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Abstract: Soil-transmitted helminth (STH) infections (hookworms, Trichuris, Ascaris) and
Strongyloides spp. are associated with a substantial global burden and high morbidity. Sensitive
and specific methods for diagnosis of these infections are essential for mapping the burden in
communities, accurate assessment of infection levels, to guide interventions and monitoring the
success of STH control programs. Despite considerable progress to control STH over several
decades, we are still far from identifying a fully adequate diagnostic test. Conventional micro-
scopy-based methods such as direct Kato—Katz smear or mounts after stool centrifugation/
flotation-based concentration techniques have been the mainstay of diagnosis, especially in
resource-poor countries where these infections abound. However, recently, these are being
adapted to closed, easy to perform, digital formats, thereby improving the sensitivity as well as
applicability in a remote, resource-limited setting. The use of image analysis systems to identify
and quantify helminth eggs, with potential adaptation to smartphones, is also promising.
Antibody detection tests have a limited role mostly in the case of Strongyloides hyperinfection.
Coproantigen detection tests have been developed and used in veterinary practice for detection of
STH, but these have not been evaluated for use in humans. More sensitive molecular diagnostics,
including assays developed with new bioinformatic tools and techniques such as polymerase
chain reaction (PCR), quantitative PCR (qPCR) and loop-mediated amplification assay, can help
in the clear and precise assessment of STH burden during elimination phase and are of immense
value for diagnosis in areas with low endemicity and in travelers to endemic regions. Moreover,
the molecular techniques will help detect new species that may emerge. Sample preservation and
efficient DNA extraction are critical and significantly affect the efficiency of molecular diag-
nostic tests. In addition to the diagnosis of clinical or asymptomatic infection in humans,
detection of STH eggs in environmental samples is imperative to boost STH control efforts.
Overall the diagnostic performance, cost-effectiveness, ease of performance, rapidity and in-field
applicability of any test should be considered when choosing from the various diagnostic assays
in areas with different endemicity, in addition to striving towards the development of novel
technologies and optimization of existing methods.
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Introduction

More than 1.5 billion people, comprising nearly a quarter of the global population,
are infected with soil-transmitted helminths (STH).' The STH infections are widely
distributed in tropical and subtropical areas of the world, with the highest preva-
lence reported from Sub-Saharan Africa, China, South America and Asia. More
than 267 million children of preschool-age and 568 million school-age children
reside in these areas and need therapeutic and preventive interventions.' These

infections are most commonly reported in people residing in or travelling to regions
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with poor access to clean drinking water, sanitation and
hygiene, usually in low or middle-income countries; or in
vulnerable populations in high-income countries.” The
World Health Organization (WHO) has recognized infec-
tions caused by four species of STHs, viz. Ascaris lum-
bricoides, hookworms (i.e., Necator americanus and
Ancylostoma duodenale) and Trichuris trichiura among
neglected tropical diseases (NTDs).' More recently, some
areas in South East Asia have been reporting zoonotic
hookworm Ancylostoma ceylanicum in addition to human
hookworms.? Although Strongyloides stercoralis is not yet
considered in this list of NTD by the WHO, it is also an
important STH given the significant disease morbidity
caused by it and its geographic overlap with the other
STHs. More than 600 million people are estimated to be
infected by S. stercoralis globally."

STH infections are usually clinically asymptomatic,
though non-specific gastrointestinal symptoms and/or eosi-
nophilia may be seen. Since STH seldom cause mortality,
their impact on health is measured using disability-
adjusted life years (DALYs). The STH infections account
for a high global burden with substantial morbidity.*
Recent data have shown that STH caused 2090 deaths in
2019 with 1.97 million (1.26-3.00) DALYs, in which
hookworm disease was the predominant cause.” In fact,
the morbidity is directly proportional to the intensity of
infection and debilitating outcomes such as anemia, intest-
inal obstruction, retarded physical or cognitive develop-
ment are seen in heavily infected individuals, especially
children.®® Iron deficiency anemia caused by hookworm
infection during pregnancy has been linked to adverse
maternal-fetal outcomes, including premature and low
birth weight babies, impaired lactation, etc.’

At the turn of the new millennium, preventive che-
motherapy (PC) in school-age children was endorsed by
the WHO for STH control and stipulated further in the
2012 London Declaration on NTDs, with the ultimate aim
to break STH transmission.'®'> The WHO recommends
an integrated approach, which includes access to clean
water, promote sanitation, hygiene and health education,
along with mass drug administration to children, and with
sustained efforts, STH elimination is expected to be
achieved by 2030."" It should be noted that each STH
species has distinct epidemiological features and age-
dependent patterns of infection prevalence (maximum pre-
valence of A. lumbricoides and T. trichiura is usually seen
in young children, whereas the peak prevalence of hook-
worms is observed in adolescence or early adulthood),

reinfection rates (short-lived helminths reinfect more
rapidly),’” and varying sensitivity to albendazole,'
which could influence the efficacy of PC strategies.'
Moreover, adults are not targeted for PC and remain
important reservoirs for reinfection of treated children.
Although PC is implemented without the need to assess
individual infection status, accurate prevalence estimates
using high sensitivity diagnostics are important to ascer-
tain the intensity of infection in different regions.
Diagnostics also inform on the performance of control
measures in terms of reduction in the prevalence and/or
intensity of infections, which can guide the frequency of
preventive chemotherapy.

