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Abstract.

Sensitive diagnostic tools are crucial for an accurate assessment of helminth infections in low-endemicity

areas. We examined stool samples from Tanzanian individuals and compared the diagnostic accuracy of a real-time
polymerase chain reaction (PCR) with the FLOTAC technique and the Kato-Katz method for hookworm and the
Baermann method for Strongyloides stercoralis detection. Only FLOTAC had a higher sensitivity than the Kato-Katz
method for hookworm diagnosis; the sensitivities of PCR and the Kato-Katz method were equal. PCR had a very low
sensitivity for S. stercoralis detection. The cycle threshold values of the PCR were negatively correlated with the logarithm
of hookworm egg and S. stercoralis larvae counts. The median larvae count was significantly lower in PCR false negatives
than true positives. All methods failed to detect very low-intensity infections. New diagnostic approaches are needed for
monitoring of progressing helminth control programs, confirmation of elimination, or surveillance of disease recrudescence.

INTRODUCTION

Infections with intestinal nematodes are widespread in humans
living in tropical and subtropical countries, where as a conse-
quence of a poor sanitary infrastructure, environmental contam-
ination with feces is high. In 2010, the estimated global burden
of intestinal helminthiases was 5.2 million (Mio) disability
adjusted life years (DALYs) lost." Infections are commonly
caused by soil-transmitted helminths, namely Ascaris
lumbricoides, hookworm (Ancylostoma duodenale and Necator
americanus), and Trichuris trichiura. Hookworm disease
accounts for the biggest part of the burden estimates (3.2 Mio
DALYs), mainly because hookworms cause and contribute to
iron deficiency anemia, which can negatively impact on the health
of children and women of childbearing age as well as fetuses and
newborn babies.>* Strongyloides stercoralis, an often neglected
additional soil-transmitted helminth species, is infecting an esti-
mated 30-100 Mio people,® but no DALY burden estimates exist.
Recent prevalence estimates suggest that strongyloidiasis affects
between 10% and 40% of the population in many tropical and
subtropical countries, but particularly in sub-Saharan Africa and
Southeast Asia, infection with S. stercoralis is highly under-
reported.* Strongyloidiasis can be asymptomatic or lead to cuta-
neous, gastrointestinal, or pulmonary symptoms, like skin rashes,
abdominal pain, and abnormal wheezing, respectively.”® Impor-
tantly, hyperinfections evolving in immunocompromised individ-
uals can be potentially fatal”~'> The difficulties in correctly
diagnosing this parasite are mainly responsible for its constant
neglect in epidemiological mapping and burden estimations.

Recently, the will to control neglected tropical diseases has
been boosted by the ambitious goal of the World Health
Organization (WHO) to eliminate neglected tropical diseases
or reduce their impact to levels at which they are no longer
considered public health problems by 2020."* The target for
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soil-transmitted helminths is to regularly treat 75% of pre-
school- and school-aged children in need of treatment and
achieve 75% treatment coverage in all endemic countries. In
support of this goal, a considerable number of public and private
partners officially committed in the “London Declaration on
Neglected Tropical Diseases” from January of 2012 to help with
the control of soil-transmitted helminthiases by supplying drugs
and other interventions.'*

