASH for WORMS has been implemented in Timor-Leste as part of a trial where intervention
villages had WASH implemented alongside mass drug administration (MDA) using albendazole,
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while control villages only received MDA [174,175]. Intervention villages were provided with access to
clean water, the building of latrines and improving hygiene, particularly handwashing. Results of this
intervention and the Magic Glasses trial in Yunnan and the Philippines are currently being formulated.

In both these types of interventions community involvement was crucial. With the Magic Glasses,
one of the key components was to increase STH knowledge, focusing on school children whereas
the WASH program was community-wide. Targeting only children, or any one group, may not
significantly impact transmission in a community, but educational interventions in schools can be
delivered by teachers, with the children and teachers taking the lessons learnt back to their families,
thereby increasing community knowledge and practice [177]. Paradoxically, children often have the
highest helminth infection prevalence in a community [178].

13. Zoonotic Roundworms

Zoonotic Hookworms

Ancylostoma duodenale and N. americanus are responsible for the majority of human hookworm
infections. However, there are two prominent zoonotic hookworm species, A. ceylanicum and
A. caninum, which can also infect humans. A. ceylanicum, particularly, is gaining prominence since many
cases originally identified as A. duodenale may actually be due to A. ceylanicum [51]. Both A. caninum
and A. ceylanicum are found in dogs, and A. ceylanicum infects cats (Table 2). A. caninum has been
identified in cats, although this is uncommon (Table 2). While human infections with A. ceylanicum do
occur, there is some discussion around whether infection with this species produces hookworm disease
and morbidity (Table 1) [50,179]. Table 1 shows recent cases of A. ceylanicum infection in humans and
animals since 2000. Conlan et al [179] provide a review of the historical perspective of A. ceylanicum.
Infection with A. ceylanicum was confirmed by molecular methods using PCR, PCR-RFLP, sequencing,
or microscopy. In Australia there have been only two recent studies, including one case study of a
returned peacekeeper, identifying human infection with A. ceylanicum. Studies in dogs have shown
that this species is present in Australia, but to a much lesser degree than A. caninum. In the Asia-Pacific,
the main hookworm species identified is N. americanus (81.8%), while 18.18% harboured A. ceylanicum,
including one individual who harboured both species [132]. An equal prevalence of A. ceylanicum and
N. americanus was found in Cambodia (51.6%) [96,132]. Prevalence of hookworm in animals in Asia
is also high, with dual infections of A. ceylanicum and A. caninum also occurring (Table 2). Certainly,
therefore, the presence of A. ceylanicum in animals in Asia and Australia poses a risk to human health.

Pets or companion animals are increasingly popular and a potential source of zoonotic hookworms.
Observing good hygiene practices, wearing footwear, and regular worming of pets will help prevent
transmission of zoonotic hookworms to humans. However, studies on pets and their owners in Europe,
which presents a similar socio-economic situation as Australia where handwashing practices, access
to clean water and toilets, are similar, have shown that pet owners do not always wash their hands
after handling their pets [180]. Only 15% of dog owners and 8% of cat owners stated that they always
washed their hands. The same studies have also found Toxocara eggs on the fur of the study animals
(both cats and dogs) [180–184]. Cats pose a particular risk for egg contamination because cat litter
trays reside inside the house and are cleaned by the owner, while dog owners may also be required to
pick up after their animals as well.

The rate of pet ownership in Australia is very high. As of 2016, an estimated 62% of households
had at least one pet, with dogs the most popular (39%) followed by cats (29%) [35]. Handwashing
among Australia children was examined, with only 41% reported to always or mostly wash their hands
after playing with animals, indicating that this is an issue in Australia as with comparable countries
in Europe [185]. Pet ownership data are also available for China (25% dogs, 10% cats), South Korea
(20% dogs, 6% cats), Japan (7% dogs, 14% cats) and Hong Kong (14% dogs, 10% cats) [35].

There have been few human infections in Australia and Asia identified as A. caninum, with the
two most recent reports of human infection with this species both coming from Asia (Laos and India)
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(Table 2). In Australia, A. caninum has historically been associated with eosinophilic enteritis [186–192],
although there are limited reports on this condition since the mid-1990s.

14. Toxocara

Toxocariasis is caused by the migration of Toxocara larvae to various tissues, causing visceral
larva migrans. Traditionally the species involved are T. canis and T. cati nematodes of dogs and cats
respectively, with the latter most likely to be involved in human disease [193]. Other Toxocara species
may also cause infection such as T. malaysiensis, which is found in Malaysia, Vietnam, and China,
although its potential to infect humans at this point is unknown [193–195]. Toxocara malaysiensis also
infects cats. Stray dogs and cats are a primary source of infection in developing countries, while
high pet ownership in developed countries means that pets are the main source of infection there.
Soil samples taken from playgrounds in Malaysia found that 95.7% of samples tested had Toxocara
eggs, and 88.3% had hookworm, showing very high contamination of the local soil with parasite eggs
infectious to humans [196].

The most serious result of infection with Toxocara is ocular toxocariasis, which can lead to blindness.
Humans are dead-end hosts; the parasite larvae migrate to many tissues, and while they do not develop
further they can cause granulomas and inflammation in the tissues they reside in [197].

In Australia T. canis has long been known to exist with high prevalence found in dogs and
in environmental samples [198,199]. There are very few reports of recent surveys of animals,
environmental samples, or humans in Australia. In the 1990s the T. canis prevalence in the general
population of Australia was 5.7% while in Aboriginal communities it ranged from 11.1%–43% [47].
Historical infections reported included serological examination of patients with ocular symptoms in
Victoria (3.86% n = 621) [200]; 7% (n = 660) seroprevalence was recorded in healthy blood donors from
the Australia Capital Territory [201]. More recently 21% (n = 29) prevalence was reported in a remote
Aboriginal community in the Northern Territory [47].

15. Ascaris suum

It was originally thought that A. suum infected humans only rarely, but molecular tools have
shown that the two species (A. lumbricoides and A. suum), which are morphologically identical, may
in fact be one species and A. suum represents a haplotype of A. lumbricoides. It has been recognised
that the haplotype, A. suum, can cause human infections; and has also been found in non-human
primates [15,202]. A study in Japan sequenced the ITS1 region of Ascaris derived from humans and
pigs, finding that 3 of 9 isolates derived from humans were identical to those derived from pigs [6].
A phylogeny study performed in China utilising the mitochondrial genes cox1 and nad1, and found a
high level of gene flow between human- and pig-derived Ascaris, as well as indicating the presence
of 20 haplotypes based on the cox1 gene and 26 based on the nad1 [203]. There is also evidence from
China of hybrid forms of Ascaris [204]. In India PCR-RFLP was performed on dog stools identifying
the presence of A. lumbricoides eggs [205].

A. suum has been identified in pigs in Australia; however, limited molecular work has been done
to characterise the genotypes. Due to control measures in pigs it is estimated that only 3% of pigs
in Australia harbour Ascaris [206]. There is also limited information on A. suum human infections in
Australia. Two cases of Ascaris infection in Tasmania were thought to be A. suum based on morphology
of mouthparts, and based on history of contact with pigs; no molecular tools were utilised [207].

Worldwide, 800 million people are estimated to be infected with Ascaris. A number of prevalence
studies have been done in developing countries using both microscopy, primarily KK, and molecular
techniques [66,208–210]. Speciation, or the presence of haplotypes, is rarely looked for in prevalence
studies; it is therefore difficult to calculate the number of Ascaris infections due to pig-derived worms.
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16. Trichuris suis and T. vulpis

Pigs and canines are the primary hosts of T. suis and T. vulpis, respectively. Human infections with
both species have been recorded, as have hybrids of T. suis and the human species T. trichiura [5,9,10,13].
In Thailand, both dogs and humans harbour T. vulpis and T. trichiura, indicating the likelihood
of zoonotic transmission occurring for both species [5]. However, dogs in India appear to only
carry T. trichiura, while further human infections with T. vulpis have occurred in North America and
Africa [13,205,211].

Genetic analysis of Trichuris species in humans, pigs, and non-human primates indicates that
there may be several genotypes of Trichuris circulating in humans and animals [212–214]. Sequencing
of pig and human derived Trichuris indicates that they are separate species [215], unlike A. suum
discussed above, which is considered to be the same species as A. lumbricoides. Experimental infections
of humans with T. suis documented the previously undocumented symptoms of infection which
included flatulence, diarrhoea, and upper abdominal pain, although these symptoms regressed over
time, after repeated exposure to eggs, to subclinical symptoms [216].

17. Helminth Therapy

While not all STH have as severe consequences as Strongyloides, it is clear that treatment of STH
is needed in infected individuals. However, it has also been suggested that intestinal worms may
actually be beneficial to human health, particularly to bowel health and diseases of hypersensitivity.
This is usually described as part of the hygiene hypothesis, linking ‘cleaner’ living conditions with
higher levels of allergic disease, and now extended to inflammatory disorders such as inflammatory
bowel disease (IBD) [217]. Helminth parasites are known to modulate the host immune system and it
is thought that by doing so for self-benefit, this may cause a bystander effect on other immune-related
diseases [218,219].

There have been clinical trials with hookworm and Trichuris for treatment of a range of syndromes,
including coeliac disease, asthma, allergies, and psoriasis [220]. Hookworm and Trichuris eggs are
available online through companies such as Wormswell [221], which provides N. americanus eggs, and
Tanawisa, which provides T. suis (porcine Trichuris species) (TSO) [222] eggs. The link between asthma
regulation and helminths has been studied for some time, although concrete significance in trials has
yet to eventuate, and exact mechanisms of action are unclear [223]. Recent trials for asthma, where
individuals were experimentally infected with hookworm, indicated some improvement between
groups with hookworm and those without, but the results were not significant [220]. A study in Uganda
showed maternal hookworm infections decreased the risk of childhood eczema [224]. Australian
studies of hookworm therapy largely focus on coeliac disease, which has had mixed results with
null or positive associations; any causal link between allergies and parasite infection has not been
shown [225,226]. Gut microbiota may also play a role, although it is still unclear how parasites and the
microbiota interact with each other [227]. While T. suis is primarily a parasite of pigs, it can establish
patent infections in humans [9,10,228] and treatment with TSO has been linked to improvement of
psoriasis [229].

So, whereas STH and Strongyloides are generally thought to be detrimental to health, the presence
of a few worms might be beneficial, although more research needs to be performed to confirm this.
Because of the risk of self-infection with helminth eggs, most current work aimed at clinical trials is
focused on the isolation of particular components in worm secretions that provide beneficial protection
or immune modulation of IBD diseases [230,231].

18. Discussion and Conclusion

While STH infections are generally low in Australia, they are still endemic and of significant
health importance in remote Aboriginal communities, particularly S. stercoralis, which can be fatal
in immunocompromised people. Limited data are available for hyperinfection and mortality due to
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strongyloidiasis in the Asia-Pacific area, but in Australia, infection has led to fatalities, which, in such a
resource-rich country, is alarming and unacceptable. Part of the problem may be due to a general lack of
awareness of worm infections, which have a low prevalence in the country as a whole. A physician in
an urban area may never see, diagnose or treat a helminthiasis case [93,94]. In Aboriginal communities,
where the prevalence of strongyloidiasis can be quite high (0.25%–59.5%) [90–92,94,232,233], the very
high cost of healthcare delivery limits available services, and physicians may only be resident for a
short time so that knowledge about STH and S. stercoralis, in particular, may not be being passed on
or recorded in the hospital system. Adding STH, particularly especially S. stercoralis, to the national
notifiable disease system would help increase knowledge and provide access to more information
about the appropriate handling of these parasitic worm infections.

High prevalence of STH in refugees and immigrants from endemic areas, particularly the
Asia-Pacific, where the majority of immigrants to Australia now originate, highlights a need for
better and more comprehensive health screenings of these groups that include parasite diagnosis and
treatment. This holds true for army veterans and current members who have served, or are serving,
in STH-endemic areas, including long-term follow-ups in case of poor drug efficacy or ongoing
autoinfection in the case of S. stercoralis. The Asia-Pacific area has particularly high endemicity for STH
and, with so much movement between Asia-Pacific and Australia, better understanding and treatment
of STH infections are key from a public health perspective.
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Abstract: Strongyloides stercoralis is a soil-transmitted helminth (STH) endemic to tropical and
subtropical areas. We reviewed the temporal detection trends in patients with S. stercoralis larvae
present in faecal samples, in Northern Territory (NT) Government Health facilities, between 2002 and
2012. This was a retrospective observational study of consecutive patients with microbiologically
confirmed detection of S. stercoralis in faeces. The presence of anaemia, eosinophilia, polyparasitism,
and geographic and demographic data, were included in the assessment. S. stercoralis larvae were
present in 389 of 22,892 faecal samples (1.7%) collected across the NT over 11 years, examined by
microscopy after formol ethyl acetate concentration. 97.7% of detections were in Indigenous patients.
Detections, by number, occurred in a biphasic age distribution. Detections per number of faecal
samples collected, were highest in the 0–5 year age group. Anaemia was present in 44.8%, and
eosinophilia in 49.9% of patients. Eosinophilia was present in 65.5% of the ≤5 age group, compared
to 40.8% of >5 year age (p < 0.0001). Polyparasitism was present in 31.4% of patients. There was
an overall downward trend in larvae detections from 2.64% to 0.99% detections/number of faecal
samples year between 2002 and 2012, consistent with the trends observed for other local STHs.
S. stercoralis remains an important NT-wide pathogen.

Keywords: Strongyloides; anaemia; eosinophilia; polyparasitism; indigenous; Northern
Territory; Australia

1. Introduction

Strongyloides stercoralis is a soil-transmitted helminth (STH) endemic to tropical and subtropical
regions around the world. There are very wide estimates, between 3 and 100 million people [1], of
the number of persons infected with S. stercoralis globally, because the true incidence is difficult to
determine as many infections occur in regions with economic and health hardware disadvantage, and
poor access to laboratory diagnostic services.

S. stercoralis infection has been estimated to occur disproportionately in Australian Indigenous
people living in the northern parts of Australia, not only compared to the rest of Australia, but
also to ecologically similar regions around the world [2–6]. Indigenous Australians experience
substantially poorer health, social, and economic outcomes compared to other Australians, including
overcrowding and poor sanitary conditions [7], both of which are of importance in the transmission of
S. stercoralis. The Northern Territory (NT) is a large but sparsely populated area covering 1.5 million
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square kilometers, with numerous remote Indigenous communities. Cases of intestinal obstruction
complicating S. stercoralis infection in children have been documented in the NT since the 1970s [2], and
a 1993 study documented S. stercoralis endemicity in Indigenous patients over a 12-month period [3].
An association between HTLV-1 and S. stercoralis has been documented in central Australia where
HTLV-1 is endemic [4]. S. stercoralis detections have been described across the tropical and subtropical
areas of Western Australia and Queensland, including to latitudes below the Tropic of Capricorn
(latitude 23◦ S) [5,6].