Epidemiological evidence reveals an increased prevalence
of STH infections associated with direct exposure to waste-
water, sludge amended soil and/or eating vegetables irrigated
with them."* Thus, apart from the detection of clinical infec-
tions, the detection of STH in such samples is also important.
In this review, we elaborate on the various tools for diagnosis
of STH in clinical specimens, sewage and wastewater.

Conventionally, the STH diagnosis is carried out by the
examination of stool or other gastrointestinal samples for
STH eggs, larvac or adult worms by microscopy.
However, choice of the diagnostic technique also depends
upon whether it is being employed in a high or low
endemic setting since highly sensitive techniques would
be required for surveillance in low endemic areas, trave-
lers from these regions or during the elimination phase.

Microscopy Based Methods

The detection of STH by microscopy, despite being simple
and low cost, lacks reasonable sensitivity due to many
factors which include intermittent excretion of parasite
ova, low infection intensity below the limit of detection,
improper transportation or storage of sample leading to
parasite disintegration etc. The parasite morphology may
become distorted due to storage or drug treatment. Thus, at
least three fresh fecal specimens should be examined over
10 days and some parasite concentration techniques should
be employed.'>'7 Various microscopy-based diagnostic
tests for STH diagnosis are summarized in Figure 1.

Wet Mount Preparation

A smooth, thin preparation of stool with saline and iodine
is examined for larvae or eggs of helminths. The charac-
teristics of various STH eggs or larvae are summarized in
Figure 2.
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Direct mount
Kato- Katz thick smear
WHO recommended gold standard
Inexpensive, easy
Low sensitivity for hook worm

Digitalized microscopy
FECPAK®
Has moderate sensitivity
Needs further evaluation

Lab-on-a-disk technology

Point of care application

Useful even in low-infection intensity
setting

User training and quality management
needed

Field evaluation warranted

Stool concentration

Formol ether concentration (FEC)
Improves sensitivity

Can be examined in several hours
Use of ether-hazardous

Need for centrifugation

Parasep® SF

Faster processing

Clearer background with less fecal debris
Better yield of 7. trichura , A. lumbricoides
More expensive than FEC

McMaster technique

Inexpensive, easily implemented

Needs special counting chamber

Poor performance for unfertilized 4 scaris eggs

FLOTAC

High sensitivity, closed system
Mini-FLOTAC version lacks centrifugation
step

Lower average egg count estimation

Figure | Summary of the advantages (orange) and disadvantages (purple) of microscopy-based diagnostic tests for soil-transmitted helminths.

Kato—Katz Thick Smear'®

Currently, the Kato—Katz (KK) method is a WHO-
recommended “Gold standard” method for detection of
STH eggs, and additionally for Schistosoma eggs espe-
cially when quantitation of eggs is desired. Several mod-
ifications of Kato—Katz are in use. Briefly, large particles
are removed by pressing the feces through a mesh screen
followed by transfer of a known amount of the sample on
a slide through a template with a hole which holds a fixed
amount of fecal material (e.g., a hole of 9 mm on a 1 mm
thick template holds about 50 mg of feces). The template
is removed and cellophane soaked in glycerol-methylene
blue solution is used to cover the remaining sample. The
slides should be kept at room temperature or in an incu-
bator at 40°C (except for hookworms) to clear the fecal
debris. Microscopic examination can best be performed
after 24-48 hours. The helminthic eggs per gram of stool
(EPG) is calculated as: No. of eggs in smear x 20 (for
50 mg template) to measure the infection intensity.'’
T trichiura, A. lumbricoides and Schistosoma eggs are
easily detected and remain recognizable for months by
the Kato—Katz method but it has a poor performance for
the detection of hookworm infection since these eggs tend
to disintegrate early (within 60 min) resulting in false-
negative results.'"® Moreover, S. stercoralis larvae also
remain undetected. Although Kato—Katz is cost-effective
and easy to perform, samples with low infection intensity
and variable clearing/disintegration times may impede the
concurrent detection of different STHs.'® A summary of

representative studies evaluating the performance of Kato—
Katz with other microscopy based methods is provided in
Table 1.'%%°

Stool Parasite Concentration
Methods

Microscopic detection of parasites can be improved by
employing various techniques that concentrate the parasite
in the sample and removes the fecal debris. These techni-
ques are based on either the principle of flotation or
centrifugal sedimentation.