Scaling up interventions to control soil-transmitted helmin-
thiases will require a solid and timely assessment of the epide-
miological situation on the basis of sensitive and specific
diagnostic methods to (1) guide the initiation of interventions,
(2) monitor and evaluate the impact of interventions, (3) detect
anthelminthic resistance at an early stage of development
in the field, (4) confirm the interruption of transmission, and
(5) spot the recrudescence of infections and disease by surveil-
lance.!>!>1® Currently applied diagnostic methods have, how-
ever, a number of drawbacks and technical limitations. The
Kato—Katz thick smear method, which is the most widely used
technique to assess soil-transmitted helminth prevalence and
infection intensities in epidemiological surveys and helminth
control programs, is a cheap and simple method but lacks
sensitivity for the detection of low-intensity soil-transmitted
helminth infections.'”'® The recently developed FLOTAC
technique, which is also based on microscopic detection of
helminth eggs in stool samples, has a higher sensitivity to iden-
tify light soil-transmitted helminth infections, and the applica-
tion is gaining popularity in research studies conducted across
the world."~* The disadvantages of the FLOTAC technique
are that it requires more sophisticated laboratory equipment,
such as a centrifuge and special chemicals, and is a relatively
low-throughput method. For the diagnosis of S. stercoralis
larvae in stool samples, the Kato—Katz method and FLOTAC
are not suitable. For this purpose, the Baermann funnel®®
and stool culture techniques, such as the Koga agar plate,?’
stool-charcoal or -vermiculate mixtures in Petri dishes,?*?° or
if possible, a combination thereof, are recommended. %1830
Different polymerase chain reaction (PCR) -based approaches
for the detection of soil-transmitted helminth DNA or ribosomal
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RNA in stool samples have been developed and are increasingly
promoted for monitoring and surveillance of control pro-
grams.ﬂ_35 It remains to be elucidated, however, if the sensi-
tivity of PCR-based diagnosis of helminth infections in stool
samples is considerably better than the sensitivity of direct para-
sitological methods, particularly if infection intensities are low.

Here, we compare and discuss multiple aspects of the diag-
nostic performance of the Kato—Katz method and FLOTAC,
the Kato—Katz method and PCR, the Baermann method and
PCR, and for the first time, FLOTAC and PCR for the diag-
nosis of hookworm and S. stercoralis infections. Three different
statistical approaches were used to render our results compara-
ble with a broad set of previous and future studies. Stool
samples were obtained from individuals living in the Bagamoyo
District in the coastal region of the United Republic of Tanzania
who participated in a screening for helminth infections for the
IDEA project between June of 2011 and November of 2012.
The IDEA project is an African—-European research initiative
that aims to dissect the immunological interplay between
poverty-related diseases and helminth infections (http:/ec.europa
.eu/research/health/infectious-diseases/neglected-diseases/projects/
014_en.html).

MATERIALS AND METHODS

Ethics statement. The institutional research commissions
of the Swiss Tropical and Public Health Institute (Swiss TPH;
Basel, Switzerland) and the Ifakara Health Institute (IHI; Dar
es Salaam, United Republic of Tanzania) approved the protocol
of the IDEA project conducted at the Bagamoyo Research and
Training Center (BRTC) of the IHI in the United Republic of
Tanzania. The Ethikkomission beider Basel (EKBB; Basel,
Switzerland; reference number 257/08) and the National Insti-
tute for Medical Research (NIMR; Dar es Salaam, United
Republic of Tanzania; reference number NIMR/HQ/R.8a/Vol.
IX/1098) granted ethical approval for the study.

The purpose and procedures of the study were detailed
to the local district, community, and health authorities and
explained to individuals eligible for screening and potential
participation in one of three study arms of the IDEA project.
In brief, these study arms are investigating the immunological
interplay between helminth infections and malaria (arm 1),
tuberculosis (arm 2), and human immunodeficiency virus/
acquired immune deficiency syndrome (HIV/AIDS; arm 3).
Participants were informed that their participation was volun-
tary and that they could withdraw from the study at any time
without additional obligation before they were invited to sign a
written informed consent sheet. From all participating adult
individuals and the parents or legal guardians of participating
minors (children below the age of 10 years), written informed
consent was obtained. In the cases that participants or their
parents or guardians were illiterate, they signed by thumbprint.

Participants infected with soil-transmitted helminths were
administered albendazole (400 mg single oral dose) against
A. lumbricoides,hookworm, or T. trichiura,ivermectin (200 ng/
kg single oral dose) against S. stercoralis, or praziquantel (40 mg/
kg) against schistosome infections according to the national
treatment guidelines of the United Republic of Tanzania.

Study area. The participants whose data were included in the
present analysis were children and adults residing in rural
villages within the Bagamoyo District, which is located north

of Dar es Salaam in the coastal region of the United Republic
of Tanzania. Samples were collected between June of 2011 and
November of 2012. The fresh stool specimen were examined
in the Helminth Unit Laboratory of the BRTC, and preserved
stool samples were analyzed with PCR in the laboratory of
the NIMR-Mbeya Medical Research Center (NIMR-MMRC)
in Mbeya, United Republic of Tanzania.