S. stercoralis has a complex life cycle [8]. The most common way of becoming infected is by direct
contact with soil, as the filariform larvae penetrate the host skin from soil that is contaminated with
S. stercoralis larvae. High risk activities include walking with bare feet, direct contact with human
waste or sewage, as well as occupations such as farming. The larvae migrate via the venous circulation
to the lungs, where they ascend the bronchial tree and eventually are swallowed, thus entering
the digestive tract. Once established in the small bowel they become adults. The female worms
produce eggs by parthenogenesis, which subsequently hatch in the small bowel, as rhabditiform
larvae, (non-infectious), then are deposited, and develop to filariform (infectious) larvae in the soil
over several days. Larvae that are not passed in the faeces have the ability to develop in the bowel to
filariform larvae, that can either penetrate the bowel wall directly, or the perianal mucosa repeating
the infective cycle potentially indefinitely. This process of auto-infection is characteristic of S. stercoralis
and can lead to hyperinfection even in individuals who have not been in endemic areas for decades.
Clinically, strongyloidiasis may present as a range of syndromes, ranging from asymptomatic or mild
abdominal discomfort, to Crohn’s-like colitis, primarily pulmonary symptoms (Loeffler’s syndrome),
cutaneous larva currens, and disseminated infection with high associated mortality [9]. The latter
is particularly associated with immunosuppressed patients, especially those taking corticosteroids.
The ability to establish ongoing, potentially life-long infection coupled with the risk of dissemination
that is associated with high mortality makes screening, and in some instances empiric treatment,
for S. stercoralis infection in people who are about to undergo immunosuppression essential, not
only in endemic areas, but also in selected populations such as migrants from endemic regions and
refugees [10].

Our aim was to describe the temporal trends in S. stercoralis larvae detection in faecal samples
collected in NT Government Health facilities over a period of 11 years, and review associated
demographic and laboratory features, in this population.

2. Results

Between 2002 and 2012, 22,892 faecal samples were assessed for ova, cysts, and parasites (OCP)
across NT Government Health facilities. The number of annual faecal microscopy samples examined
remained relatively constant throughout this time period, approximately 2000 samples/year, though
2578 and 2919 faecal microscopy and concentrates were examined in 2011 and 2012, respectively.
S. stercoralis larvae were detected in 389 (1.7%) of all faecal samples. Eleven patients had more than
one episode, with one patient having three documented episodes.

Demographic and laboratory characteristics are summarised in Table 1.
Overall 381 (97.7%) patients were Indigenous, and 164 (42.2%) were five years old or younger.

In the ≤5 year-old group, 163 (99.4%) patients were Indigenous, while in the >5 year-old group 218
(96.9%) were Indigenous. In total, 216 (55.5%) patients were male and 173 (44.5%) female. The male
to female ratio in the ≤5 year-old group was 79 (48.2%) male, and 85 (51.8%) female compared to
137 (60.9%) and 88 (39.1%) respectively in the older group.

Figure 1 is a cumulative graph of 11 years data presenting cases, and cases by number of faecal
specimens examined. The age distribution of actual cases was biphasic (Figure 1), with the highest
number of detections occurring in patients less than five years of age, with a peak in the second year of
life, and a second smaller peak in the 35–50-year-old group. However, reviewing larvae detections to
number of faecal specimens examined revealed the peak detection age in the 4–5 year-old age group.
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Cases were detected from across the NT, with the highest detection rates coming from West Arnhem,
Tiwi Islands, and the Katherine regions (Figure 2).

Table 1. Demographic and laboratory parameters of patients with S. stercoralis larvae detection in the
Northern Territory, 2002 to 2012.

Parameter ≤ 5 Years Old (%) > 5 Years Old (%) All Ages (%) p-Value

Number 1 164 (42.2) 224 (57.6) 389 (100)
Sex

Male 79 (48.2) 137 (60.9) 216 (55.5) 0.012
Female 85 (51.8) 88 (39.1) 173 (44.5)

Indigenous status
Indigenous 163 (99.4) 218 (96.9) 381 (97.7) <0.0001

Non-indigenous 1 (0.6) 7 (3.1) 8 (2.3)
Laboratory parameters 2

Median haemoglobin 114 (IQR 105–122) 111 (IQR 91–134) 113 (IQR
97.8–127) 0.48

Anaemia 3 58 (38.6) 106 (49.1) 164 (44.8) 0.04

Median eosinophil count 1 (IQR 0.2–2.4) 0.3 (IQR 0.1–0.8) 0.5 (IQR
0.1–1.3) <0.0001

Eosinophilia 4 95 (65.5) 89 (40.8) 184 (49.9) <0.0001
Polyparasitism 5 61 (37.2) 61 (27.1) 122 (31.4) 0.03
Other intestinal helminths 13 (7.9) 29 (12.9) 42 (10.8) 0.12

Hymenolepis nana 18 (11) 4 (1.8) 22 (5.6) <0.001
Other (eg. Protozoa) 40 (24.4) 36 (16) 76 (33.8) 0.04

1 One Indigenous male, did not have age or haematological data. 2 23 patients (4.3%) had no haematological data,
of these 14 were ≤ 5 years old. An additional 6 patients had no data for eosinophilia (5.4%), 5 were ≤ 5 years
old. 3 Anaemia: Haemoglobin ≤110 g/L. 4 Eosinophilia: eosinophils > 0.5 × 109 /L. 5 Intestinal helminths were
hookworm and T. trichiura. Ascaris species were not detected.

Figure 1. S. stercoralis larvae detections by age and diagnostic prevalence in the Northern
Territory, 2002–2012.

The lowest detection rates were seen in the Darwin and the Gulf country, east of Katherine area.
Anaemia was present in 164 (44.8%) of patients, with a median Hb of 113 g/L (interquartile

range (IQR) 97.8–127) across both groups, and 114 g/L (IQR 105–122) and 111 g/L (IQR 91–134) in
the younger and older groups respectively (p = 0.48). Anaemia was present in 38.6% of the younger
group, compared to 49.1% in the greater than five-year-old cohort (p = 0.04). 184 (49.9%) patients had
eosinophilia, with a median eosinophil count of 0.5 × 109/L across both groups. Eosinophilia was
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more common in the younger group: 65.5% compared to 40.8% (p < 0.0001), and the median eosinophil
count in ≤5 year-old cohort was 1 × 109/L (Figure 3), while in >5 year-old group the median was
0.3 × 109/L (p < 0.001).

Figure 2. Geographic distribution of S. stercoralis larvae detection from patients in Northern
Territory public healthcare facilities by geographic area of residence from 2002 to 2012. Prevalence
figures are S. stercoralis larvae diagnostic detections in public health laboratories/10,000 Indigenous
population/year.

(A) (B)

Figure 3. Distribution of contemporaneous haemoglobin and eosinophil counts in patients with
S. stercoralis larvae detection. (A) Patients five-years-old and under (red diamonds represent the
individual data points). (B) Patients aged older than five years of age (blue diamonds represent
individual data points).
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A normal haemoglobin and normal eosinophil count was present in 19% of the younger group,
and 29.6% of the older cohort. The combination of anaemia and eosinophilia was present in 22% of
the ≤5 year-old age group, compared to 18% in the older cohort.

Polyparasitism was observed in 122 (31.4%) of all patients with S. stercoralis larvae detections.
In the younger cohort 61 (37.2%) patients had at least one other parasite identified in their faecal
specimen, while in the older group 61 (27.1%) of patients had at least one other parasite identified.
Overall, 42 (10.8%) patients had co-infection with at least one other STH, 22 (5.6%) also had Hymenolepis
nana identified, while 76 (33.8%) had co-infection with intestinal protozoa.

Over the 11 years of this study, there was a downward trend in S. stercoralis detections from 2.64%
(in 2012) to 0.99% (in 2012) larvae detections/stool specimens examined. (Figure 4), mirroring the
results for hookworm and T. trichiura over the same time period from the same cohort. This downward
trend in detections was due to a three-fold reduction in detections in children under the age of five,
while detection of larvae in patients over the age of five, remained relatively constant. 10,208 samples
from children less than five were examined during this time period, with a median 882 samples/year
(IQR 883–1003); with no significant variation in faecal numbers during the study period to account for
the three-fold reduction.

Figure 4. Comparative yearly detection of soil-transmitted helminths in the Northern Territory public
laboratories, 2002 to 2012, by yearly diagnostic prevalence.

3. Discussion

The main findings of this study include: (i) the declining rate of S. stercoralis detection over
the 11 years of this study, which mirrors the previously noted decline of two other helminths,
namely, hookworm, [11] and whipworm [12]; (ii) the biphasic age distribution of the patients with
larvae detection; and (iii) S. stercoralis infections’ poor correlation with the presence of eosinophilia,
particularly in detections in patients over the age of five, where eosinophilia was present in only 40.8%
of patients.

Our findings are consistent with other studies of STH detection in the same time period [11,12]
from the same cohort, revealing a declining detection rate in the NT. Two additional factors, possibly
influencing the rates of detection of STHs in NT health care facilities have to be considered before
definitely attributing the reduction to a community-wide decline in helminth infections. Firstly,
hookworm has been targeted by an Indigenous community children’s deworming program (CCDP)
in the NT since 1995, which administers single-dose albendazole to children aged 6 months to 16
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years, twice a year [11]. This is a lower albendazole dose than current recommended for S. stercoralis
treatment therapy, but may have a partial effect. The Central Australian Rural Practitioners Association
(CARPA) [13] currently recommends for S. stercoralis therapy: albendazole daily for three days
(children ≤5 years of age), or ivermectin, for children >5 years and adults. The albendazole given as
part of the CCDP may still have some effect, as noted by decreases in the detection of whipworm [12]
in the same population. Dwarf tapeworm (Hymenolepis nana), which is common, and not susceptible
to albendazole, has not shown a temporal decrease in detection in the NT [14], from the same cohort,
during this time period, suggesting the CCDP may possibly be associated with some additional
STH reductions outside the targeted hookworm-infected population. Secondly, hospital paediatric
admissions for diarrhea have reduced Australia-wide, since the introduction of rotavirus vaccine
in 2006 [15]. This may have led to a decrease in detection of asymptomatic S. stercoralis infection
in patients admitted with acute diarrhoeal diseases. However, the decreasing trend may reflect
some improvement in socio-economic and sanitary circumstances, but this is speculative until formal
prevalence studies are temporally conducted in a cross-section of the many remote communities spread
across the 1.5 million square kilometers of the Northern Territory.

The biphasic age distribution of patients in raw detection numbers with a secondary age peak
between 35 and 50 years of age, with a male predominance across the NT, is quite different to the
pattern observed with whipworm [12] in the NT from the same cohort, where conversely, women had
a statistically significant higher proportion of infections. It was postulated that adult women have
higher rates of infection because they care for and live in closer proximity to infected children who
contaminate the nearby environment. The adult male and female population is outside the target
group for CCDP, so these infections detections do represent continuing NT wide endemic disease.

This study used a standard widely-used concentration method to detect S. stercoralis faecal larvae
as the diagnostic, allowing the demographic and laboratory parameters in patients with current
S. stercoralis infection to be accurately correlated with actual infection, rather than implied from
serological results, that can remain positive after the infection is cleared [16]. The gold standard for the
diagnosis of S. stercoralis remains serial stool examination [17]. However, traditional stool examinations
are insensitive, and require up to seven stool exams to reach a sensitivity of 100%. Specialized stool
exams include Harada-Mori filter paper culture, quantitative acetate concentration technique, and
nutrient agar plate cultures [17]. Detection by nucleic acid amplification of faecal strongyloides DNA,
is in development, but has not as yet been demonstrated to be superior to traditional methods for
S. stercoralis infection [18,19] and is not yet widely available.

Of note in our study was the significant difference in eosinophilia observed between
the ≤5 year-old group and the >5 year-old group. This observation supports local NT and
Australia-wide guidelines endorsing ivermectin prophylaxis for all Indigenous adults undergoing
immunosuppression, rather than just those with eosinophilia. Eosinophilia could also be more common
in the younger age group related to factors such as more recent infection, presence of other nematodes
or to a lesser extent, the cestode, H. nana. Our study emphasises that the presence or absence of
eosinophilia is not an adequate proxy test for S stercoralis infection in a community where the infection
is prevalent, particularly in patients over the age of five years. This finding supports an earlier study
where S. stercoralis serology results and the presence of eosinophilia, were found to correlate poorly [20]
though the correlation in patients with diabetes was somewhat better. The higher rates of anaemia,
we noted in the Indigenous older age group has been documented previously, as anaemia is highly
prevalent in Indigenous communities. A study in an Aboriginal community of Western Australia
identified anaemia among 55% of women and 18% of men [21], the causes being multifactorial, and
often associated with other comorbidities, including social disadvantage [22].

Our retrospective study has several limitations and several potential biases that require
consideration when interpreting this data. This was not a formal prevalence study, as systematic
sampling from individual communities was not undertaken, so the actual prevalence rates are
undoubtedly much higher than the laboratory microscopically-diagnosed rates found in our study
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population. The study population mainly reflected inpatients of NT Government health facilities,
reflecting a selection bias towards patients with acute illness and comorbid conditions. Bias may have
been introduced in regards to Indigenous status (as Indigenous patients are over-represented amongst
admissions to NT Health Care facilities) and the bias towards inclusion of hospitalised patients may
have resulted in an inflated estimate of comorbid anaemia and co-infection. Reduced recovery of
parasites due to delays incurred by transport of specimens to the laboratory from remote locations,
and use of routine laboratory methods rather than specialised enrichment techniques, will have led to
an underestimate of the actual number of infections.

The main findings of this study of S. stercoralis larvae detections from NT Government health care
facilities include: detections occur almost exclusively from Indigenous patients, across the entire NT;
the detection of larvae in all age groups, the geographic distribution of larvae detection, and the lack
of active infections being associated with eosinophilia. This last finding has important implications for
patients receiving immunosuppressive therapy and their need for prophylactic S. stercoralis therapy.
The temporal trend over the 11 years of this study, reveals declining rates of S. stercoralis detection,
which mirrors that of the other helminths, whipworm, and hookworm, though all remain endemic in
the NT, and remain markers of social disadvantage.

4. Materials and Methods

We conducted a retrospective observational review of microbiologically detected S. stercoralis
larvae in faecal samples collected at NT Government Health facilities between 2002 and 2012 inclusive.
Ethical approval for the study was obtained from both the Top End HREC-2013-1978 and Central
Australian ethics committees, HREC-14-267. Cases were identified from the NT government pathology
laboratory information system, Labtrak (Intersystems), which covers all NT Government Health
facilities, including 5 hospitals, 2 correctional centres, and over 50 remote clinics. Previous STH
studies have shown the NT public laboratories identified 94% of all documented STHs, as compared
to 6% from other pathology providers, during this time period [11]. Given the intermittent shedding
of S. stercoralis larvae, all faecal microscopy specimens (including second and third samples) were
included in the analysis, but only one episode of larvae detection was recorded, even if multiple
positive larvae detections were recorded in an individual episode of hospitalisation. Repeated
episodes in a single patient were counted, if the temporal spacing was greater than six months.
The episodes were linked to NT government electronic databases via medical record number to obtain
data on age, sex, Indigenous status, geographic residence, haemoglobin level, and eosinophil count.
Anaemia was defined as a haemoglobin <110 g/L and eosinophilia as a count ≥0.5 × 109/L. Parasite
identification was done by faecal specimen examination by wet mount microscopy followed by a
formol ethyl-acetate concentration method [17]. Initially manual, the lab has also changed to use a
proprietary product, namely Mini Parasep SF Faecal Concentrator (Apacor, Wolkingham, England).
Local standard reporting procedures were followed. Quantitative assessment of parasite numbers
was not performed. Detection of larvae allowed specific correlation of current infection with the
haematological parameters, but is relatively insensitive compared to research methods [17].