Centrifugation Based Technologies

Formol ether or ethyl acetate concentration (FEC) method
can be used for both fresh and preserved samples and
allows recovery of parasites by centrifugation into a fecal
pellet. Briefly, a small quantity of stool sample is allowed
to pass through two layers of gauze into a conical tube
containing 0.85% saline or 10% formalin and then mixed.
Ethyl acetate is added to the fecal suspension for extrac-
tion of fat and debris and the tube is centrifuged (500 g for
a minimum of 10 min) leaving the parasites in the sedi-
ment. The supernatant is decanted and the sediment is
resuspended with saline or 10% formalin and examined
as a wet preparation using 10x and 40x objectives, with or
without iodine. Diluted formalin or sodium acetate-acetic
acid-formalin (SAF) is used to inactivate the organisms
and minimizes the risk of laboratory-acquired infection
from feces. FEC stool samples can be examined in several
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Helminth Bile Morphology Comments Microscopy
staining
Ascaris lumbri-
coides Bile Size: 45 —75x30-35 | In decorticated eggs, the out-
Fertilized egg | stained |pum, thick outer shell | er mamillated layer is absent
with a prominent exter-
nal mammillated layer
Unfertilized egg | Bile Size: 85-95 x 43-
stained |47um, thinner shell
and variable mammil-
lated layer
Hook worm egg Not Bile | Size: 60-75 x 35-40 Prolonged standing (>24 h),
(Ancylostoma and stained | pm, Thin-shelled, col- |larvae may hatch out of
Necator) orless eggs; these to be differentiat-
ed from S. stercoralis larvae
Trichuris Not Bile | Size: 50-55 x 20-25 Eosinophils and Charcot-
trichiura egg stained | um, thick-shelled bar- | Leyden crystals may be pre-
rel-shaped, bipolar sent in stool specimen
“mucus plugs”
Strongyloides ster- | Not Bile | Unsheathed rhabditi- | Bulbed esophagus, short s
coralis larvae stained | form larvae measuring | buccal cavity differentiates it | avop ———
200-300 pm x 16 ym | from hookworm larva
A
Filariform larvae upto | Larval tail is notched with l
600um x 20 pm may 1:1 ratio of esophagus: intes- I
be seen in hyperinfec- | tine compared to hookworm W 2 e
tion filariform larvae which has b
a pointed tail and short \

Figure 2 Summary of direct microscopy findings in different STH.

esophagus

Notes: Images adapted from https://www.cdc.gov/dpdx/diagnosticprocedures/stool/morphcomp.html. Source: Centres for disease control and prevention [CDC], DPDx.

hours or days after the sample is preserved in formalin.
However, this method has deficiencies due to the use of
ether which is explosive, irritates the respiratory tract and
may be harmful to laboratory personnel in addition to
being time-consuming.'® Nikolay et al. (2014) have per-
formed a meta-analysis of sensitivity of various diagnostic
techniques for STH in the absence of a true gold
standard.®® A few studies that have compared various
microscopic techniques to Kato—Katz are presented in
Table 1.

Recently, a closed, single-use Parasep™ SF fecal
parasite concentrator method has been developed by
DiaSys Europe. This removes the sample debris and

fat by a two-stage filtration matrix. This does not use

any potentially harmful chemical agents and besides is
user friendly, time-saving and cost-effective for diagno-
sis of helminth infections in large-scale epidemiological
surveys.’! A modification of this method, the Mini
Parasep”™ SF fecal parasite concentrator has been devel-
oped. Although this modification has been evaluated
extensively for protozoal infections, its performance
for STH diagnosis is reported in only a handful of
studies.?” % A clearer background with less fecal debris
and a better yield of 7. trichiura has been noted with
Mini Parasep”.?’>' 3% Additionally, the mean time for
processing is much faster with Parasep™ than the con-
ventional formol-ether-acetate concentration (4—5 min vs
10-15 min/sample), which is a significant time-saver.
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However, conventional FEC costs less than Parasep®

% ) x
= = = (0.30 vs 0.9 USD /sample).”® Higher sensitivity of
Mini  Parasep® SF has been reported for
£ £
£ £ § § A. lumbricoides, Kato—Katz for T trichiura and
3 3
2 g 3 E E McMaster for hookworm eggs.
S = = 2 T
- f= c « «
: 2 2 s g Flotation-Based Technologies
E e ° g S . . .
e 32 ; g g Most parasite eggs have a specific gravity of 1.05-1.20
g = s e e which allows them to float when the stool sample is
" § o B EN i E E mixed in a high specific gravity solution (range 1.18—
o [ L 3 ~ 0
g% z . Y w8 %3 g 1.27). The commonly used flotation solutions are zinc
9| S g8 o §2 53 . . .
< § 28 Z8 &2 % £ sulphate or brine solution. Successor technologies of the
v | & L § o0 S 4 o o
2|9 g5 RO ES| g E k3 5 Cornell Wisconsin centrifugal flotation method, namely
o c2EZ<Ru<i <9< L.
McMaster method and FLOTAC/Mini-FLOTAC, have
£ shown promise.'”2%3%:36
B
c
[7] .
w ” McMaster Technique
3 32 . . . .
N a This technique uses a counting chamber which enables
£ £ a known volume of fecal suspension (2 x 0.15 mL) to be
2 9 . . .
) % examined microscopically. The McMaster chamber has
< o . .
=R < ] two compartments, each with a grid etched onto the
&2 e £
] s = upper surface. When filled with a suspension of feces
8 3 S S . . . L .
e N £ in flotation fluid, much of the debris sinks while the
35 2 c .
By 53 k) eggs float to the surface under the grid, where they
=59 Z B 2 . . . .
o | 2 ': 8 G 3 can easily be seen and counted relatively quickly. With
<] o 2 g 9 ¢ < . . .
AR S g a known weight of feces and volume of flotation fluid
|8, & S u e} :
N fﬁ € f,ﬁ = used to prepare the suspension, the EPG count can
s | 88 & 5 S @ . . C .
’i ¥ 5 'Z’O ¥ 5 - easily be derived by multiplying the number of eggs
s|lg3z 23 E der th ked b impl i
S| &z 5 < 3 under the marked areas by a simple conversion
o
g factor.”! The McMaster method is inexpensive, easy
8 and has been extensively used in veterinary parasitology
2 and even in human studies for estimation of anthelmin-
c =
-% E tic cure rates.>> The overall diagnostic performances of
3 s .
g $ & g the McMaster method and Kato—Katz is comparable for
o ) = = . .
z 3 z ~ STHs according to a recent meta-analysis.>® In a study
= bl —_ m .
b 3 3 £ by Periago et al., the Kato—Katz outperformed the
E McMaster method for all three STHs, especially for
g unfertilized 4. lumbricoides egg detection.’ The reason
©
E 5 for the poor performance of the flotation methods for
a k= . o . .
< < detection of the unfertilized Ascaris eggs is because of
= . 3 L . .
3 3 S o ~ £ their high specific gravity (SG = 1.18) and absence of
3 ) S et . i .
£ 2 5 83 % Y lipoidal membrane that prevents the equilibration of the
S € NS a ¥ . . . .
S § T8 g s egg with the external flotation media causing the egg to
=~ |0 5 R i o . . . )
- il - 2 sink instead of float in the saline.”""**>° This deficiency
) = . . .
% 2 _“g and the need for a special counting chamber are disad-
. —_— o~
il _ _ 2 vantages of this technique.
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FLOTAC