Field procedures. Potential candidates for the inclusion
in one of the study arms of the IDEA project were (1) children
aged 6 months to 9 years living in the west catchment areas
of one of six health facilities in the Bagamoyo District, (2) chil-
dren aged 6 months to 9 years who presented at one of six
health facilities with either asymptomatic or uncomplicated
malaria, (3) children who presented at the Bagamoyo District
Hospital with severe malaria, and (4) people of all age groups
who were part of a community health screening conducted in
remote villages in the Bagamoyo District to recruit new partic-
ipants for any arm of the IDEA study. All candidates were
screened for helminth infections as detailed below.

After written informed consent or thumbprint was obtained
from the participant or in case of minors, the parent/legal
guardian, the participant was registered, assigned a personal
unique identification number, and provided with a plastic con-
tainer (100 mL) for collection of a fresh morning stool sample
that was to be submitted the next day before 12:00 PM to the
consulted health facility or in case of the village health survey,
a pre-defined meeting point in the village center. The samples
were collected every day around 12:00 PM from the health
facilities or the central village points in the Bagamoyo area by
a fieldworker and transported by motorbike to the Helminth
Unit of the BRTC.

Laboratory procedures. All stool samples were examined
in the Helminth Unit of the BRTC right after arrival by expe-
rienced laboratory technicians. The Baermann method was
applied for the detection of S. stercoralis larvae.*® In brief,
a walnut-sized stool sample was placed on double-layered
gauze in a tea sieve within a glass funnel that was filled with
tap water and exposed to electric light from below. Photo-
tactic S. stercoralis larvae were collected after 2 hours of light
exposure and visualized on microscope slides, and their
number was recorded in the case report form (CRF) of the
respective participant. Duplicate Kato-Katz thick smear slides
were prepared from each stool sample for the detection of soil-
transmitted helminth and S. mansoni eggs.>’ For this purpose,
filtered stool samples were filled in a 41.7 mg template, and the
stool smears were incubated for ~20 minutes before the slides
were read under the microscope. The number of helminth eggs
was counted and recorded species specifically. Moreover, the
FLOTAC dual technique was performed for the diagnosis
of soil-transmitted helminth and S. mansoni infections.*®
A small subsample of each individual’s stool (~1 g) was weighed
and preserved in sodium acetate-acetic acid-formalin (SAF)
for examination by FLOTAC the next day, and 0.5 g stool
were placed in cryotubes and frozen at —80°C for DNA
extraction and examination with PCR at a later point in time.
The FLOTAC dual technique was performed the next morn-
ing before new samples arrived. We used flotation solution 2
(FS2; saturated sodium chloride [NaCl] solution; specific
gravity [s.g.] = 1.20) and FS7 (zinc sulfate [ZnSO4-7H20]
solution; s.g. = 1.35).

For the DNA isolation, we followed the procedure
described by Verweij and others.** All DNA samples were
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stored at —20°C and transferred on ice to the NIMR-MMRC,
where PCR amplification and detection were conducted
in June and November of 2012.

A multiplex real-time PCR was used for the simultaneous
detection of A. [umbricoides, N. americanus, S. mansoni,
and S. stercoralis DNA in fecal samples.**>%*4! For DNA
amplification, 5 pL. DNA extracted from 0.1 g stool specimens
were used as a template in a final volume of 25 pLL with PCR
buffer (HotstarTaq Master Mix [S mM MgCl, and 2.5 pg bovine
serum albumin]; Roche Diagnostics, Almere, The Netherlands),
2 pmol each A. lumbricoides-specific primer (Thermo Fisher,
Ulm, Germany), 5 pmol each N. americanus-specific primer
(Thermo Fisher), 5 pmol each Schistosoma-specific pri-
mer (Thermo Fisher), 2.5 pmol each S. stercoralis-specific
primer (Thermo Fisher), 1.25 pmol each N. americanus-specific
double-labeled probe (Biolegio, Nijmegen, The Netherlands),
A. lumbricoides-specific double-labeled probe (Thermo Fisher),
S. stercoralis-specific double-labeled probe (Biolegio), and
Schistosoma-specific double-labeled probe (Thermo Fisher).
Amplification consisted of 15 minutes at 95°C followed by
50 cycles of 15 seconds at 95°C, 30 seconds at 60°C, and
30 seconds at 72°C. Amplification, detection and data analysis
were performed with the Corbett Rotor-Gene 6000 Real-Time
PCR System (Corbett Research, Mortlake, New South Wales,
Australia) and Corbett Rotor-Gene 6000 Application Soft-
ware, version 1.7.87 (Corbett Life Science, Cambridge, UK).
Negative and positive external control samples were included
in each amplification run. The details of all primers and detec-
tion probes used in our study are described elsewhere.*!=24041