5. Statistical Analysis

Data was collected in a Microsoft Excel 2010 (Microsoft Corporation, Redmond, Washington, DC,
USA) database and analysed using the ‘Real-statistics’ plug in (Zaiontz C. 2015, www.real-statistics.
com). Results are presented as medians and interquartile ranges (IQRs) for non-normally distributed
parameters. Age range groups, and faecal detection rates were cumulated for presentation in Figure 1.
Indigenous population data from the NT were obtained from Australian Bureau of Statistics data [23].
Bivariate analyses were performed using the Chi Square or Fisher exact test (if expected frequencies
were less than 5). For non-parametric data, (median haemoglobin and eosinophil counts, as well
as polyparasitism in patients above and below the age of 5 years), the Mann–Whitney U test was
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used, with p values of <0.05 considered significant. The age cut-off of five years was chosen based on
previous studies of STH in a similar population [11].
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Abstract: (1) Background: soil-transmitted helminths are a problem worldwide, largely affecting
disadvantaged populations. The little data available indicates high rates of infection in some remote
Aboriginal communities in Australia. Studies of helminths were carried out in the same remote
community in the Northern Territory in 1994–1996 and 2010–2011; (2) Methods: fecal samples were
collected from children aged <10 years and examined for helminths by direct smear microscopy.
In the 2010–2011 study, some fecal samples were also analyzed by agar plate culture and PCR for
Strongyloides stercoralis DNA. Serological analysis of fingerprick dried blood spots using a S. stercoralis
NIE antigen was also conducted; (3) Results and Conclusions: a reduction in fecal samples positive
for S. stercoralis, hookworm and Trichuris trichiura was seen between the studies in 1994–1996 and
2010–2011, likely reflecting public health measures undertaken in the region to reduce intestinal
helminths. Comparison of methods to detect S. stercoralis showed that PCR of fecal samples and
serological testing of dried blood spots was at least as sensitive as direct smear microscopy and agar
plate culture. These methods have advantages for use in remote field studies.

Keywords: Strongyloides stercoralis; strongyloidiasis; Trichuris trichiura; Rodentolepis nana; Northern
Territory; Aboriginal

1. Introduction

Soil-transmitted helminths are a worldwide problem generally affecting poor and vulnerable
populations [1]. In Australia, there is a paucity of studies documenting the prevalence of
soil-transmitted helminths due to the difficulties in diagnosing infection in communities, and timely
transport to the nearest diagnostic laboratory. A cross-sectional survey in a remote Aboriginal
community in the north of Western Australia in 1992 found hookworm infection in 77% of participants
with the highest prevalence in children aged 5–14 years (93%) [2]. In a remote community in the
Northern Territory (NT), a study in the mid-1990s of children and adults documented high rates of
infection with hookworm, Strongyloides stercoralis, Trichuris trichiura and Rodentolepis (Hymenolepis)
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nana [3]. More recent surveys of S. stercoralis prevalence indicate that it is endemic in many northern
Australian Aboriginal communities [4–6].

Currently, there is no gold standard test for diagnosing S. stercoralis [7,8]. Stool examination
underestimates the prevalence of the parasite in population-based studies, while serological testing
gives a higher prevalence [9]. When examining stools, the larval density is often low and output
sporadic, resulting in variation in detection between samples in the same individuals [10]. Routine
direct smear microscopy of single stool specimens has a low sensitivity in chronic cases and can fail
to detect larvae in up to 70% of chronic infections [7,10]. The use of the agar culture plate technique
has improved detection in chronic S. stercoralis, with a sensitivity of 96% when compared with direct
fecal smear, formalin-ethyl acetate concentration and Harada-Mori filter paper culture [7]. A practical
problem for the agar plate technique is that viable larvae are required for culture, which can be
problematic for specimens that involve long delays (transport or otherwise) in reaching the laboratory.
Serological examination for S. stercoralis antibodies improves detection in those with chronic infection.
However, it may not readily detect those with acute infection as the prepatent period can be up to
28 days [8,11].

A study in a remote NT Aboriginal community in 1994–1996 revealed a high level of intestinal
helminths by formol-ether concentration of fecal samples [3]. Concern of residents in this community
about high rates of S. stercoralis infection resulted in a project in 2010–2011 to investigate the utility
of mass drug administration to reduce the endemic prevalence of S. stercoralis and scabies [6,12].
The aim of this study was to compare the prevalence of intestinal parasites identified by direct smear
microscopy between the 1994–1996 and 2010–2011 studies. In addition, due to the logistical challenges
of handling and processing fecal samples during remote field studies, we also investigated the utility
of alternative methods of S. stercoralis diagnosis during the 2010–2011 study. Serological testing of
eluted dried blood spots and PCR were shown to be at least as sensitive as microscopy and culture,
and have considerable advantages for use in remote community settings.

2. Materials and Methods

2.1. Sample Population

Samples were collected from consenting participants during two separate projects in a remote
Aboriginal community with an estimated population of 2000, located 550 km east of Darwin, NT
Australia. Ninety-four percent of the resident population are Australian Aboriginal with an average of
6.3 members per household, and 19.9% of the population are aged <10 years [13]. Each project received
ethical approval from the Human Research Ethics Committee of the Northern Territory Department of
Health and Menzies School of Health Research (EC00153; approvals 94/19 and 09/34).

2.2. Fecal Sample Collection and Processing

In the first study, surveys of intestinal parasites were conducted in the community from
1994–1996 [3]. Fecal samples were collected into disposable plastic containers by a parent or carer and
collected by the researchers the following morning. Direct smears for the identification of intestinal
parasites were undertaken in a field laboratory. Quantitative formol-ether counts conducted on fecal
samples preserved in 4% formaldehyde were previously reported [3]. Treatment was administered by
the local primary health care service and was not recorded as part of the study.

The 2010–2011 study consisted of two population censuses and mass drug administrations
(MDAs) conducted 12 months apart in a staged roll-out. The full study design has been previously
reported [6,12]. Fecal samples were collected from children by a parent or carer into disposable plastic
containers and returned to the researchers. Direct smear microscopy on approximately 0.005 g of feces
was performed on the majority of samples on site in a field laboratory within four hours of receipt.
A small number of samples from 2011 were fixed in SAF (sodium acetate, acetic acid, formalin) and
transported by aircraft to a commercial pathology laboratory for microscopic analysis the day after
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receipt. Only the results of the first fecal sample collected from each participant aged <10 years are
reported here.

Fisher exact probability tests were performed at the VassarStats website [14].

2.3. Agar Plate Culture

For samples with sufficient fecal matter, agar plate culture was conducted, based on the method
of Garcia [15], except that nutrient-deficient Mueller-Hinton agar plates were used, with the aim of
reducing fungal growth. Specifically, a patch of ~2 cm diameter of feces was applied to the center of
a nutrient-deficient Mueller-Hinton agar plate, sealed, and incubated at room temperature (~25 ◦C)
overnight. The plates were then transported by aircraft to the research laboratory the following day
in a foam container with a sweated ice brick to maintain a temperature of 17–25 ◦C. The plates were
maintained in the research laboratory at 25 ◦C and examined macroscopically for larval tracks marked
by bacterial colonies daily for up to five days after plating. Once tracks were observed, or after five
days had elapsed, the plate was flooded with 10% formalin for five minutes, the liquid aspirated and
centrifuged at 500× g, and the sediment examined microscopically for S. stercoralis and hookworm
infective larvae.

2.4. Fecal DNA Extraction and PCR

Any remaining fecal material was transported to the research laboratory, where it was stored
in ethanol at −20 ◦C. DNA extraction using up to 30 mg of stored fecal samples was performed
using a PowerSoil® DNA isolation kit (MoBio Laboratories Inc, Carlsbad, CA, USA), according
to the manufacturer’s instructions. The PowerSoil kit is designed for use with complex samples
and has been shown to be superior to four other DNA extraction methods in terms of sensitivity
and ease of use, for extraction and detection of Strongyloides ratti DNA in spiked human stool
samples [16]. DNA samples were tested using a published real-time PCR based method for
the detection of S. stercoralis 18S rDNA [17]. Due to a high percentage of positive samples in
2010 that were detected using this method (34/39), the real-time PCR products were analyzed by
agarose gel electrophoresis. Many samples did not have the correct 101 bp product, but had a
smaller DNA fragment, possibly primer dimer, that presumably reacted with the probe to produce
fluorescence in the real-time PCR. As a result, we designed an alternative forward primer (Stro18S-altF
5’ GGGCCGGACACTATAAGGAT 3’), which produced a 471 bp product with the published
Stro18S-1630R primer (5’ TGCCTCTGGATATTGCTCAGTTC 3’) [17]. The original Stro18S-1530F
and Stro18S-1630R primer set was shown to be highly specific for S. stercoralis [17]; however, the
specificity when using the alternative forward primer designed here was not systematically tested.
End-point PCR using this alternative primer combination was conducted using 2 μL of DNA extraction,
20 pmol each primer, 100 μM dNTPs, 1.5 mM Mg2+ and 1 U Taq polymerase in a total volume of 20 μL.
Cycling conditions were 35 cycles of 95 ◦C for 30 s, 58 ◦C for 30 s, and 72 ◦C 30 s. A positive control
plasmid was constructed by cloning a PCR product obtained from an agar plate culture-positive
sample into pBlueScript II SK. The efficiency of the PCR was optimized using the plasmid control and
a culture-positive fecal sample.

2.5. Blood Spot Collection and Serological Testing

Dried blood spots were collected by fingerprick onto filter paper cards, air dried and stored in
zip-lock bags with silica desiccant at 4–8 ◦C. Serum was eluted from the dried blood spots and analyzed
by ELISA using a recombinant S. stercoralis NIE antigen [18] as previously reported [19]. Briefly, dried
blood spots were eluted in 150 μL phosphate buffered saline and 0.05% Tween 20 (PBS-T) overnight
at room temperature. A 1:500 dilution of this eluate was used in the NIE ELISA. Plates were coated
with 100 μL of 125 ng/mL NIE antigen, and blocked with 5% skim milk powder in PBS-T. Dried blood
spot elutions were added and incubated at 37 ◦C for two hours. Alkaline phosphatase conjugated goat
anti-human IgG was used as the secondary antibody at a dilution of 1:2500. Plates were developed
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with phosphatase substrate and optical density read at 405 nm. The assay was initially established and
validated using a panel of sera from participants that were either positive or negative for S. stercoralis
by fecal culture. Each ELISA assay included positive and negative control dried blood spots, which
were used to validate the assay and normalize optical density (OD) results [19]. Normalized ODs were
calculated by the ratio of test sample OD to positive control dried blood spot OD. The result of the first
sample collected from each participant is reported here.

3. Results

3.1. Comparison of Intestinal Parasites Identified in Children <10 Years in 1994–1996 and 2010–2011

Fecal samples were collected from children aged <10 years and examined by direct smear. Samples
were collected from 84 participants in 1994–1996 (mean age 5.6 years) and 85 children in 2010–2011
(mean age 3.7 years). The percentage of samples positive for hookworm and T. trichiura in 2010–2011
was significantly less than that reported in 1994–1996 (p = 0.002 and 0.012 respectively). The percentage
of samples positive for S. stercoralis also reduced, however R. nana remained unchanged (Table 1).
The mean number of intestinal parasites identified per fecal sample was 1.5 in 1994–1996 and 2 in
2010–2011 (data not shown).

Table 1. Intestinal parasites identified in fecal samples by direct smear microscopy.

n
1994–1996

84
2010–2011

85
Fisher Exact Probability

Test p (Two-tail)

Average age (years) 5.6 3.7
Strongyloides stercoralis 11 (13.1%) 4 (4.7%) 0.063

Hookworm 11 (13.1%) 1 (1.2%) 0.002 *
Rodentolepis nana 20 (23.8%) 19 (22.4%) 0.857
Trichuris trichiura 57 (67.9%) 41 (48.2%) 0.012 *

* p < 0.05.

3.2. Comparison of Diagnostic Methods for S. stercoralis

In addition to the direct smears, in the 2010–2011 study agar plate culture for helminth larvae, and
PCR for S. stercoralis DNA was conducted on a subset of fecal samples, and serology was performed
on sera eluted from dried blood spots (Table 2). S. stercoralis larvae were detected in five of 77 (6.5%)
samples examined by agar plate culture and formalin sedimentation (Figure 1). Four of these samples
were positive for S. stercoralis by direct smear, while one was negative. No hookworm larvae were
detected. End point PCR for S. stercoralis 18S rDNA was positive for six (7.2%) of 83 samples tested,
which included the five agar plate-positive samples. The percentage of samples considered positive
by serology was higher than for the other methods with 25 (16.2%) of the dried blood spot samples
considered positive.

Table 2. Comparison of Strongyloides stercoralis diagnostic methods in children aged <10 years
in 2010–2011.

Method +ve/n (%)

Direct smear 4/85 (4.7%)
Culture and formalin sedimentation 5/77 (6.5%)

S. stercoralis 18S rDNA PCR 6/83 (7.2%)
Serology on dried blood spots 25/154 (16.2%)
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(A) (B) (C) 

Figure 1. Identification of S. stercoralis larvae by agar plate culture and formalin sedimentation:
(A) Bacterial growth on Mueller-Hinton agar in tracks made by helminth larvae; (B) S. stercoralis adults
and filariform larvae in formalin sediment of agar culture; (C) Fungal overgrowth may have obscured
larval tracks on some plates.

There were 28 blood spot samples for which a fecal sample had also been analyzed by agar plate
culture at the same time point. Of these, 20 participants were negative for both methods, and five were
positive by serology but negative by culture. It is unknown if these children had recent infections or
if results were false positives, as children are rarely tested for Strongyloides in this setting. For three
participants who were positive by agar plate culture and had blood spots collected, one was also
positive by serology, but the other two were negative by serology. This indicates that this serological
method may not detect some acute infections.

4. Discussion

This is one of the first NT studies to examine and compare helminth infections in a remote
Aboriginal community using three different diagnostic methods. Aboriginal Australians are
traditionally hunter-gatherer societies, and there has been a rapid and often problematic transition
to permanent settlement since European colonization. Aboriginal Australians have a higher burden
of disease compared with non-Aboriginal Australians, with the largest difference seen in remote
communities [20]. In remote community settings in northern Australia, government programs
concentrating on the provision of infrastructure alone have been shown to have limited impact
on community-level crowding and hygiene [21] or common childhood infectious diseases [22,23].

The introduction of a deworming program using albendazole in 1995 [24] is likely to have
contributed to the reduction in samples positive for S. stercoralis (not statistically significant), hookworm
and T. trichiura between the two study periods. The observed low rate of hookworm in 2010–2011 is
supported by a downward trend in hookworm infections seen in a hospital-based study conducted
during the same time period, which reported 14 cases per 100,000 in 2002 and 2.2 cases per 100,000 in
2012 [25]. The percentage of fecal samples positive for S. stercoralis dropped from 13.1% in 1994–1996
to 4.7% in 2010–2011, which reflects an overall reduction in the NT [26]. The single-dose albendazole
used in the NT deworming program may have had a partial effect despite being lower than the
recommended dose for treating S. stercoralis infection [26]. Serology on blood spots was positive for
16.2% of children tested in 2010–2011, higher than for fecal detection methods. The community-wide
mass drug administration at the time of this study was shown to reduce the rate of seropositivity
in treated participants 12 months later [6]. The reduction in participants positive for T. trichiura
between the 1994–1996 study and the 2010–2011 study is consistent with overall data for the NT [27];
however, the percentage of participants positive for T. trichiura remained high in 2010–2011 at 48.2%.
This may be due to the fact that single-dose albendazole reduces egg counts but has a low cure rate
for T. trichiura infection [28–30]. The prevalence of R. nana infection remained unchanged between
the study periods, consistent with a recent analysis of infections in the NT, which showed that
infections were predominantly in Aboriginal children aged under 5 years [31]. Single-dose albendazole
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does not appear to produce a significant cure rate for R. nana [28] and the recommended treatment,
praziquantel [32], is rarely stocked in health services in rural and remote communities.