Centrifugal flotation is the basis of the FLOTAC technol-
ogy and it consists of a cylindrical device with two flota-
tion chambers of 5 mL capacity allowing analysis of more
fecal material compared with Kato—Katz (100 mg vs
42 mg).>"° It has a high sensitivity with the additional
advantage of being a closed system that protects the opera-
tors, preserves the sample and even allows repeated sub-
sequent  sample examinations. However, the
methodological complexity and the need for a specific
device for sample centrifugation may limit its applicability
in laboratories with resource constraints. Mini-FLOTAC is
a simplified version of this device without the centrifuga-
tion step.?’?**"3% A recent meta-analysis revealed
a sensitivity of approx. 92.7% for FLOTAC vs 42.8% for
direct The Kato—Katz method had
a sensitivity of 74-95% for detection of all STH in high

infection intensity, which drops to 53—80% in settings of

microscopy.>’

low infection intensity, with the poorest performance for
A. lumbricoides and hookworms. The FLOTAC method
has the highest sensitivity in settings of both low and high
infection intensity; however, the average egg counts are
significantly lower compared with the Kato—Katz
method.?>?%3% Therefore, validation of this method in
varying epidemiological settings with different intensity
of infections is needed before recommendation for large-
scale community use.

Digitized Microscopy

To ensure the objective evaluation of current technologies
and prioritization of products for use in STH control
programs, a detailed framework has been formulated to
link the program decision points with analogous target
product profiles (TPPs).** Three opportunities for
improvement in STH diagnosis were suggested: “First,
integration of quality control/assurance for sample proces-
sing and egg counting; second, increasing the sample
throughput, and; thirdly, internet connectivity to make
test results accessible for remote interpretation.”*® These
technical requirements are met by FECPAK®?, a tool
developed for helminth eggs counting in fecal samples
from sheep, cattle, horses, camels etc.* In FECPAK,
stool sample dissolved in flotation solution is filled in
a tube with a central pillar and the eggs are allowed to
concentrate into one microscopic field of view. Then an
attachment takes images of the eggs that have accumulated
into a single viewing area and this digital image is saved

and uploaded online.*' In a study by Moser et al.
of 75.6%, 71.5% and 65.8% for
A. lumbricoides, hookworm and 7. trichiura detection,

a sensitivity

respectively, was observed for FECPAK®? which was
much lower than the Kato—Katz method.*? However,
with rigorous development, this could be an interesting
epidemiological and diagnostic tool.

Lab-On-A-Disk Technology

Another technique with compliance to the TTPs is the lab-on
-a-disk (LOD) technology. This is a microfluidic platform
based on both the centrifugation and flotation of eggs for
concentration within an imaging zone, followed by image
capture.”® This technique holds potential for point-of-care
application, however, adequate training and education of the
users and quality management aspects in terms of device
calibration and maintenance must be ensured. A field eva-
luation of the LOD technology in human samples from
Ethiopia revealed successful capture of STH eggs in the
image viewing zone of the LOD device even in low infec-
tion intensity settings.*> An almost perfect agreement with
Mini-FLOTAC (Kappa score: 0.91) was seen; in fact, more
eggs were counted in the LOD technique.

Culture-Based Methods

The use of parasite culture in STH infections is seldom the
mainstay for diagnosis and is primarily applied in research
settings, except for the recovery of S. stercoralis.***¢
However, great care must be taken since larvae are infec-
tive and can be a biohazard for lab personnel. A summary
of various larval detection methods used are shown in

Table 2.