Data management and statistical analysis. The helminth
species-specific results derived by each method were entered
manually in the participant’s CRF and subsequently transferred
into a Microsoft Access 2010 electronic database (Microsoft
Corporation 2010, Redmond, WA). Data were analyzed using
STATA, version 12 (StataCorp., College Station, TX) and R,
version 2.15.2 (R Foundation for Statistical Computing,
Vienna, Austria).*?

For the comparison of diagnostic methods, the diagnostic
results of the first stool sample collected and examined from
each participant were included in the analysis. Eligible for
inclusion were participants with results on (1) duplicate Kato—
Katz thick smears and one FLOTAC dual examination, (2)
duplicate Kato—Katz thick smears and one PCR measurement,
(3) one FLOTAC dual examination and one PCR measurement,
or (4) one Baermann examination and one PCR measurement.

The prevalence of each helminth species investigated is
indicated per method and method combination. One must be
aware, however, that the participants who submitted stool
samples that were included in the present analysis were not a
random population sample, because children were recruited
partly when they visited a health facility or hospital for
asymptomatic, uncomplicated, or severe malaria and because
stool samples examined with PCR were selected on purpose
and not randomly from individuals who participated in the
immunological investigations of the IDEA-malaria study
arm. Among 215 stool samples tested with PCR, 123 samples
were selected from children who participated in the immuno-
logical investigations of the IDEA malaria study arm (i.e.,
children selected according to their infection status with hel-
minths based on the Kato-Katz thick smear, FLOTAC, and
Baermann method results and according to asymptomatic or
symptomatic malaria). The additional 92 stool samples were

selected randomly from the list of study participants provid-
ing stool samples.

Helminth infection intensities were determined by multi-
plying the species-specific average egg counts from duplicate
Kato-Katz thick smears by a factor of 24, dividing the species-
specific sum of eggs counted in the two flotation chambers by
the measured weight of the preserved stool sample and multi-
plying the result by factor 1.2 to derive eggs per 1 g stool
(EPG). Subsequently, the infection intensity thresholds
recommended by the WHO were applied for EPG values
derived with the Kato-Katz method.* The lower limits of
moderate and heavy infections were 5,000 and 50,000 EPG
for A. lumbricoides, 1,000 and 10,000 EPG for T. trichiura,
2,000 and 4,000 EPG for hookworm, and 99 and 399 EPG for
S. mansoni, respectively.

The agreement between the diagnostic methods was
assessed using k-statistics. The k-statistics were interpreted as
< 0.00, poor agreement; 0.00-0.20, slight agreement; 0.21-0.40,
fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80, sub-
stantial agreement; 0.81-1.00, almost perfect agreement.**

High PCR cycle threshold (Ct) values reflect low parasite-
specific DNA loads and vice versa. In addition to PCR assays,
where no amplification curve was obtained, all Ct values
above 40 were considered as negative test results.>> To assess
if the median of positive Ct values from PCR, the median
of positive EPG values derived with the Kato—Katz thick
smear method or FLOTAC, or the median of positive larvae
counts from Baermann differed between the groups of samples
identified as true positives or false negatives with any other
method, we used the Wilcoxon rank sum (Mann—Whitney)
test. We used a statistical significance level of 5%.