As S. stercoralis larval output is often low and intermittent in chronic cases [10], a limitation of
this study is the examination of a single fecal specimen for diagnosis. Agar plate culture and formalin
sedimentation yielded only a single additional S. stercoralis positive sample compared with the direct
smear method in 2010–2011, and this method is reported to have greater sensitivity than both direct
smear and formol-ether concentration [33]. Fungal growth on the agar culture plates was common,
and may have hindered the identification of larval tracks. It is also possible, that in spite of the care
taken to maintain the temperature of agar plates within the tolerance range of S. stercoralis larvae, some
larval death may have occurred during transport. The sensitivity of the direct smear microscopy may
have also been high due to large numbers of parasites present and/or an experienced microscopist.

As collection, processing and analysis of fecal samples presents a number of logistical challenges,
we undertook three different methods for the diagnosis of S. stercoralis that might be more suited to
studies in remote field sites. PCR on DNA extractions of ethanol-preserved fecal samples was at least
as sensitive as agar plate culture and formalin sedimentation. PCR has the advantage of reducing
the handling of fecal specimens in the field, and allowed samples to be batched for testing. This
method could be modified to have greater utility in remote field settings. Alternative methods of
fecal preservation that allow storage at room temperature [34] could be used, avoiding the need for
cold storage. Methods utilizing loop-mediated isothermal amplification (LAMP) require only a single
temperature incubation and have the possibility of incorporating visualization of positive results by
color or turbidity change [35,36] that could be conducted in a field laboratory. Detection of multiple
intestinal parasite species can also be achieved with PCR, using multi-parallel [37] or multiplexed
reactions [38,39]. The sensitivity of DNA amplification methods may further be improved by targeting
high copy number sequences identified by whole genome sequence analysis [40].

Serology was positive for 16.2% of samples in 2010–2011, higher than for the other diagnostic
methods used, and consistent with previous reports [9,41]. In endemic areas, serology has a high
positive predictive value due to the high prevalence of infection [8] but may not identify all acute
infections, and may be of most use in monitoring the effect of treatment in an individual or population
over time [6,19].

5. Conclusions

PCR of fecal samples and serological testing of dried blood spots were shown to be at least as
sensitive as microscopy and culture for the diagnosis of S. stercoralis in this setting. These methods have
considerable advantages for use in remote field studies and may be useful for the ongoing assessment
of efforts to reduce the prevalence of S. stercoralis in remote communities.

Despite a reduction in the percentage of children aged <10 years positive for S. stercoralis,
hookworm and T. trichiura in 2010–2011 compared to 1994–1996 in this remote Aboriginal community
in Australia, the rates of S. stercoralis and T. trichiura remained high at 4.7% and 48.2% respectively.
The percentage of children positive for R. nana was unchanged. The reduction is consistent with public
health measures in the region to reduce intestinal helminths but requires further investigation to assess
the impact that these infections are having on child health and development.
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Abstract: Intestinal helminths are endemic throughout the Philippines; however, there is limited
evidence with respect to their prevalence, intensity, and impact on children’s nutritional status.
A cross-sectional survey was carried out on 693 children from five rural villages in Northern Samar,
the Philippines. Data on dietary intake, nutritional status, and intestinal parasites were collected.
Infection with Schistosoma japonicum, Ascaris lumbricoides, Trichuris trichiura, and hookworm was
evident in 20.1, 54.4, 71.4, and 25.3% of the children. The majority (84.7%) was infected with
one or more helminth species, with about one-quarter of the sample (24.7%) infected with three
or more. About half (49.2%, n = 341) of the children were stunted and 27.8% (n = 193) were
wasted. A lower prevalence of normal height-for-age (48.3%) appeared in those with polyparasitism,
while the prevalence of stunted children increased with infection (46.7% monoparasitism and
51.7% polyparasitism). There was a decreasing trend between infection intensity and the mean
values of HAZ and BAZ identified for T. trichiura or hookworm infections. Stunted children
were more likely to be male (AOR = 1.58; 95% CI: 1.05–2.39; p = 0.028), older in age (10–14 years)
(AOR = 1.93; 95% CI: 1.29–2.88; p = 0.001), and living in poorer households with palm leaves/nipa
roof (AOR = 1.85; 95% CI: 1.14–3.01; p = 0.013). Intestinal parasitic treatment needs to be combined
with nutrient supplements and health education in order to interrupt the parasite life cycle and
achieve sustainable control.

Keywords: childhood; malnutrition; intestinal parasites; nutritional status; poverty

1. Introduction

More than a third of the world’s population is infected with soil-transmitted helminths (STH),
mainly in the developing nations of Asia, Africa, and Latin America [1]. STHs are intestinal
parasitic nematode worms causing human disease. They are the most common of the 17 major
neglected tropical diseases (NTDs) and the most widespread and disabling chronic infections
globally [2]. Ascaris lumbricoides is the most prevalent STH with an estimated one billion infections;
and Trichuris trichiura and hookworms (Necator americanus and Ancylostoma duodenale) each infect
approximately 600–800 million [1]. STHs are a significant public health concern in the Philippines,
particularly among school-aged children who, if infected, suffer from profound physical deficits,
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including anaemia and malnutrition, stunted growth, reduced fitness, and cognitive delays [2–8].
Sixteen out of 17 regions in the Philippines are endemic for STHs with a prevalence of ≥50% [9].
A nationwide survey performed over 10 years found the prevalence in children aged 2–14 years was
50–90%; and up to 30% of the 22 million children in the Philippines were infected with more than one
of the three STH species [10,11].

The cornerstone of intestinal parasitic control is recurrent mass drug administration (MDA)
with benzimidazole anthelmintics (e.g., 400 mg albendazole) that are cheap, safe, and effective.
The current WHO strategy is to continually treat pre-school and school-age children, women of
childbearing age, and adults at high risk, once or twice per year, depending on prevalence [8,9].
This is partially effective in achieving morbidity control; however, it does not prevent re-infection.
A number of studies have shown that once treatment is stopped, prevalence returns to pre-treatment
levels within 12–18 months [2,7–11]. Therefore, interventions that prevent re-infection and boost
immunity (e.g., the use of micro/macronutrient supplements) are required to augment chemotherapy
as part of an integrated approach. The global target is to eliminate morbidity due to soil-transmitted
helminthiases in children by 2020 [8]. This will only be achieved by regularly treating at least 75% of
the children in endemic areas (an estimated 873 million), who are free from malnutrition [8,9].

Nutritional deficiencies and infectious diseases can negatively impact the nutritional status of
children and adolescents [12,13]. Intestinal helminth worm infections can damage a child’s internal
mucosa, leading to impaired digestion and poor absorption of nutrients [14]. Deficiencies in macro-
and micronutrient intakes during childhood can impair both physical and cognitive growth as well as
increase the risk of mortality [15]. Moreover, inadequate intake of selected micronutrients can cause
immune deficiency and increase susceptibility to infection [16]. The micronutrients vitamin A, vitamin
B12, vitamin C, β-carotene, riboflavin, zinc, selenium, and iron all have immune-modulating functions,
enabling them to influence the course of an infection [16]. Laboratory studies have shown that vitamin
A deficiency can reduce schistosome (human blood fluke)-specific antibody responses, suggesting
a possible link between vitamin A deficiency and susceptibility to schistosomiasis [12]. Deficiency of
some nutrients may reduce the host’s immune function, impairing the body’s resistance to infectious
diseases and increasing susceptibility to intestinal parasites [17]. Once present, parasitic infections
can promote the further loss of nutrients, leading to reduced growth and poor nutritional status as
part of a vicious cycle [18]. Children aged 5–14 years suffer from the highest burden of infectious
disease [19], partly due to their increased behavioural risk, frequent outdoor exposure, and poor
personal hygiene [20].

Intestinal helminths are endemic throughout the Philippines and efforts are underway to
decrease their burden. However, there is limited evidence with regards to their prevalence, intensity
and their impact on children’s nutritional status. The purpose of this study was to examine the
relationship between poverty, dietary intake, intestinal parasites, and childhood nutritional status in
the rural Philippines.

2. Material and Methods

2.1. Study Population

A cross-sectional survey was conducted in 2013 on 693 children from five rural villages in
Palapag [21], Northern Samar, the Philippines. Villagers there are typically poor rice farmers, with over
50% of the population living below the poverty line. Water, sanitation, and hygiene conditions are
most often rudimentary. Most households typically have 6–10 children per family and the prevalence
rates of parasitic diseases, acute respiratory infections, diarrhoeal diseases, and other communicable
diseases, are high [22].
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2.2. Study Procedures

Individuals were asked, over the course of a week, to provide two stool specimens from which
six Kato–Katz thick smears were prepared on microscope slides. These slides were examined under
a light microscope by experienced laboratory technicians who counted the number of STH and
Schistosoma japonicum (SJ) eggs per slide. For quality control, 10% of slides were randomly selected
and re-examined by a senior microscopist at the Research Institute for Tropical Medicine, Manila.
Individual and head of household questionnaires were completed to collect the following information:
occupation, level of education, home and land ownership, number of animals owned and raising
practices, animal waste disposal practices, pasturing of animals, sanitation, and housing characteristics
(roofing, wall, and floor materials). For wealth status, participants were classified as wealthy if their
house had a cement floor, a galvanized roof, cement walls, and a tile/marble floor. Participants were
classified as poor if they had a house with a nipa (palm) roof and a soil floor, and without cement
walls. All other participants were classified as having a moderate wealth status.

2.3. Nutritional Assessment

Anthropometric measurements of height and weight were collected using standard
procedures [23]. Weight was measured using a portable digital scale to the nearest 0.1 kg. Height
was assessed to the nearest 0.1 cm using a tape measure. The Z values for weight-for-height (WAZ)
(children aged <10 years only), body mass index (BMI)—for-age (BAZ), and height-for-age (HAZ) were
calculated according to World Health Organization (WHO) guidelines using the new WHO growth
standards [24,25]. Weight-for-height is considered an inappropriate indicator for monitoring child
growth beyond the age of 10 due to its inability to distinguish between relative height and body mass.
Therefore, BMI-for-age was used to assess thinness/wasting for children aged ≥10 and for adolescents.
Based on the Z values, the children were categorized as ‘thin/wasted’ (BAZ < −2 and/or WAZ < −2)
and ‘stunted’ (HAZ < −2). Children with Z values > −2 for BAZ, WAZ, and HAZ were categorized
as ‘normal’.

2.4. Dietary Intake Data

Dietary intake information was elicited using a 24-h recall method. Three qualified nutritionists
together with 10 field nurses collected the data. Household food utensils were used to assist study
participants quantify food portions and liquids consumed. In order to estimate food weights, macro-
and micronutrient intakes were calculated for each child using food composition tables developed by
the Food and Nutrition Research Institute [26]. These tables contained data on 17 food components of
1541 foods commonly consumed in the Philippines. Dietary intake data was evaluated against the
national Filipino recommended energy and nutrient intake (RENI) values by age and sex [27].

2.5. Statistical Analysis

Data were double-entered into FoxPro (version 6.0), crosschecked, and subsequently analysed
using STATA SE version 13.0 software (StataCorp LP, College Station, TX, USA). All variables including
sex, age group, and endemic setting were explored individually by Chi-square statistics. Infection
intensity was explored with the Student t-test and Kruskal–Wallis test. The standard error (SE)
of each estimate was converted to a variance; all variances were summed to provide an overall
variance, SE, and 95% confidence interval (CI). The Chi-square test and the Student t-test were used
to explore associations of a participant’s demographic and socio-economic characteristics and the
likelihood of having S. japonicum, any STH, and any helminth infection. Significant demographic
and socio-economic factors were entered into the mixed-effect logistic regression analysis to obtain
the final model for predicting stunting. Random barangay (village) and household effects were
included in the model to account for the correlation among observations within each barangay and
household, respectively. Adaptive Gaussian quadrature with 10 points was adopted to approximate
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the log likelihood for all levels of both random effects in the mixed model. Factors that were not
significantly relevant (cut-off for significance = 0.05) were removed in a stepwise backward regression
elimination procedure.

2.6. Study Oversight

Ethical consent for the study was obtained from the ethics review boards of the Department
of Health in the Philippines (IRB # 2012-13-0) and Griffith University, Australia. Written informed
consent was obtained from the parents/legal guardians. All questionnaires were translated into the
local dialect and back-translated into English. Individuals found positive for a STH or S. japonicum
were treated according to the Department of Health clinical guidelines.

3. Results

3.1. Demographic, Household, and Nutritional Characteristics and Prevalence of Infection

A cross-sectional survey was carried out on 693 children, of whom 53% were male. A total of
41.7% of the study population was aged between 6–9 years with the remainder between 10–14 years.
The majority of children (56%) lived in a house with a roof made from either palm leaves or nipa,
an indirect indicator of lower socioeconomic status. Infection with S. japonicum, Ascaris lumbricoides,
Trichuris trichiura, and hookworm was evident in 20.1, 54.4, 71.4, and 25.3% of the 667 children sampled
for intestinal parasites. The majority of the children (84.7%) was infected with one or more helminth
species, with about one-quarter of the study sample (24.7%) infected with three or more different
worm species.

The demographic, household, and nutritional characteristics of the study sample are presented
in Table 1. About half (49.2%, n = 341) of the study sample were stunted and 27.8% (n = 193) were
thin. Both mean HAZ and BAZ scores were below world standard (−2.0 SD and −1.3 SD from world
mean, respectively). SJ infection occurred more often for males (64.2%, p = 0.003) and higher age
group (70.2%, p = 0.002). Children with S. japonicum infection also had lower BAZ scores (−1.603,
p = 0.039). Children with any STH infection were more likely to be of higher age group (60.5%,
p = 0.019) or living in houses with palm leaves/nipa roofs (57.5%, p = 0.040). There was no significant
difference for the nutrition indicators between children with and without any STH infection. Age group
and roof material were the only factors that differentiated the three children groups of non-infected,
monoparasitism, and polyparasitism (proportion of polyparasitism was higher for the higher age
group, p = 0.018, and for those with house roof materials of palm leaves or nipa, p = 0.021).

3.2. Demographic, Household, and Nutritional Characteristics and Intensity of Infection

Table 2 presents the demographic, household, and nutritional characteristics of the study sample,
by intensity of infection. Significant results were found between negative, light, and moderate/heavy
SJ infection. Males (p = 0.01) and older children (p = 0.009) were more likely to have S. japonicum
infection. For A. lumbricoides infections, children in the household without toilets (p = 0.009) or
without galvanized iron/cement roof (p <0.001) were more likely to have moderate or heavy infections.
These factors have the same impact for T. trichiura infections. Children in households without toilets
(p < 0.001) or galvanized iron/cement roof (p = 0.038) were more likely to have moderate or heavy
infections. Moreover, children with moderate or heavy T. trichiura infections had a significantly higher
mean levels of vitamin C intake, compared to those with light infections (p = 0.038). Finally, children
with light hookworm infections were more likely to be male (62.1% versus 49.4%, p = 0.004), to be
stunted (61.5% versus 44.8%, p < 0.001), and had a higher proportion of households without toilets
(25.7% versus 17.9%, p = 0.028), and lower mean HAZ Z-scores (−2.14 versus −1.92, p = 0.014) and
BAZ Z-scores (−1.61 versus −1.37, p = 0.013).
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As depicted in Figure 1, a decreasing trend between infection intensity and the mean values of
HAZ and BAZ was identified for T. trichiura or hookworm infections (that is, the heavier the intensity,
the lower the HAZ and BAZ mean values). For SJ or A. lumbricoides infections, the trend was not
so obvious.
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Figure 1. Plots of Z-scores for the anthropometric indicators versus (a) Schistosoma japonicum; (b) T. trichiura;
(c) A. lumbricoides; (d) hookworms infection. Note HAZ: height for age Z-score; BAZ: BMI for age Z-score.
Mod-Heavy: infections of moderate to heavy intensity.