Serology Based Methods
Antibody Detection

Antibody detection in serum is not particularly useful for
STH diagnosis except for S. stercoralis. Although indirect
immunofluorescence microscopy (IFAT) and gelatin parti-
cle agglutination (GPAT) test have high sensitivity (81—
98%) and specificity (74%), the requirement for a large
amount of living, infective larvae limit their use.***’
Immunoblot analysis using antigens of S. stercoralis and
S. ratti was used in a study in 2003 to overcome this
drawback and had shown sensitivity ranging from 65—
100%.*® However, there are no further reports on evalua-
tion of these tests and therefore their validity is
questionable.
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Table 2 Characteristics of Larval Detection Methods for the Diagnosis of Strongyloidiasis or Hookworm Infection

culture

an outer surrounding solution of glycerin) and incubated (2—6
days)

Larvae form tracks on agar surface and are visualized by
microscopy

DS or FEC
-Strong diagnostic agreement with
Baermann’s method

- Time-consuming

Method Procedure Comments Reference
Baermann method | A large amount of feces (10 g) are kept with warm water over | - Almost 4 times higher sensitivity than [44]
gauze in a glass funnel. Soil samples can also be used FEC or DS
Larvae crawl out of the feces and migrate into the water after | -Requires fresh and non-refrigerated stool
1-2 h samples
Centrifuged water sediment is monitored for larvae of - Soil samples can also be used to detect
hookworms or Strongyloides by microscopy larvae
- Time-consuming, labor-intensive and
a large quantity of stool is required
Harada-Mori filter | A small amount of stool sample (0.5-1.0 g) is spotted on filter | - More sensitive compared with FEC or DS | [45]
paper strip culture | paper strips, inserted into a test tube with water slightly below | but less sensitive than Baermann or agar
the fecal spot and incubated upright at 25 to 28 °C for up to 10 | plate methods
days -Refrigerated or preserved specimen
Test tube fluid is monitored for larvae of hookworms or cannot be used
Strongyloides by microscopy daily
Filter paper/slant A slide containing fresh stool (I1-2 g) is placed in a glass or -Low sensitivity [45]
culture technique plastic Petri dish with water -Refrigerated or preserved specimen
(Petri dish) Petri dish fluid is monitored for larvae of hookworms or cannot be used
Strongyloides by microscopy daily up to 10 days
Charcoal culture Stool suspension in water and ground charcoal (both 2040 g) | - Suitable in remote regions [44]
are mixed and placed in a storage dish and incubated for 5-6 - Long incubation period
days -An efficient method to harvest large
Sediments of centrifuged water are monitored for egg hatching | amounts of larvae for experimental work
and/or larvae development
Koga Agar Plate Feces (3 g) are placed on an agar plate with double walls (with | - More sensitive than filter paper culture, [46]

Notes: Caution must be exercised and gloves must be worn as larvae may be infective and can penetrate through skin.
Abbreviations: FEC, formol ether concentration; DS, direct smear.

The crude

extracts

of filariform larvae, from

underestimation by parasitological techniques since stool

S. stercoralis/S. venezuelensis or S. ratti have been used in
several in-house Enzyme-linked Immunosorbent Assays
(ELISAs) and commercial kits with sensitivity ranging
from 73-100%"** however, cross-reactivity with other nema-
todes, especially filarial worms, and poor performance in
immunosuppressed individuals are observed.** The false-
positive results in infections due to Echinococcus and
Toxocara are less commonly seen with ELISA compared
with IFAT. It is worth mentioning that the ELISA-based
studies have been performed in case-control study designs
using serum samples from patients with known strongyloi-
diasis compared with healthy controls and not with indivi-
duals harbouring other nematode infections, causing falsely
high estimates of performance. Another concern is the over-
estimation of disease

burden by serology versus

examination by itself is an imperfect gold standard.
Although increased specificity of 13.3% on substitution of
IgG with 1gG4 in Strongyloides ELISA is seen, very few
studies have focused on detection of other antibody
isotypes.”®

The luciferase immunoprecipitation system (LIPS) has
been developed using a recombinant Strongyloides antigen
(NIE).>">? This is a rapid test (< 3 hours) and has a good
sensitivity (97%) and specificity (100%) with no cross-
reaction.’> Additionally, it uses recombinant antigen,
enabling mass production and purification compared with
the time-consuming preparation of crude antigen which
depends on the collection of stool from infected humans/
animals. Detection of IgG and IgG4 specific antibodies by
using the luciferase-tagged recombinant Ss-NIE-1 protein of
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S. stercoralis by LIPS has shown a sensitivity and specificity
of 93% and 95%, respectively.”® Recently, a dipstick lateral
flow assay using recombinant NIE (rNIE) and recombinant
Ssla (rSsla) proteins was developed. It demonstrated
a sensitivity of 91.3% and 100% specificity for serodiagnosis
of strongyloidiasis and merits further evaluation.>*

Coproantigen Detection

Coproantigen detection could have the potential to be used
in point-of-care immunoassay-based tests such as that for
malaria. The detection of coproantigen of S. stercoralis by
ELISA was reported to have good sensitivity and specifi-
city but no further results of its evaluation are available.”
Recently BA-1, an
A. lumbricoides, has been investigated as a coproantigen
marker of infection by ELISA.>® The Ascaris BA-1 ELISA
had a lower limit of quantification of 2.74 ng/g stool and

excretory-secretory  product of

its evaluation in a panel of stool samples from school-aged
children residing in Kenya revealed a sensitivity and spe-
cificity of 91.5% and 95.3%, respectively. Apart from the
qualitative assessment of infection, quantitative reflection
into the intensity of infection was also seen and a value of
18.2 ng/g stool of the ABA-1 was found to be the cut-off
between low and moderate intensities of infection. It was
also seen that the levels of ABA-1 strongly decreased after
treatment. A commercial kit for the detection of Ascaris,
hookworms and Trichuris antigens has been patented and
marketed by IDEXX laboratories for veterinary use.’’
Recently, urinary biomarkers of A. lumbricoides infec-
tion, such as 2-methyl butyramide, 2-methyl pentanoyl
carnitine (2-MPC) and 2-methyl-valeramide metabolites
have also been evaluated.”®>® Of these, 2-MPC has been
found to have an accuracy of 85.7% for detection of
infection with better performance (90.5% accuracy) for
moderate to heavy infection.’® A substantial reduction
after albendazole treatment was also seen with
a significant association between urine 2-MPC levels and
worm/egg counts.”® However, the same authors did not

find this biomarker in infected Indonesian subjects.>

Molecular Methods

Over the past decade, efforts to develop and evaluate mole-
cular diagnostics for STH have gained momentum for epi-
demiologic studies to guide interventional strategies and
diagnostics in travelers returning from endemic areas.®
However, there is still a dearth of molecular platforms for
the detection of STH. Part of the difficulty in estimation of

the performance of molecular tests is the lack of an optimum

gold standard, as generally the stool-based microscopic
examination methods are used as reference standard albeit
having a low sensitivity. There are still no clear cut relevant
criteria to validate laboratory developed PCRs. The diagnos-
tic reliability of molecular methods also depends on the
efficiency of DNA extraction and sample preservation before
sample testing. There are a lot of inhibitors in the stool
samples that affect the sensitivity of PCR. Moreover, pre-
servation of samples in formalin also inhibits the PCR. It
should be noted that helminthic eggs, especially those of
T. trichiura, are more difficult to break thus affecting the
DNA extraction efficiency and PCR.®*! Ayana et al. (2019)
compared four DNA extraction and preservation methods for
the molecular detection and quantification of soil-transmitted
helminths in fecal samples and found significant differences
in DNA recovery®. However, if the samples had been kept in
the preservatives, there was no loss of sensitivity attributed to
delay in DNA extraction which makes it suitable for collec-
tion of samples in preservatives from remote areas and their
subsequent analysis at a distant laboratory.®

Great strides in the sequencing of nematode genomes with
the availability of nematode sequence data have facilitated the
discovery and development of assays based on more sensitive

6162 Ribosomal

and species-specific genomic targets.
sequences and mitochondrial targets such as cytochrome oxi-
dase are found in most eukaryotic cells making them attractive
target choices.”” In STH, a large portion of the genome is
comprised of repetitive non-coding DNA elements, which are
useful PCR targets for STH.®® It should be noted that some
types of repetitive DNA, such as simple short nucleotide
repeats or sequence variation within the repeat, impact the
suitability of repeat-based molecular assays.®*** The repeats
can be variable-type (i.e., copy number is not consistent within
species) or constant-type (copy number is consistent within
species) and understanding this variation on a species-by-
species basis and its impact on the sensitivity of any molecular
assay is needed.** New target development for repeat-based
gPCR assays is easier using new bioinformatic tools such as
RepeatExplorer, TAREAN etc. which can help in amplifying
as little as 20 ag (attogram) of genomic DNA.%

The gene targets used in PCR to detect STH are shown
in Table 3.

The main advantage of PCR-based assays lies in their
higher sensitivity and the ability to multiplex for detecting
concurrent infections, although singleplex PCR is slightly
more sensitive compared with multiplexed assays.*>**® Use of
quantitative PCR (qPCR) provides even more accurate preva-

lence estimates compared with microscopy and is amenable to
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Table 3 Gene Targets Used for the Molecular Diagnosis of Soil Transmitted Helminths

Gene Target STH Primer Reference
ITS-1 Strongyloides stercoralis, [61,65-68]
Ascaris lumbricoides, Trichuris trichiura
ITS-2 Ancylostoma duodenale/ceylanicum, Necator americanus, Trichuris trichiura [64]
18S Strongyloides stercoralis [67]
Cytochrome oxidase | Strongyloides stercoralis, A. duodenale, Ascaris lumbricoides, Necator americanus [62,65]
Sequence repeats Strongyloides stercoralis, A. duodenale, Necator americanus, Trichuris trichiura [65]
ITS-1, 5.8S, ITS-2 Strongyloides stercoralis [64,69]
Ancylostoma duodenale/ceylanicum, Necator americanus

Abbreviations: ITS, internal transcribed spacer; STH, soil-transmitted helminth.

multiplexing.®®’® Moreover, since the frequency of mass drug
treatment of a population is determined by the prevalence of
disease in the community, which in turn is greatly dependent on
the sensitivity of the diagnostic test used, quantitative PCR has
a greater role to play for accurate estimates and also after
completion of MDA, when it is critical to define a threshold
under which recrudescence of disease can occur.’” However,
gPCR can be technically demanding, complex and expensive
and there is lack of standardization across different labora-
tories. Further, it is not very straightforward to correlate copies
of molecular target to egg numbers in feces and worm numbers
in gut, as number of copies of that target and difference of
ploidy among unfertilized and fertilized eggs varies.”” These
hurdles are increasingly being removed and there are efforts to
commercialize these tests.