3.3. Demographic, Socioeconomic Factors and Stunting

Table 3 displays the mixed-effect logistic regression model for stunting. Compared to children with
normal height for age, stunted children were more likely to be male (AOR = 1.58; 95% CI: 1.05–2.39;
p = 0.028), older in the age group of 10–14 (AOR = 1.93; 95% CI: 1.29–2.88; p = 0.001), and living
in poorer households with palm leaves/nipa roofs (AOR = 1.85; 95% CI: 1.14–3.01; p = 0.013).
All nutrition factors were not significantly associated with stunting. Variation among the predicted
barangay-specific random effects for stunting was not statistically significant. However, there is
significant household-specific random effects (estimated variance: 1.82, p < 0.001) in the probability of
stunting, indicating that unknown household effects other than the identified household risk factor
(roof materials) exist.
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Table 3. Mixed-effect logistic regression analysis of the relationship between stunting with demographic
and socio-economic variables.

Variable
Height for Age Stunting Versus Normal

Normal (n = 352) Stunted (n = 341) Adjusted OR (95% CI) p-Value

Gender
Male 172 (48.9%) 193 (56.6%) 1.58 (1.05–2.39)

0.028Female 180 (51.1%) 148 (43.4%) Reference

Age group
6–9 167 (47.4%) 122 (35.8%) Reference

10–14 185 (52.6%) 219 (64.2%) 1.93 (1.29–2.88) 0.001

Roof material
Palm leaves/nipa 173 (50.0%) 207 (62.4%) 1.85 (1.14–3.01)

0.013Galvanized iron/cement 173 (50.0%) 125 (37.6%) Reference

Barangay variance 0.10 (0.01–1.25)

Household variance 1.82 (0.91–3.64)

4. Discussion

The current WHO strategy for intestinal helminths in children is to continually treat pre-school
and school-age children at high risk once or twice per year depending on prevalence [8]. This is
effective in achieving morbidity control; however, it does not prevent re-infection. Our study area
has participated in national control efforts for over two decades yet the prevalence of helminth
infection remains stubbornly high due largely to poverty and malnutrition. In our study, we found that
approximately 85% of the rural children were infected with one or more helminth infections. T. trichiura
infections (71.4%) were found to be more prevalent than A. lumbricoides (54.4%) infections. Moreover,
about half (49%) of the study sample were stunted and almost a third (28%) were wasted. Stunted
children were more likely to be male, older in age (10–14 years), and living in poorer households with
palm leaves/nipa roofs.

In the mixed-effect logistic regression model for stunting all of the nutrition factors (i.e., grams)
were found not to be significantly associated with stunting. However, we previously found a significant
association between the coinfection of all four helminthiases and low intakes of energy, thiamine,
and riboflavin among children, when the recommended energy and nutrient intake (RENI) for total
calories was examined [21]. Thiamine and riboflavin deficiencies are common in Northern Samar,
where dairy and meat intakes are low and mostly rice-based meals are consumed [21]. Iron deficiency
has been associated with impairments in both adaptive and innate immunity and with lowering the
body’s resistance to infectious diseases [21]. Poor nutrient intake may increase susceptibility to parasitic
diseases and together they negatively affect the nutritional status of children and adolescents [21].

We believe that a deworming program must be coupled with a nutrition program at the primary
school level. Children are presently eating 1–2 meals per day at home and this is insufficient to
meet their macro or micronutrient requirements. An additional meal at school appears to be of
paramount importance for those severely malnourished. In order to address this problem the Philippine
government has initiated the school-based feeding program called ‘Gulayan sa Paaralan’, which has
been successfully piloted in approximately one percent of schools. However, to date it has not been
formally evaluated in a clinical trial.

An appropriate eight-week micronutrient weaning period of ‘ready-to-use therapeutic foods’
(RUTF), with demonstrated immune-modulating functions—including iron, zinc, calcium, vitamin
A, B and C, n-3 and n-6 fatty acids—also needs to be considered following the macronutrient school
intervention. In a recent pilot study conducted at the Philippine General Hospital, the researchers
created their modified version of RUTF from commercially-available ingredients including milk,
sugar, coconut oil, and peanut butter [28]. A total of 100 children (aged 18 months to 10 years) was
randomized to either a RUTF group, who received the supplement, and a control group, who did

120



Trop. Med. Infect. Dis. 2017, 2, 49

not [28]. The treatment group received RUTF on weekdays for five weeks. Changes in weight, height,
and arm circumference were recorded for five weeks and two weeks after supplementation. Results of
the study showed that RUTF was an effective, safe, and acceptable alternative supplement for children
with mild to severe malnutrition [28].

Annual or biannual albendazole treatment (i.e., 400 mg) needs to be combined with
macro/micronutrient supplements, WASH, and health education in order to interrupt the life
cycles of STH diseases, prevent reinfection, and achieve sustainable control. A well-nourished
population, with an intact immune system, has a better chance of warding off future parasitic infection.
Simply providing drugs to malnourished populations, which is a common practice in the global control
of STHs, is not the answer. Both poverty and malnutrition must be addressed if future MDA programs
for NTDs are to have a lasting impact.
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Abstract: Queensland tick typhus (QTT; Rickettsia australis) is a spotted fever group (SFG) rickettsial
infection endemic to Australia. It is an underreported and often unrecognized illness with
poorly-defined epidemiology. This article describes epidemiological features and the geographical
distribution of QTT in hospitalized patients. Cases of QTT were identified retrospectively from
2000–2015 at five sites in Northern Brisbane through a pathology database. Included cases had
a four-fold rise in SFG-specific titre, a single SFG-specific titre ≥256 or an SFG-specific titre ≥128
with a clinically consistent illness. Of the fifty cases identified by serology, 36 were included. Age
ranged from 3–72 years (with a mean of 39.5 years) with a male-to-female ratio of 1:1.1. Fifteen of 36
(42%) study participants had hobbies and/or occupations linked with the acquisition of the disease.
Seventeen of 36 (47%) identified a tick bite in the days preceding presentation to hospital, and reported
exposure to a known animal host was minimal (25%). QTT infection occurred throughout the year,
with half of the cases reported between April and July. Recent ecological and sociocultural changes
have redefined the epidemiology of this zoonotic illness, with areas of higher infection risk identified.
Heightened public health awareness is required to monitor QTT disease activity.

Keywords: tick-borne diseases; Rickettsia infections; epidemiology; Queensland; Australia

1. Introduction

Queensland tick typhus (QTT) is an important cause of febrile illness; particularly among
those exposed to the eastern coastal bushlands in Australia [1]. Currently, a diagnosis of any
rickettsial infection does not require compulsory reporting in Australia, making disease surveillance
incredibly difficult and inaccurate [2,3]. Although its true epidemiological impact is unknown, recently
identified socio-ecological drivers of rickettsial disease could re-define QTT as a public health threat [1].
In addition, recent serological surveys point to a disease burden along the eastern coast that is greater
than previously realized [1,4]. The geographical distribution and boundaries of QTT infection continue
to be pushed further along the coastline, as well as inland [5]. As our understanding of host-vector
interactions and ecological factors that drive disease emergence improves, informed public health
interventions will become pivotal.
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2. Materials and Methods

Study patients were both adults and children identified retrospectively during the period of
January 2000 to January 2015 at any of the five sites in Metropolitan North Hospital and Health Service
(MNHSS) in Queensland, Australia via the local pathology database. Medical records were reviewed
for each identified case. Epidemiological and clinical data were recorded onto a standardized electronic
case report form. Clinical features were considered present only if their presence was documented in
the medical record. Confirmed or probable cases of QTT included those with a greater or equal to a
four-fold rise in spotted fever group (SFG)-specific serology; a single SFG-specific titre ≥256; or an
SFG-specific titre ≥128 with a clinically consistent illness [5]. A clinically consistent illness was defined
as a presentation typical for QTT, without a more likely diagnosis being apparent, as well as a good
clinical response to doxycycline or another appropriate antibiotic. Cases were further excluded if
serology results represented an old infection, an acute illness thought to be acquired overseas, or a
known cause of antibody cross-reactivity to Rickettsia-specific antigens (e.g. autoimmune conditions).
The indirect microimmunofluorescence assay (IFA) utilizing an SFG-specific Rickettsia rickettsii antigen
was used in serological testing.

The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Royal Brisbane & Women’s Hospital Ethics Committee (HREC/14/QRBW/432).

3. Results

Of the 50 cases identified by serological criteria alone through the pathology database, 36 were
included after the exclusion criteria were applied. Two patient’s medical records were destroyed and
thus inaccessible.

3.1. Demographics

Of the studied patients, age ranged from 3–72 years (with a mean of 39.5 years) and sex distribution
was approximately equal between males and females with a male-to-female ratio of 1:1.1. Fifteen of 36
(42%) study participants had hobbies and/or occupations that were linked with the acquisition of the
disease, including gardening, bushwalking/orienteering, camping, and working as a botanist, wildlife
ranger, groundsman, or farm worker/grazier. Eleven of 36 (31%) patients acquired their infection in
association with travel away from their primary residence. Four of 36 (11%) were noted to live on
a property with dense surrounding bushland. Moreover, 17 out of 36 (47%) reported a tick bite in
the days preceding presentation to hospital, and 3 out of 36 (8%) reported multiple tick bites in the
past, usually associated with their occupation or place of residence. Reported exposure to vertebrate
animals on history was only 9 out of 36 (25%), which included exposure to cattle, dogs and horses
(Table 1). Of note, eight patients reported no known risk factors for acute rickettsial infection.

3.2. Distribution of Disease

Eighteen of 36 (50%) cases occurred between April and July; 10/36 (28%) occurred from September
to December; and 8/36 (22%) occurred between January and March (Figure 1). To determine the
distribution of disease, the postcode of the patient’s primary residence was recorded, unless there
was a clear history of preceding travel to another place where the tick bite had occurred; in this case,
the postcode from the site where the infection was acquired was entered into the database. A high
density of infection occurred in the Samford Valley, Woodford and Mount Nebo areas (Figure 2).
Eleven of 36 (31%) infections were acquired in this area alone. Six of 36 (8%) were located in the
Narangba and Morayfield areas, 5–10 kilometers from the coastal area of Samford. Other infections
were sporadically distributed along the eastern coast of Queensland and northern New South Wales.
Interestingly, of those requiring intensive care unit (ICU) admission (4/36), 75% lived or acquired their
infection within a five-kilometer radius of each other, and presented during the March/April period.
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Table 1. Demographic and historical features of 36 patients with Queensland tick typhus (QTT).

Characteristic Value

Age 3–72 years (Mean 39.5, Median 36.1)
Sex Male-to-female ratio 1:1.1
- Male 17/36 (47%)
- Female 19/36 (53%)
Occupation
- Groundsman/ranger 3/36 (8%)
- Farming 3/36 (8%)
Hobby/activity
- Camping 3/36 (8%)
- Gardening 3/36 (8%)
- Bushwalking 2/36 (6%)
- Other 1/36 (3%)
Residence on acreage/property 4/36 (11%)
Recent travel (e.g., holiday) 11/36 (31%)
Tick bite 17/36 (47%)
- Single 14/36 (39%)
- Multiple 3/36 (8%)
Frequency of known risk factors
- 0 8/36 (22%)
- 1 13/36 (36%)
- 2 13/36 (36%)
- 3 3/36 (8%)
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Figure 1. Seasonal variation in QTT infection in 36 hospitalized patients with Queensland tick typhus (QTT).
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Figure 2. Location of the 36 patients who presented to the five study sites with acute Rickettsia australis
infection within southeast (A) and greater Queensland (B) Note: Size of circle indicates relative
frequency of infection; orange circles indicate where cases of severe infection occurred.

4. Discussion

Defining the distribution of each SFG rickettsial disease in Australia has been a difficult task [1].
This is largely due to inadequate reporting of infection, as well as low recognition and testing in the
community and hospital settings [3,6]. In addition, there may be a larger pool of subclinical infection [1].
We relied on sporadic independent serological surveys to guide our current understanding; these
are few and far between [3]. Even these can be unreliable due to assay cross-reactivity with other
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pathogenic and non-pathogenic rickettsia, as well as with bacteria (e.g., Proteus species) [7]. This report
is among the few current studies documenting the features of R. australis infection; however, it carries
significant limitations due to its retrospective nature.

Although R. australis infection can occur throughout the year, in this study half of the cases of QTT
occurred between April and July, during the seasons of autumn and winter in Australia. This finding
appeared to contradict previous reports of increasing incidence of QTT during the summer and spring
months [8]. Adult female Ixodes spp. ticks (vector for R. australis) are most abundant in Queensland
from October to December [9]. The reasons for this are unclear, although factors influencing vector
distribution and behavior such as rainfall and climate change may play a role.

When mapping out the geographical distribution of QTT among the 36 identified cases,
the postcode of the site where the infection or tick bite was thought to have occurred was recorded.
If this was not immediately apparent on chart review, the patient’s place of residence was used as a
surrogate. The major limitation to this approach was that the tick bite was often not acquired from
home, and often results from occupational or recreational exposures were not always elicited on
history. Nonetheless, infection occurred along eastern coastal Queensland and northern New South
Wales with none reported more than 20 kilometers inland—a finding that is consistent with previous
reports [2]. A focal hyperendemic area of QTT infection was identified spanning the Samford Valley,
Woodford and Mount Nebo regions, accounting for 31% of cases. A further 8% of cases were located
within a 5–10 kilometer distance from this area. This identifies an area where ecological conditions for
Ixodes holocyclus and mammalian hosts are optimal, causing increased infection among susceptible
humans [1]. Increasing urbanization of this area over the last few decades has been a major contributor
to this phenomenon [1]. It is likely that this will be seen in multiple locations along coastal Australia as
population densities change and encroach into new areas.

The mean age of infection was 39.5 years (median 36.1 years), although there was a wide
range observed (3–72 years). Extremes of age did not appear to increase the risk of infection.
The male-to-female ratio was 1:1.1, which are in contrast to previous reports that revealed a male
predominance (2:1) [8]. This could represent a change in occupation and recreational activities among
women over the past half century, which is known to highly influence the risk of infection. Given the
large number of mammalian host species for Ixodes spp. ticks and its predilection for wet forested areas
in certain times of the year, certain human activities are high risk for acquiring infection [8,10]. Nearly
half of the study participants acquired their infection through occupational or recreational activities,
which was consistent with previous studies [8]. No new high-risk human behaviors were identified.

Tick bite is still a useful guide for identifying those with possible QTT, with nearly half reporting
this in their history. Exposure to vertebrate animal hosts may be of less utility in diagnosis; although,
this aspect of the patient’s history was frequently missed or poorly documented. Multiple tick bites
were reported by a minority of patients, especially those living in tick-dense areas, and may be
particularly important for identifying those at risk of severe disease and sepsis [1]. Many patients
discharged from hospital were given advice to avoid ticks, although none had documented lifestyle
changes on follow-up; moreover, no reinfections occurred. It is difficult to conclude any benefit from
this advice.