In a recent study to evaluate the diagnostic performance of
Kato—Katz, Mini-FLOTAC, FECPAK G2 and qPCR, all diag-
nostic techniques showed a sensitivity of >90% for all of the
moderate-to-heavy intensity STH infections. However, only
gPCR had a sensitivity that was superior to a single Kato—Katz
for all STHs or infections of very low intensity. For qPCR,
there was a positive significant correlation between the egg
counts of a single Kato—Katz and the DNA concentration.
gPCR is the only method that could be considered in the
phase that aims to seek confirmation for cessation of
program.®® In addition, pooling of samples has been tested as
a strategy to reduce cost and time and found to be cost-
effective, time and labour saving without loss of sensitivity
or accuracy.”'

A newer molecular tool, Loop-mediated amplification
assay (LAMP) is a single-step method amplifying target
DNA sequences isothermally.”>’® It only requires a heat
block or incubator/water bath and is more tolerant of biological

inhibition. For improving sensitivity, fluorescent probes,
DNA-functionalized gold nanoparticles etc. can be used.
However, due to difficulties in primer design, false positives
and carry over-cross contamination, further validation of
LAMP assays is needed. Recently, a colorimetric isothermal
assay using SmartAmp2 primer was developed to identify
STH by targeting the amplification of a specific sequence of
the B-tubulin gene visualized by hydroxy naphthol blue (HNB)
dye in LAMP format.”®> The unique asymmetrical primer
design makes this a very specific assay with easy visual result
inspection, empowering its development as a portable tool for
field surveys.

Other Aids in Clinical Diagnosis

Low hemoglobin, low ferritin and eosinophilia (>600 pL or
>6% of the thin-layer chromatography) can be used as indirect
indicators of STH infection.'® Occult blood in stool has been
used as a surrogate marker of chronic hookworm infection.””
In ascariasis, Charcot-Leyden crystals and eosinophils may be
found in the sputum. In the case of S. stercoralis, duodenal
material may be examined for the presence of larvae using the
string test (or entero-test capsule).** The use of other investiga-
tions such as diagnostic radiology, histopathology, and intra-
dermal skin tests have also been reported but are seldom used
routinely.'®

Choosing the Right Diagnostic

Technique

Despite considerable progress to control STH over several
decades, we are still far from identifying a fully adequate
diagnostic test. In general, the consensus is still to strive
towards the development of novel sensitive technologies or
further optimize the current methods. To choose from the
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present armamentarium of diagnostic assays, a few aspects
which merit consideration are the diagnostic performance,
cost-effectiveness, ease of performance, rapidity and in-field
applicability. Apart from the performance of the technique
per se, adequate training and stringent quality-control/quality-
assurance measures greatly improve the performance of any
diagnostic assay. Importantly, different phases of STH control
programs would require different techniques; microscopy
would suffice to map prevalence in a geographic area but
more sensitive molecular tests will be required for post MDA
surveillance and to measure success of control programs.

Detection of STH in Environmental

Samples

The detection of STH eggs and quantification in other sample
types such as wastewater, sludge, plants, etc., is also impor-
tant for control of these infections. Unfortunately, due to
differences in the moisture content and amount of solids or
soil particles etc. in the environmental samples, there is
significant heterogeneity in the detection of STHs from
these samples.”® The conventional microscopic techniques
are largely insensitive, time-consuming and labor intensive
for environmental samples. Thus, various modifications of
traditional methods and newer molecular technologies are
now being increasingly applied. Due to dilution in the envir-
onment, helminth egg concentrations in wastewater are nor-
mally very low, necessitating the use of large volumes (1-10
L) for detection. The major hurdle for the molecular detec-
tion of STH eggs is the extraction of the nucleic acid of good
quantity and quality due to the hardy eggshells, and high
amounts of suspended solids or PCR inhibitors in most of the
samples. A high concentration of STH may be seen in sludge,
biosolids and compost since eggs attach to particulate mate-
rial, and thus usually around 2-5 g dry weight of sludge is
sampled. An adequate amount of soil sample varies from 10—
50 g of dry soil, mostly from the top 0-5 cm layer. Higher egg
recovery and less variation in egg count are observed in sand
than from clay and silt.*® For vegetable samples, the pre-
ferred weight is 100-250 g (lower for grass). It should be
noted, however, that even with the same volumes of sample,
the concentration of helminth eggs differs regionally depend-
ing on the local prevalence of infection and solid content in
the sample.”® Also, it is important to determine the number of
viable STH eggs for risk estimation per international
guidelines.”*®" A schematic diagram depicting the steps
involved in the detection of STH from environmental sam-
ples is shown in Figure 3.

Briefly, the samples need to be homogenized first to
break down coarse material into finer particles, followed
by separation of eggs from particles using different solu-
tions (mainly anionic detergents). Then the samples are
filtered, thereby allowing eggs to pass through for further
analysis. The samples are concentrated by sedimentation
or flotation. Phase extraction to remove lipid/ether soluble
material from samples may be performed after flotation
using ethyl acetate and diethyl ether (for lipophilic extrac-
tion) and sulphuric acid and acetoacetic acid buffer (for
hydrophilic extraction). The exposure time should be mini-
mal to reduce the adverse impact of chemicals on egg
morphology and recovery.

After this, the viable STH eggs per sample are
assessed. The viability assessment can be done by incuba-
tion for larval development, which is time-consuming and
is subject to observer expertise. Viable and non-viable
eggs can also be differentiated by using vital stains.
Another emerging and rapid method is based on differen-
tial integrity of viable and non-viable cell membranes by
using the BacLight LIVE/DEAD Viability Kit that was
initially developed for the enumeration of viable
bacteria.®

Recently, image analysis software or systems have
been developed to identify and quantify helminth eggs
in wastewater using various image processing tools and
pattern recognition algorithms.®* These have a reported
sensitivity of 80-90% and a specificity of 99% depend-
ing on the total suspended solids content of the waste-
water samples and the time taken to examine each
sample is less than a minute. It should be remembered
that even when such software is used, the eventual
identification still depends on proper sample processing.
Improving the optics with provision for better quality
images could potentially make use of smartphones by
enabling the consultation of remotely located experts to
interpret the tests, especially for surveys in remote and
low-income areas.

Molecular methods such as real-time PCR (qPCR), digi-
tal/ droplet PCR (ddPCR) etc. also allow the accurate detec-
tion of STH eggs in environmental samples.”® The
application of ddPCR in poultry water samples revealed
a better performance compared with qPCR and culture-
based methods for the detection of zoonotic pathogens.®**?
However, further research on the optimization of chip-based
PCR or ddPCR in environmental samples is warranted.
Another approach is flow cytometry, which is based on the
differentiation of eggs based on sizes.”® In fact, fluorescent
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1. Sample collection
Wastewater/ water, vegetables and plants, soil

2. Homogenization

By blending or mixing

3. Separation

To separate eggs from particles treatment with:

Detergents: Tween 80, Triton-X, 1% 7X (best), Ammonium
bicarbonate (if more soil)
For water: Saline, PBS, Tweem 80, water

4. Filtration

Filter through sieve of 32—36 micon size (not for vegetable
samples)

5. Concentration

Sedimentation Floatation *
Passive sedimentation in Using solution with> 1.25 sp.
open, straight sided contained  Gravity (ZnSO4, MgSO4, So-
of 10L volume for 1 hour dium nitrate, sucrose, sodium
dichromate

5. Viability determination

-Incubation fin sulphuric acid/ formalin at 22—26° C for 21—
30 days for larvae development

-Stain with lugol’s iodine, Safranine O, eosin Y
-BacLight LIVE/DEAD Bacterial Viability Kit

6.Molecular tests

Figure 3 A schematic diagram depicting the steps involved in the detection of STH from environmental samples. *phase extraction may be performed after flotation step.

staining may even enable us to determine the stage of egg  Conclusion
development or viability. However, the cost of equipment  STH infections have a substantial socio-economic impact and
and the need for trained staff may cause hindrance in the  entail huge physical and developmental consequences for

application of this technique. infected populations. The microscopic examination of stool

192 https: Research and Reports in Tropical Medicine 2021:12

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Khurana et al

is an acceptable measure for the assessment of infection levels
in high-intensity endemic areas. The sensitivity of micro-
scopy-based techniques can be improved greatly by properly
training the involved laboratory staff. However, the major
challenge of conventional techniques is that they are time-
consuming and involve cumbersome procedures in sample
analysis. Less cumbersome and more sensitive FLOTAC tech-
niques may be useful in such areas. However, in areas of low
endemicity, or during the elimination phase, the relevance of
microscopy-based methods is limited and more sensitive
molecular techniques such as PCR may be needed. gPCR
with its ability to provide estimation of intensity of infection
has been demonstrated to be of potential, especially when
cessation of intervention by mass drug administration is con-
sidered or for surveillance of STH in low endemic areas or
travelers returning from endemic regions. Moreover, the mole-
cular techniques are important to detect new/emerging species.
However, more rigorous studies are required to accurately
relate qPCR data to worm burden.

Future Perspective
The development of new diagnostic methods with broad-
spectrum applicability in different sample matrices is
imperative for STH detection. Although the development
of molecular tools has numerous advantages in the context
of sensitivity, ease of performance, reproducibility and auto-
mation, they still have many shortfalls; the most important
being high cost which limits applicability in regions where
sophisticated equipment and adequate user training is not
possible. However, pooling of samples and cost-effective
modifications of existing molecular methods are being
attempted to circumvent problems associated with PCR.
There may be a potential for antibody/ antigen detec-
field.
Development of new techniques, digitization/automation

tion but these need to be evaluated in the
of procedures, implementation of clear protocols, identifi-
cation of novel biomarkers and multiplexing hold promise
for STH diagnosis. Additionally, rigorous multi-centric
validation of new diagnostic assays, particularly in low
endemic settings, is imperative.
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