5. Conclusions

Rickettsia australis and QTT is an evolving disease with a growing public health importance [1].
A lack of current epidemiological data on its incidence and distribution limits our understanding of the
disease and options for beneficial public health interventions. This study has demonstrated the current
epidemiology of this infection and has identified a new area of intense QTT endemicity in eastern
coastal Queensland. SFG rickettsial infections should be notifiable diseases in Australia. Furthermore,
prospective studies refining our understanding of the risk of infection and hospitalization of QTT need
to be carried out. In addition, serological surveys of both animal hosts and humans would identify
potential hot-spot areas of QTT to limit future disease.
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Abstract: The relationship between land use structures and occurrence of the scrub typhus agent,
Orientia tsutsugamushi, in small wild mammals was investigated in three provinces of Thailand:
Buriram, Loei, and Nan. O. tsutsugamushi detection was performed using 16S ribosomal DNA (rDNA)
amplicon sequencing approach using Miseq Illumina platform. In total, 387 animals (rodents and
shrews) were examined for the infection. The 16S rDNA sequences of the bacterium were found
in nine animals, namely Bandicota savilei, Berylmys bowersi, Leopoldamys edwardsi, Rattus exulans,
R. tanezumi, and Rattus sp. phylogenetic clade 3, yielding 2.3% infection rate, with two new
rodent species found infected by the bacterium in Thailand: B. bowersi and L. edwardsi. Using
a generalized linear mixed model (GLMM) and Random Forest analyses for investigating the
association between human-land use and occurrence of the bacterium, forest habitat appeared as a
strong explicative variable of rodent infection, meaning that O. tsutsugamushi-infected animals were
more likely found in forest-covered habitats. In terms of public health implementation, our results
suggest that heterogenous forested areas including forest-converted agricultural land, reforestation
areas, or fallows, are potential habitats for O. tsutsugamushi transmission. Further understanding
of population dynamics of the vectors and their hosts in these habitats could be beneficial for the
prevention of this neglected zoonotic disease.

Keywords: Orientia tsutsugamushi; scrub typhus; 16S rDNA amplicon sequencing; rodents; land use
land cover; Thailand

1. Introduction

The obligate intracellular bacterium Orientia tsutsugamushi (Rickettsiales: Rickettsiaceae) is the
causative agent of scrub typhus in humans, mainly reported in the Asia-Pacific region, and sporadically
in some other regions of the world [1,2]. Approximately one million cases of scrub typhus occur
annually in Asia, with a 7% to 10% fatality rate if the patients are not treated sufficiently and early
in the course of illness [3,4]. Chiggers, the six-legged parasitic larval stage of mites belonging to the
family Trombiculidae, are the disease vectors carrying and transmitting the bacterial agent through
their bites. O. tsutsugamushi is strictly confined to this mite family [5], and potentially develops a
symbiotic relationship with its mite host [6–8]. Chigger species from the genus Leptotrombidium are the
main vectors of scrub typhus in Asia [9,10]. O. tsutsugamushi was also reported in other trombiculid
species [11] but there is still a lack of supporting evidence to prove their vectorial role in disease
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transmission, or whether they attack humans. In terms of vertebrate hosts apart from humans, small
terrestrial mammals such as rodents (rats, mice and ground squirrels), insectivores and tree-shrews
have been reported as hosts of Leptotrombidium and are infected by the bacterium. They play important
roles in the ecology of chigger mites and thus for the epidemiology of the disease [12,13]. In addition,
some other vertebrates such as bats, birds or reptiles, can be also hosts for chigger mites [14,15]. It was
hypothesized that their feeding activity on a wide range of hosts may explain the huge diversification
of strains of O. tsutsugamushi [9,13].

A large diversity of chigger mites can infect Asian small mammals, particularly rodents [16,17]
and similarly, a large number of rodent and other small mammal species have been found to be
infected by O. tsutsugamushi [18]. In Thailand, more than 10 species of rodents (Bandicota indica,
B. savilei, Berylmys berdmorei, Menestes berdmorei, Mus caroli, Niviventer fulvescens, Rattus andamanensis,
R. argentiventer, R. exulans, R. losea, R. norvegicus and R. tanezumi) and one species of tree-shrew
(Tupaia glis) have been reported to be infected by the bacterium [12,19–25]. According to these studies,
O. tsutsugamushi was detected using serological methods (i.e., fluorescence antibody assay), or by
detecting the genetic material of the bacterium via specific gene target polymerase chain reaction (PCR)
assays (i.e., the 56-kD type-specific antigen gene).

With the advent of modern molecular tools in bacteriology, high throughput sequencing provides
affordable costs, effective detection, and rapid generation of microbial profiling using two main
approaches: 16S rDNA amplicon sequencing (sequencing the genome of particular gene targets)
and microbiome metagenomics (sequencing the whole particular genome in a sample) [26]. Here in
the present study, 16S rDNA amplicon sequencing was conducted to screen the 16S rDNA gene of
O. tsutsugamushi alongside other bacterial profiles in wild rodents from Thailand.

Environmental factors, including land cover and land use, are known to influence the reproduction
and survival of both trombiculid mites [27,28] and rodents [29], and ultimately the spatial heterogeneity
of infection risk. The increasing incidence of scrub typhus in South China was associated with
habitats characterized by forested areas and climate factors such as relative humidity [30]. In Taiwan,
a significant correlation was observed between scrub typhus incidence and habitats characterized by
a mosaic of cropland and vegetation [28], which represent transitional land cover use. Scrub typhus
occurs in transitional habitats such as forest edges, fallows along streams or abandoned agricultural
lands [9]. These habitats favor both chigger mites, because of soil moisture, and their rodent hosts,
by providing food and shelters [31].

The present study proposes to investigate the relationships between the structure of landscape
and O. tsutsugamushi incidence in rodents captured from human-dominated habitats in Thailand.
The structure of landscapes may promote O. tsutsugamushi transmission in rodents, and consequently
the risk of transmission to humans [32,33]. Heterogenic landscape affects the distribution and
abundance of rodent species regarding their specialization to habitat [29]. We explored the relationship
between the structure of the landscape at a fine environmental scale and individual rodents investigated
for infection by O. tsutsugamushi. For this, we used the land covers developed for investigating other
rodent-borne diseases for each locality investigated in this study [29]. Specifically, we hypothesized that
heterogeneous habitats with high forest cover may favor the transmission ecology of O. tsutsugamushi
among rodents and mites, and its potential transmission to humans.

2. Materials and Methods

2.1. Ethical Statement

Rodent species included in the study are neither on the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES) list, nor the Red List (IUCN). Animals were
treated in accordance with the guidelines of the American Society of Mammologists, and within
the European Union legislation guidelines (Directive 86/609/EEC). Each trapping campaign was
validated by the national and local health authorities. Approval notices for trapping and investigation
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of rodents were provided by the Ethical Committee of Mahidol University, Bangkok, Thailand, number
0517.1116/661 (see [29] for more details), based on the CERoPath protocols for field and laboratory
rodent studies [34].

2.2. Study Sites and Rodent Trappings

Three different sites in Thailand were investigated for the presence of O. tsutsugamushi. Rodents
were trapped in the provinces of Buriram (14.89 N, 103.01 E), Loei (17.39 N, 101.77 E) and Nan
(19.15 N, 100.83 E) in 2008 and 2009 (Figure 1). These sampling sites were part of the CERoPath project
(www.ceropath.org). Reported human cases of scrub typhus were obtained from national statistics [35].
Reported cases of scrub typhus per 100,000 from 2003–2007 were 72.5 in Nan, 23.3 in Loei and less
than 12.2 in Buriram. Nan and Loei belonged to the 10 leading provinces in the incidence rate of scrub
typhus [35] (Bureau of Epidemiology, 2007).

Figure 1. Map of Thailand with locations of the three sample sites in the provinces of Buriram (B), Loei
(L) and Nan (N), with reported cases of scrub typhus per 100,000 from 2003–2007: 72.5 in Nan, 23.3
in Loei and <12.2 in Buriram. The relative size of the blue circles indicates average scrub typhus case
numbers at each site. Nan and Loei belonged to the 10 leading provinces in the incidence rate of scrub
typhus [35].

The methodology was described in Morand et al. [29]. Trapping sessions were conducted in
each locality in both wet and dry seasons during 2008–2009. At each locality, the same trap-lines
were trapped over a four-night period during each trapping session, with 30 lines of 10 traps (10 m
between each trap) placed in three different habitats, namely: (1) forests and mature plantations
(rubber trees, teak trees, palm trees, coffee trees), (2) non-flooded lands or fields (shrubby waste land,
fallow, young plantations, orchards), (3) rain-fed or irrigated lowland paddy rice fields corresponding
to a cultivated floodplain (irrigation allows several crop harvests per year). This corresponded to
a total of 1200 night-traps per trapping session. Locally-made live cage-traps were used, and the
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lines were placed in the same positions during each trapping session using GPS coordinates. Villages
and isolated houses, which corresponded to a fourth habitat category, human settlement, were also
sampled opportunistically using cage-traps distributed to residents.

Rodent and shrew species were identified in the field using morphological criteria, but were
confirmed using molecular methods if needed using a mitochondrial gene for barcoding of some
rodent species [36]. Complete data on the animals used as reference specimens for the barcoding
assignment are available on the ‘Barcoding Tool/RodentSEA’ section of the CERoPath project web site
(www.ceropath.org).

2.3. Environmental Indices and Land Use

The methodology was described in Morand et al. [30] and Bordes et al. [33]. For each locality,
recent (years 2007–2008) high spatial resolution (2.5 m in panchromatic mode and 10 m in multispectral
mode) SPOT 5 satellite images were acquired (CNES 2009©, distributed by Astrium Services/Spot
Image S.A., Toulouse, France). SPOT-digital elevation model (DEM) with a spatial resolution of 20 m
together with SRTM (shuttle radar topography mission) was also acquired. For each locality, the SPOT
scene was classified into different land-cover types using an object-based approach. The land-cover
maps and the DEM were integrated into a geographic information system (GIS) in order to compute
landscape metrics for each trapping site. In order to describe the landscape surrounding the
trapping location of each individual rodent, landscape metrics were calculated within a 100 m radius.
These metrics included: cover of agriculture on steep land, cover of agriculture on flat land, cover of
irrigated agricultural land, cover of forest, cover of human settlement, cover of irrigated land, a proxy
of habitat diversity (patch density), a proxy of habitat fragmentation (edge density), and all distances
between each rodent trapped and each land-cover types.

2.4. Rodent Screening for O. tsutsugamushi

Rodent spleens were placed in RNAlater® storage solution (Sigma-Aldrich, Saint Louis, MO,
USA) then stored at −20 ◦C until further analysis. Genomic DNA was then extracted from the spleen
using the DNeasy®96 Tissue Kit (Qiagen, Germany). Spleen DNA samples were screened for the
presence of bacteria using universal primers (16S-V4F [GTGCCAGCMGCCGCGGTAA] and 16S-V4R
[GGACTACHVGGGTWTCTAATCC]) targeting the hypervariable region V4 of the 16S rRNA gene
(251 bp) via Illumina MiSeq (Illumina) sequencing. The V4 region has been proven to have excellent
taxonomic resolution at the genus level [37]. A multiplexing strategy enabled the identification of
bacterial genera in each individual sample. We followed the method described in Kozich et al. [38] to
perform PCR amplification, indexing, pooling, de-multiplexing and finally taxonomic identification
using the SILVA SSU Ref NR 119 database as a reference [39] (http://www.arb-silva.de/projects/ssu-
ref-nr/). We then used the trimming strategy of Galan et al. [39,40] in order to clean the raw data set
and to estimate reliable rodent positivity for bacteria.

2.5. Statistical Analyses

To analyze the infection of rodents, we first modeled the probability of presence/absence of
O. tsutsugamushi as a function of several environmental indices with logistic regression, GLMM
with logit function and random effects (locality), using package ‘lme4’ [40,41] implemented in R
freeware [41,42]. The binomial variable, infected or non-infected individual rodent, was used in the
logistic regression. The initial model included the environmental indices related to the habitat structure,
and calculated for a buffer of 100 m for each individual rodent trapped: cover of agriculture on steep
land, cover of agriculture on flat land, cover of irrigated agricultural land, cover of forest, cover of
human settlement, cover of irrigated land, a proxy of habitat diversity (patch density), and a proxy of
habitat fragmentation (edge density). No interactions were added among the independent variables.
We evaluated support for competing models, investigating the relationship between the prevalence of
O. tsutsugamushi and all explanatory variables of interest. We used AIC adjusted for sample size (AICc)
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to assess the relative information content of the models. We quantified the uncertainty that the ‘best’
model would emerge as superior if different data were used with Akaike weights (wr), the probability
that a particular model is the best one from the available data. Selection of the best competing models
was made using the package ‘glmulti’ (version 1.0.7 2) [42,43] implemented in R, which allows the
exploration of all models using automated model selection and model-averaging procedure using a
genetic algorithm.

We also modeled the probability of presence/absence of O. tsutsugamushi as a function of
several environmental indices with statistical learning Random Forest [43,44] using the ‘randomForest’
package [44,45]. The measures of importance of each variable are given by values of mean decrease
accuracy, i.e., the decrease of model accuracy when the variable is dropped and by values of mean
decrease Gini impurity, an index measuring the importance of each variable. All statistical analyses
were performed in R freeware [40,41].

3. Results

3.1. Micro-Mammal Identification and O. tsutsugamushi Screening

In total, 387 rodents and shrews were captured and identified at species level (Table 1). The 16S
rDNA sequences of O. tsutsugamushi were found in only nine rodent individuals (representing 2.3%
rate of infection of all the micro-mammals investigated), i.e., B. savilei (2), B. bowersi (1), L. edwardsi
(1), R. exulans (1), R. tanezumi (2), and Rattus sp. clade 3 (2) (Table 1). Two rodent species were newly
recorded in Thailand for infection by the bacterium: B. bowersi and L. edwardsi. O. tsutsugamushi was
detected in all the three localities: Buriram (5), Loei (3), and Nan (1) (Table 1).

Table 1. List and number of host species infected by O. tsutsugamushi in three localities of Thailand.

Locality Micro-Mammal Species Number Tested O. tsutsugamushi Positive

Buriram

Bandicota indica 2 0
Bandicota savilei 10 2

Menetes berdmorei 1 0
Mus caroli 8 0

Mus cervicolor 11 0
Mus cookii 1 0

Rattus argentiventer 1 0
Rattus exulans 32 0

Rattus sakaretensis 2 0
Rattus tanezumi 3 1
Rattus sp. clade 3 26 2

Loei

Bandicota indica 15 0
Bandicota savilei 12 0

Berylmys berdmorei 9 0
Berylmys bowersi 14 1
Cannomys badius 1 0

Chiropodomys gliroides 2 0
Crocidura attenuate 1 0
Hapalomys delacouri 1 0

Leopoldamys edwardsi 5 1
Leopoldamys sabanus 5 0

Maxomys surifer 15 0
Mus caroli 5 0

Mus cervicolor 5 0
Mus cookii 6 0

Mus fragilicauda 1 0
Niviventer fulvescens 16 0

Rattus exulans 26 1
Rattus sakaretensis 30 0

Rattus nitidus 1 0
Rattus tanezumi 16 0

R. tanezumi clade 3 2 0
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Table 1. Cont.

Locality Micro-Mammal Species Number Tested O. tsutsugamushi Positive

Nan

Bandicota indica 30 0
Berylmys berdmorei 8 0
Berylmys bowersi 1 0

Mus caroli 1 0
Mus cookiie 4 0

Rattus exulans 24 0
Rattus tanezumi 25 1

3.2. Individual Surrounding Habitat Characteristics and O. tsutsugamushi Infection

Infected rodents were trapped in forested and reforestation areas, fallows, cassava plantations,
and rice fields.

Comparisons of models testing the effect of several surrounding habitat characteristics on
individual rodent infection (GLMM with logit function) are given in Table 2 (best top 3 models)
for the three sites in Thailand. Results of GLMM model-averaged importance of surrounding habitat
characteristics explaining the infection of rodents by O. tsutsugamushi showed that only the explanatory
variable forest cover is found in 100 per cent of the top best models (Figure 2).

Table 2. Comparison of models testing the effect of several surrounding habitat characteristics on
individual rodent infection by O. tsutsugamushi [generalized linear mixed model (GLMM) with logit
function] for the three localities (locality as random factor). Models are ranked from lowest to highest
supported, according to corrected Akaike information criteria (AIC). Only localities with at least one
individual infected rodent were kept for each analyzed dataset. The initial model included the following
explanatory variables: cover of agriculture on steep land, cover of agriculture on flat land, cover of
agriculture on irrigated land, cover of forest, cover of human settlement, habitat diversity (patch
density), habitat fragmentation (edge density), slope, distance to agriculture on flat land, distance to
agriculture on steep land, distance to forest, distance to human settlement (K is the number of estimated
parameters, AICc is the selection criterion, and wr are the Akaike weights)

Models (Best Top Three) K AICc wr

slope + cover of forest + distance to agriculture on flat land 4 84.70 0.033
slope + cover of forest 3 85.02 0.028

Slope+ cover of agriculture on steep land + cover of
agriculture on flat land + cover of forest + distance to

agriculture on flat land + distance to human settlement
6 85.22 0.025

 

Figure 2. Results of GLMM model-averaged importance of surrounding habitat characteristics
explaining the infection of rodents by O. tsutsugamushi. Note that only the explanatory variable
forest cover is found in 100 per cent of the top best models.
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Hence, the best top model selected using AICc values demonstrated that surrounding habitat
characterized by large forest cover on slow slope, distant from agriculture on flat land, explained
the occurrence of the bacterium in rodents (Table 2). However, forest cover was the only significant
variable (p < 0.05, Table 3).

Table 3. Results of the best GLMM (with logit link function, and locality as random factor) explaining
the occurrence of O. tsutsugamushi in rodents, as a function of surrounding habitat characteristics
(see Table 2 for the initial models and best top 3 selected models) (estimate of the logit function with
SD = standard deviation, residual deviance with DF = degree of freedom).

Explanatory Surrounding Habitat Characteristics Estimate (SD), p Log Likelihood, Deviance (DF)

Forest cover 3.87 (1.25), 0.002
Distance to agriculture on flat land 0.003 (0.001), 0.096

Slope −0.22 (0.14), 0.10 −160.6, 321.1 (1360)

Using Random Forest analysis, again forest cover was selected as the best explanatory variable,
followed by cover of agriculture on flat land (Figure 3). However, the values of mean decrease accuracy
and mean decrease Gini dropped from cover of agriculture on flat land (Figure 2). Although the
accuracy of the Random Forest was high with a value of 0.991 (with 95% CI: 0.97–0.999), the p value
was not significant (p = 0.059), due to the low number of infected rodents (9) compared to the negative
ones (378).

 

Figure 3. Results of Random Forest analysis with: (a) values of mean decrease accuracy; measuring the
decrease of model accuracy when variables are dropped; (b) values of mean decrease Gini impurity
index measuring the importance of each variable.

4. Discussion

The goal of this study was to investigate the relationship between the landscape structure of the
three localities and the occurrence of the bacterium O. tsutsugamushi in wild rodents detected using the
16S rDNA amplicon sequencing approach. Our findings indicate that the prevalence of the bacterium
is very low, with only nine out of the 387 micro-mammals investigated, positive (2.3%). The prevalence
of bacterium in animals was higher on the site of Buriram than the sites of Nan and Loei, in contrast
to the human scrub typhus incidence report, which gave higher human incidence in Nan and Loei
than in Buriram [35]. However, the data were not obtained at the same scale; the whole province is
represented in health surveillance, versus only a few square kilometers for the rodent survey.

We confirmed the presence of the bacterium in several known rodent host species, such as B. savilei,
R. exulans and the two species of the R. tanezumi complex [24]. We confirmed that the Mus species
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did not appear as infected by O. tsutsugamushi [21]. We recorded two new infected rodent species
in Thailand: B. bowersi and L. edwardsi. The positive rodents are either habitat specialists, such as
the forest-dwelling L. edwardsi, or habitat generalists, such as R. tanezumi [29]. Moreover, our results
showed the epidemiological importance of the two synanthropic species, R. exulans and R. tanezumi,
which live in close association with humans [29,46,47].

Our results seem to support our hypotheses that rodents infected by O. tsutsugamushi were more
likely to be found in environments with large forest cover using either GLMM or Random Forest
analysis. Our results suggest that a rodent was likely infected in a habitat such as a house, a fallow,
or a rice field, if these habitats were in the vicinity of a forested area. The low support values (wr) for
the overall models could be explained by the fact that the prevalence of the bacterium is very low with
a low number of positive individuals for each land use land cover of the three localities. This low
prevalence also explains why the accuracy of the Random Forest analysis was not significant (although
close to significance).

The significance of forest cover for scrub typhus seropositivity was expected, as several studies
conducted in Taiwan or in China showed that the incidence of scrub typhus is related to land use
characterized by forested areas with abandonment of agriculture land and return to fallows and
forests [28,30,31]. Southeast Asia is characterized by increased fragmentation and conversion of forest
to agricultural land [48,49]). This new frontier of forest conversion is potentially risky habitat for scrub
typhus infection.

4.1. Limitations of Our Study

There are some limitations of our study. First, we are just starting to obtain an evaluation on the
sensitivity of 16S amplicon sequencing in the frame of epidemiological studies. Razzauti et al. [50]
recently showed that the sensitivity of 16S rRNA amplicon sequencing on the MiSeq platform was
equivalent to that of whole-RNA sequencing (RNA-seq) on the HiSeq platform for detecting bacteria in
rodent samples. Galan et al. [36] revealed an excellent repeatability of bacterial detection (93%) using
systematic replicates in 711 rodents. Finally, work in progress at our laboratory (unpublished result)
shows that the sensitivity of the 16S rRNA amplicon sequencing approach used here is as good as the
sensitivity of quantitative PCR (qPCR) performed with specific primers, the current gold standard for
bacterial detection in biological samples. Thus, we are confident in our Orientia screening.

Second, more detailed information on human cases at high resolution, i.e., at the level of
sub-district or villages, will help to accurately investigate accurately the relationship between human
cases and rodent infection by O. tsutsugamushi.

Third, our study could not assess the impact of seasonality on the epidemiology of
O. tsutsugamushi. Another limitation concerns the diversity and infection of chigger mites. All chigger
mites were collected and preserved. Future studies are planned to explore this point.

4.2. Implications for Public Health

The incidence of scrub typhus is increasing in several countries of East Asia. Previous studies [30]
showed that habitat fragmentation and extensive agriculture disrupt rodent habitats favoring generalist
and synanthropic rodent species, which ultimately enhance rodent-borne transmission. The results of
our study suggest that risky habitats for O. tsutsugamushi transmission are heterogenous forested areas,
comprising conversed agriculture or reforested areas, fallow or abandoned agriculture. Surveillance of
rodents’ population dynamics in these habitats may help to prevent zoonotic transmission.
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Abstract: In excess of 75 arboviruses have been identified in Australia, some of which are now
well established as causative agents of debilitating diseases. These include Ross River virus,
Barmah Forest virus, and Murray Valley encephalitis virus, each of which may be detected by both
antibody-based recognition and molecular typing. However, for most of the remaining arboviruses
that may be associated with pathology in humans, routine tests are not available to diagnose infection.
A number of these so-called ‘neglected’ or ‘orphan’ arboviruses that are indigenous to Australia
might have been infecting humans at a regular rate for decades. Some of them may be associated
with undifferentiated febrile illness—fever, the cause of which is not obvious—for which around
half of all cases each year remain undiagnosed. This is of particular relevance to Northern Australia,
given the Commonwealth Government’s transformative vision for the midterm future of massive
infrastructure investment in this region. An expansion of the industrial and business development
of this previously underpopulated region is predicted. This is set to bring into intimate proximity
infection-naïve human hosts, native reservoir animals, and vector mosquitoes, thereby creating a
perfect storm for increased prevalence of infection with neglected Australian arboviruses. Moreover,
the escalating rate and effects of climate change that are increasingly observed in the tropical north
of the country are likely to lead to elevated numbers of arbovirus-transmitting mosquitoes. As a
commensurate response, continuing assiduous attention to vector monitoring and control is required.
In this overall context, improved epidemiological surveillance and diagnostic screening, including
establishing novel, rapid pan-viral tests to facilitate early diagnosis and appropriate treatment of
febrile primary care patients, should be considered a public health priority. Investment in a rigorous
identification program would reduce the possibility of significant outbreaks of these indigenous
arboviruses at a time when population growth accelerates in Northern Australia.

Keywords: arbovirus; neglected; undifferentiated febrile illness; Northern Australia; diagnostics;
control; prevention

1. Introduction

Arthropod-borneviruses (arboviruses) are by definition transmitted between vertebrate hosts by
biting arthropods (mosquitoes, ticks, sandflies, midges and gnats) [1], and the infections that they
cause pose a significant public health risk worldwide. The International Catalogue of Arboviruses
currently lists 537 registered viruses on the basis of their known transmission by arthropods, known
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for potential infectivity to humans or domestic animals, and antigenic or phylogenetic relationships to
known arboviruses [2].

At present, more than 130 arboviruses are recognised as causing mild to fulminant disease in
humans [3]. Symptoms of uncomplicated arboviral infection generally occur between 3 and 15 days
after exposure to the virus and may persist for a week or so. The most common clinical features of
infection are the indistinct influenza-like symptoms of fever, headache, and malaise, which, without
recourse to further information regarding a patient’s clinical and exposure history, often preclude a
correct diagnosis [4].

Australia is home to over 75 arboviruses that have been isolated from its native arthropods [2].
While so far only 13 of these are found to be associated with human infection, just Barmah Forest virus
(BFV) and Ross River virus (RRV) are tested for routinely. Moreover, laboratory tests are available
for Murray Valley encephalitis virus (MVEV) and West Nile Kunjin virus (KUNV) but test requests
are made on patients with highly suggestive signs and symptoms [5]. The ecology and role of other
arboviruses in humans, whether they are associated with any serious infections or undiagnosed
undifferentiated febrile illness (UFI), are unknown and their study is not prioritised. An analysis of
the notifications of BFV, RRV, MVEV, and KUNV in the last two decades has clearly shown a higher
distribution of these viruses in Northern Australia [6] (reviewed in [5]).

In this article, we describe briefly the neglected Australian arboviruses that are most likely to
emerge as significant agents of human disease. The arboviruses that we discuss have been found
to infect humans—serological evidence of host immune responses has been found. It is implicitly
understood that a virus that is associated with human infection could potentially be a pathogen,
i.e. it may have been causing a disease, the aetiology of which is so far unknown, or it could cause
disease under certain circumstances, such as in immunocompromised persons, during pregnancy,
or upon secondary infection. We also consider what action should be taken to confront the potential
threat of such neglected indigenous arboviruses in the particular environment of Northern Australia.
This is a largely tropical climatic region where both mosquito vectors and vertebrate reservoir hosts
are abundant and in which a future major expansion of a human population primarily comprising
relocating, previously non-exposed individuals, is predicted.

2. Arbovirus Ecology and Epidemiology

Most arboviruses studied thus far are transmitted in zoonotic cycles, i.e. the principal vertebrate
host is an animal other than human [7]. The distribution of an arbovirus is restricted to areas inhabited
by vertebrate hosts that serve as its reservoirs and vectors. Thus, many arboviruses have clearly
defined ecological zones, while some, distributed globally, cause diseases of considerable public health
and veterinary importance (reviewed in [8]). Examples of the latter include dengue (worldwide,
approximately between the Tropics of Cancer and Capricorn), yellow fever (Africa and South America),
Japanese encephalitis (eastern and southeast Asia and Australia), West Nile encephalitis (North
America, Europe and the Middle East), chikungunya (Asia, Central and South America, parts of the
Pacific), eastern and western equine encephalitis (North America), and Venezuelan equine encephalitis
(South America). Due to focal, global, environmental, societal and/or demographic changes, many of
these viruses have either emerged or re-emerged in the first years of this century [9–11].

Notably, the non-segmented, positive-strand RNA viruses belonging to the genus Flavivirus,
family Flaviviridae, or genus Alphavirus, family Togaviridae, are the aetiological agents of several
major global infectious diseases such as dengue, yellow fever, chikungunya and Zika. Other related
pathogens belong to the segmented, negative strand RNA Orthobunyavirus genus. The vast majority
of arbovirus-associated epidemics occur in the tropics and subtropics due to the prevailing hot and
humid climate which is conducive to the habitation of vector mosquitoes, including members of
Aedes, Anopheles, Culex, Haemagogus, and Ochlerotatus genera [12]. To this growing list of real or
potential public health threats posed by arboviruses Mayarocan now be added, identified recently
in the Amazon and other tropical regions of South America [13]. The issue of whether neglected
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Australian arboviruses similarly present an emerging, hitherto unrecognised challenge to humans is a
subject of discussion.

3. Arboviruses in Australia

Australia is the sixth largest country in the world by area, the largest country without land borders,
and the largest country overall in the southern hemisphere. Early European settlement, urbanisation,
increased sea and air travel and trade, globalisation, pathogen evolution, and elevated mean global
temperature are some of the factors that may have influenced the introduction and expanded
geographical reach of infectious diseases, including those caused by arboviruses, in Australia [14].
Furthermore, Australia spans tropical and subtropical latitudes, where arboviruses have access to an
abundant source of both reservoir hosts and vectors.

While only 13 of the more than 75 identified arboviruses indigenous to Australia are currently
known to cause disease in humans, information is scarce as to the potential human pathogenicity of
most others [15]. Of those that are recognised to cause infection in humans in Australia (Figure 1),
the alphaviruses RRV and BFV are the most well-known, infection with either of which triggers an
incapacitating and occasionally chronic polyarthritis with accompanying myalgia and lethargy [16,17].
The flaviviruses MVEV and KUNV cause encephalitis, an acute inflammation of the brain [18].

Infection with the flavivirus dengue (DENV) is typically characterised by a febrile illness but
a small proportion of cases manifest as a life-threatening haemorrhagic fever or shock syndrome
(reviewed in [19]). DENV may be acquired outside Australia and brought back by returning travellers,
a significant proportion of whom are hospitalised with unrecognised warning signs of severe disease.
As intercontinental travel from Australia, particularly to Asia, continues to increase, in order to avert
serious outcomes it is crucial that clinicians anticipate, and can recognise and manage, such tropical
infectious diseases. While DENV has a transglobal distribution, local outbreaks are also reported
regularly in far north Queensland, with foci in the vicinities of Cairns and Townsville [20], where it is
well recognised by the resident population as a not insignificant threat to their health [21].

Several other arboviruses that are indigenous to Australia (Figure 1), such as the alphavirus
Sindbis (SINV), the flaviviruses Alfuy (ALFV), Edge Hill (EHV), Kokobera (KOKV) and Stratford
(STRV), and the orthobunyaviruses Gan Gan (GGV), Kowanyama (KOWV) and Trubanaman (TRUV),
are recognised through eliciting mild symptoms of febrile illness, corroborated by detection of serum
antibodies to viral antigens, as being able to infect humans [17,22,23] (reviewed in [5]). There are
occasional reports of human disease caused by SINV, EHV and KOKV [24–26], but these are not
currently included individually in the list of Australian national notifiable diseases by disease type [27].
The magnitude of each of these arboviral infections raises the question as to what is an appropriate
threshold for recording cases for the purposes of annual notification at state/territory and national
levels. SINV is reportedly the arbovirus most frequently isolated from mosquitoes in Australia [23],
but as an alphavirus it does not come under the ‘flavivirus infection (unspecified)’ umbrella presently
used for nationwide notification [27].

Other arboviruses have been isolated from arthropods in the Australia-Pacific region [15]. These
include the newly identified Bamaga (BGV) and Fitzroy River (FRV) flaviviruses [28,29], which are
closely related to the disease-causing yellow fever virus (YFV) and EHV, but for each of which there is
scant information about its capacity to infect humans or to cause disease in humans.
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Figure 1. Geographical distribution of Australian indigenous arboviruses known to cause human
infection. Use of red font for each named virus indicates the state or territory from which that
virus is known to be recovered and the notifiable disease for which it is listed in the Australian
National Notifiable Disease Surveillance System (ANNDSS). Use of amber font for each named virus
indicates the reported recovery of that virus from mosquitoes during mosquito surveillance but
that the corresponding virus-associated disease is not currently recorded in the ANNDSS. Named
arboviruses: ALFV—Alfuy; BFV—Barmah Forest; DENV—Dengue; EHV—Edge Hill; GGV—Gan
Gan; KOKV—Kokobera; KOWV—Kowanyama; KUNV—Kunjin; MVEV—Murray Valley encephalitis;
RRV—Ross River; SINV—Sindbis; STRV—Stratford; Trubanaman—TRUV. The land mass above the
horizontal green line, which marks the southern edge of the Pilbara Range (latitude 24◦ S, just south of
the Tropic of Capricorn, 23.52◦ S), approximates to the region termed Northern Australia. States and
territory: NSW—New South Wales; NT—Northern Territory; QLD—Queensland; SA—South Australia;
TAS—Tasmania; VIC—Victoria; WA—Western Australia.

4. Undifferentiated Febrile Illness and Pyrexia of Unknown Origin

Fever, defined as an abnormally high body temperature (>100 ◦F, 37.8 ◦C), is a common symptom
of patients seeking healthcare. Due to the non-specific clinical manifestations and a lack of positivity
in initial laboratory testing, the cause of fever may not be identified. When the onset of fever is acute
and no cause can be found after taking a full history and physical examination of the patient, it is
called a UFI. If the UFI continues, it is classified as a pyrexia of unknown origin (PUO), defined in 1961
as an illness of more than three weeks’ duration, with fever greater than 101 ◦F (38.3 ◦C) on several
occasions, the cause of which is not identified after one week of in-hospital investigation [30]. Since this
description does not include many self-limiting viral diseases, it was revised in 1991 [31]. The newer
definition of PUO has four categories: classical; hospital-acquired; neutropenic (immune-deficient);
and HIV-associated. Also, the revision proposed a minimum of three days of hospitalisation or at
least three outpatient visits before this diagnosis may be made. Most commonly, PUO is the result of
infection, malignancy, or non-malignant inflammatory diseases [32].
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5. UFI/PUO as a Health Problem

Between 20% and 60% of UFI cases are attributed to infections [31,33–35]. The aetiological agents
of UFI and PUO vary according to the geography and demography of the patients. For instance,
in post-industrial countries, self-limited viral infections and infections with bacteria such as Brucella
spp., Leptospira spp., and the atypical mycobacteria are major causes of UFI/PUO. In economically
emerging nations, UFI/PUO include illnesses caused by a diverse range of human pathogens including
Mycobacterium tuberculosis, Neisseria meningitidis, systemic Salmonella enterica infections, Plasmodium
spp., DENV, Epstein-Barr virus, cytomegalovirus, and hantaviruses [36–38].

In a landmark prospective study in Belgium of patients hospitalised with febrile illness, depending
on if and when a final diagnosis was in fact established, an estimated 12–35% were assessed to have died
from PUO-associated complications [39]. The cause of the fever remained obscure in 48% of patients
with episodic fever, compared to 26% of patients with continuous fever [39]. Prolonged febrile illnesses
remain a diagnostic challenge; about one-third to half of PUO cases remain undiagnosed [40–42].
In developing countries, a diagnosis of UFI/PUO may result from a lack of laboratory resources
but even in a high-income nation like Japan that has excellent diagnostic tools, 28.9% of PUO goes
undiagnosed [43].

6. Diagnosis of Australian Arboviral Infection

For almost a decade after the identification of RRV in 1959 [44], only small numbers of patients
were identified as having a clinical infection with this agent, because virological and serological
diagnostic testing was available only within a research framework using an in-house test. Following
the development of a commercial enzyme-linked immunosorbent assay (ELISA) to detect anti-RRV
immunoglobulin (Ig)M antibody [45], the number of patients diagnosed annually rose to between
4000 and 6000 [46]. The number of localities from where RRV cases were reported increased almost
two-fold from 1985 onwards [47].

Following its identification from northern Victoria in 1974 [48], a similar experience occurred
with the diagnosis of BFV infection and its annual notification [49]. Epidemic polyarthritis, the now
outmoded term that was then used to describe the autoimmune conditions associated with both
RRV and BFV, became a nationally notifiable disease in 1990 [46]. While typically there are around
4500 notifications of epidemic polyarthritis per annum, 9554 cases were reported in 2015 [50].

Clinical infections with KUNV [51–54], EHV [25], GGV and KOKV [22,26] can now be confirmed
in specialised laboratories, but only suspected KUNV infected cases undergo screening as standard.

7. A Causal Link between Neglected Arboviral Infections and UFI/PUO?

It has been proposed that arboviruses may be responsible for some cases of UFI observed in
Australia [55]. While remarkably few systematic studies of UFI or PUO in an Australian setting have
been undertaken, those that have been performed suggest that a large proportion of UFI/PUO cases
remain undiagnosed (reviewed in [5]). This is despite the now-routine commercial testing for RRV
and for BFV. A three-year retrospective study from 2008–2011 of a tertiary referral hospital in North
Queensland found 58.8% of patients with UFI had no definitive diagnosis [56]. Neglected indigenous
arboviruses may have infected humans regularly for decades, thereby being responsible for at least
some of these UFI cases in this tropical north region. The possibility of arbovirus pathogens from
Northern Australia causing more wide-scale outbreaks, such as the notified incidences of MVEV in
2001, 2008 and 2011, and the KUNV equine outbreak of 2011 in south-eastern Australia [57], should
also be considered. While the horse-derived WNVNSW2011 strain of KUNV not only differed to,
but was more virulent than, other KUNV strains that circulated previously in Australia [57], it may be
argued that the ecology of this arbovirus changed alongside the emergence of virulence.

The introduction of commercial screening for RRV and BFV led to a highly significant rise in their
respective reported rates of infection when compared to historical records [46,49]; these conspicuous
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examples of unforeseen prevalence may also apply to other arboviral infections. Hence, it is possible
that further, neglected, arboviruses—for which diagnostic tests are not yet available outside research
laboratories—are a major underlying cause of undiagnosed UFI/PUO cases in Australia.

8. Transmission Cycles of Australian Arboviruses

Over several decades, many arboviruses have been identified in Australian mosquitoes, ticks,
and biting midges [5,15]. Little is known about their transmission cycles, their pathogenicity for
humans, or their potential to cause epidemics. Although large marsupials such as kangaroos and
wallabies are considered potential reservoirs for RRV [58,59] and BFV [59,60], and waterbirds such
as herons and egrets are regarded as hosts for MVEV, ALFV and SINV [61,62], there are many other
arboviruses whose relationship with reservoirs and vectors, and their role in human infections or
diseases, are yet to be defined.

While the epidemiology of these arboviruses is poorly understood, it is likely that they are
maintained in zoonotic cycles rather than by human-to-human transmission. It may be that these
neglected viruses are harboured by apathogenic, persistent infections in native Australian reservoir
mammals and birds, with occasional spillover into humans [5].

9. Northern Australia’s Climate Favours Arboviruses

Many of Australia’s indigenous arboviruses that are known to cause human disease have been
recovered from Northern Australia (Figure 1). Since it had no previous political purpose, the term
‘Northern Australia’ was defined formally only very recently with the passing of the Northern Australia
Infrastructure Facility Act 2016 [63]. Although there are several minor qualifications, broadly speaking
it is considered to comprise the Northern Territory and the areas of Queensland and Western Australia
that are north of the Tropic of Capricorn (latitude 23.5 degrees south of the Equator).

The northern coastal fringe of the country is made up of northern Queensland, the Northern
Territory, and the remote Kimberley and Pilbara Ranges of Western Australia. Uniquely for Australia,
the region experiences a tropical, often monsoonal, wet season during the southern hemisphere
summer months of November to April each year [59,64]. Moreover, if the mean annual air temperature
continues to rise as a consequence of global climate change, the spatial range of mosquito species able
to transmit arboviruses is likely to broaden [65]. While the presence of vectors does not necessarily
mean the emergence of human pathogens, these factors contribute to favourable breeding conditions
for mosquito species that are especially well-suited to maintaining arboviruses of potential public
health importance [66].

10. Potential Public Health Threat

The Australian Commonwealth Government is actively promoting increased settlement and
economic activity in the currently less populated areas that lie to the north of the Tropic of Capricorn
as an integral part of its ‘Developing Northern Australia’ white paper for massive infrastructure
investment in this region over the coming decades [67]. Although it comprises nearly half of the total
land mass of the country, Northern Australia includes only about one-quarter of the current Australian
population. It is therefore considered to be a region of largely untapped potential that is ripe for 21st
century population growth outside of the urban densification in the major metropolitan conurbations
to the south [67]. An incentivised expansion of the industrial, business and agricultural development
of this vast tract of land is predicted, with an increase in the residential population from the current
1.33 million to up to 2.9 million people by 2050 projected [68]. The anticipated increased human activity
in many areas of the tropical north of Australia will lead to fast-growing urbanisation that places
relocated immune-naïve people into closer proximity to native reservoir wildlife, as well as to vector
mosquitoes, for Australian indigenous arboviruses.

The growth in agriculture and other economic developments proposed for these localities will
inevitably alter the ecology of the native animals and birds that act as reservoir hosts for numerous
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neglected Australian arboviruses, as well as affecting the mosquito vectors [5]. Additionally, sudden
climatic and environmental variations [69], including the high rainfall, more frequent cyclones and
resultant increased intensity of flooding associated with outbreaks of MVEV [70] and RRV [71],
have occurred with alarming regularity in recent years [72], potentially generating an ecological
expansion of Australian arboviruses. These circumstances therefore create a perfect storm for greater
prevalence of infection with neglected Australian arboviruses, particularly in the tropical north of
the country. It is perhaps worth considering that notable close relatives of these many indigenous
arboviruses have already caused global pandemics in recent decades [73].

11. A Call to Arms for Novel Diagnostic Tests and Therapy Targets

In this circumstance, therefore, there is a pressing obligation to determine the geographical range
and true disease burden of neglected indigenous arboviruses in Northern Australia. This may be
accomplished by implementing a scheme of systematic, continual surveillance of vectors, reservoirs
and viruses in order to address where, when, and how virus transmission to humans occurs as
well as building up a picture of its likely impact. This may also be progressed through performing
routine testing by designated public health laboratories of a systematic sub-sample of UFI/PUO
patients for evidence of recent infection with neglected arboviruses as well as other potential causative
agents of UFI/PUO. Furthermore, to screen patients with UFI/PUO and other suspected cases of
arboviral infection, in addition to serology testing, the development of novel diagnostic tools should
be given high research priority. Already available methods of detection of pan-alphaviruses and
pan-flaviviruses include IgM antibody-based ELISA, quantitative reverse transcription PCR (RT-qPCR),
and microarray [74–76]. Other state-of-the-art methods, for example RNA-seq metagenomics, which
reveal an individual’s virome [77], could also be applied to this setting.

Notwithstanding the striking exceptions of YFV, Japanese encephalitis virus, and tick-borne
encephalitis virus [78], an obstacle to the successful control of infections caused by arboviruses is the
lack of effective, authority-registered vaccines [79]. Strenuous efforts to yield a commercially available
vaccine against DENV are ongoing but these are exacerbated by media-fuelled concerns over suitability
and side-effects in pilot immunisation programs [80,81]. Also, the phenomenon of antibody-dependent
enhancement of infection of humans that has been shown for many flaviviruses and alphaviruses [82]
is an impediment to any future potential consideration of therapeutic antibodies as an alternative
treatment [83]. Given this scenario, there is a dire need to accelerate the quest for novel options for
both diagnosis and therapy.

Therapy regimens that are syndrome-based are currently common practice, frequently informing
the prescription of antibiotics in empirical treatment. Such antibacterial pharmaceutical agents
are ineffective when the UFI/PUO is caused by arboviruses; indeed, their inappropriate use may
contribute to the worsening problem of antimicrobial resistance. Early, on-site, and rapid screening
for neglected Australian arboviruses could help to identify the cause of infection and thus reduce the
often ill-informed perceived obligation to provide antibiotics. Adoption of this measure would also
expedite early detection of outbreak foci, thereby facilitating a prompt, efficient and proportionate
response. This would have the effect of limiting the spread of disease, as hindsight suggests public
health policymakers could have achieved better during the recent epidemic in Latin America of the
flavivirus Zika [84,85].

The existing funding model for diagnostic pathology services in Australia does not foster requests
by a general practitioner or hospital clinician to test for infection with a little-known arbovirus, even if
they are aware of its possible role in disease. Hence, many UFI/PUO cases are not diagnosed correctly
as the treating clinicians may consider the cost of testing is not warranted or because samples for
testing were collected at an inappropriate time or from an incorrect site. They also may go undiagnosed
on account of the causative agent being novel, not known to cause human disease, or because there are
no routine diagnostic tests available.
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For cases of UFI/PUO, for reasons of both practical feasibility and cost, it is not a realistic
proposition to recommend multiple, individual laboratory tests in order to detect most or all neglected
arboviruses. In light of this, development of a generic assay that would provide for many pathogens
and which may be applied in a broad range of settings should be prioritised. For example, routine
testing by designated public health laboratories of a two-step protocol could be envisaged, starting
with pan-flavivirus and pan-alphavirus IgM antibody rapid tests and, as required of a sub-sample of
patients, followed by confirmatory detection of viral RNA by RT-qPCR [76]. Along with the ability to
screen for multiple arboviruses in a short space of time there is a saving in resources for the testing
laboratory by virtue of a quicker diagnosis. This means that any future decision not to request sample
analysis may ultimately prove a false economy.

12. One Component of a ‘One Health’ Approach to Combating Arboviruses

The One Health approach is a currently promulgated systems-based movement in which
biomedical researchers and professionals in public health, veterinary medicine, and ecology combine
their expertise in order to monitor and control the threat of infectious diseases and determine how
pathogens spread among people, animals, and the environment [86]. Involvement of biomedical
researchers, pathologists, and clinicians in this transdisciplinary model may lead to more efficient
diagnosis of, and improved outcomes for, patients with arboviral infections.

In order to achieve success in preventing outbreaks of neglected arboviruses within the context of
Northern Australia, it will be necessary to engage all relevant stakeholders, from federal, state and
local authorities, via tertiary care and general practice centres, to local neighbourhoods, schools,
and households. Risk of outbreak is always amplified when people are unaware of a disease or
its route of transmission. As with the ongoing threat posed by DENV in Queensland [21], raising
awareness levels among residents of regional communities is an extremely important component of a
future public health policy for Northern Australia. Well-targeted information campaigns would aim to
increase individual knowledge of the symptoms and possible sequelae of UFI/PUO and, with regard
to mosquito transmission of arboviral infections, personal preventive methods and vector control.

13. Conclusions and Future Directions

For the neglected arboviruses that are indigenous to Australia there is an inadequate
understanding of their distribution, epidemiology, and transmission ecology. Information is also
lacking with respect to theimmunopathology and true disease burden, including undiagnosed cases
UFI/PUO, which they cause. This knowledge gap exists despite the potential for these neglected
arboviruses to become significant human pathogens in the rapidly developing region of Northern
Australia, thereby presenting a major challenge to the public health of the nation, and conceivably
also globally [87]. Future research into the areas discussed herein, combined with production of
diagnostic tools to include first-line screening of a suite of indigenous arboviruses, would help greatly
to limit the impact of this emerging threat to human health and wellbeing in the tropical north of
Australia. Preferably, this would form a key component of a holistic, transdisciplinary strategy to
improve environmental health in order to prevent mosquito-borne diseases in Northern Australia [88].
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