The Pearson correlation was applied to assess an associa-
tion between PCR Ct values and EPG values derived by the
Kato—Katz thick smear method and FLOTAC, respectively,
or S. stercoralis larvae counts determined by the Baermann
method. In line with codes used in a previous publication
about the same topic from another research group,” PCR
assays where no amplification curve was obtained and all Ct
values above 40 were considered as negative and coded 45,
negative EPG results from duplicate Kato-Katz thick smears
were coded 10, negative EPG results from the FLOTAC dual
technique were coded 0.1, and negative larvae counts from
the Baermann method were coded 0.5.

The diagnostic accuracy parameters, including 95% confi-
dence intervals (95% CIs), were calculated by three different
approaches. First, we directly compared the above-mentioned
methods with each other to calculate the sensitivity and spec-
ificity for each test. The sensitivities of the tests were com-
pared using the McNemar exact test based on Yates x> and
considering only individuals who were identified as helminth-
positive.* Second, we calculated the sensitivity considering
the pooled results from any of the above-mentioned dual-
method combinations as well as the triple combination of
Kato-Katz thick smear method, FLOTAC, and PCR as the
diagnostic pseudo-gold standard. Here, an individual was con-
sidered as true positive if any of the applied methods of Kato—
Katz thick smear, FLOTAC, and PCR detected eggs and
DNA, respectively, of the species under investigation. Specific-
ity was estimated at 100% for each method. Third, because
results from stool examinations generally underestimate the
prevalence,*® we additionally used a Bayesian approach to
estimate the prevalence, sensitivity, and specificity for all
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TaBLE 1

Two-way contingency table showing the agreement between methods
for the diagnosis of hookworm and S. stercoralis infections in stool
samples from individuals participating in our study conducted in the
United Republic of Tanzania between June of 2011 and November
of 2012

Positive Negative Total

Single FLOTAC Duplicate Kato-Katz
Positive 91 (yn1) 21 (y12) 112
Negative 6 (y21) 1,061 (y5) 1,067
Total 97 1,082 1,179
K-agreement 0.86

PCR Duplicate Kato-Katz
Positive 40 15 55
Negative 15 145 160
Total 55 160 215
K-agreement 0.63

PCR Single FLOTAC
Positive 43 10 53
Negative 17 143 160
Total 60 153 213
K-agreement 0.68

PCR Baermann
Positive 8 9 17
Negative 38 138 176
Total 46 147 193
k-agreement 0.14

The 2x 2 table was also used for the Bayesian approach (vectors indicated in parentheses)
to estimate diagnostic parameters.

applied diagnostic methods in the absence of a true gold stan-
dard.***” Assuming that the PCR follows a different biological
process than the Kato-Katz thick smear, FLOTAC, and the
Baermann method (i.e., DNA detection versus visual egg/lar-
vae detection by microscopy), we incorporated conditional
dependence on the true infection status between microscopy-
based diagnostic tests (FLOTAC and Kato-Katz thick smear)
into our models as suggested by Branscum and others.*® Based
on 2x2 tables (Table 1), the vector y = (y11, Y12, Y21, V22)
follows a multinomial distribution with a probability vector

P = (P11, P12, P21, P22), Where

=n(SkSr + d1) + (1-7)((1-Ck)(1-CF) + da)
P2 = n((1=-Sx)Sr—di) + (1-m)(Cx (1-CF) — d3)
P2 = n(Sk(1=-Sp)—di) + (1-m)((1-Ck)Cr - d>)
pa =7n((1-Sk)(1=SF) + d1) + (1-7)(Cx Cr + d>)

S, C, and & denote the specificity, sensitivity, and preva-
lence, respectively, whereas d; and d, quantify the conditional
dependence of the two tests. In our analysis, all parameters
were assigned uninformative uniform distributions. The
bounds of the uniform priors for d; and d, were derived as
described by Branscum and others.*® Posterior inference was
based on Markov chain Monte Carlo simulations imple-
mented in OpenBUGS,* and all simulations were run for
at least 1 million iterations and four chains. Convergence was
assessed using the Gelman—Rubin Statistics.”*>!

RESULTS

Operational results and baseline infections. Between July
of 2011 and November of 2012, a total of 1,460 participants
consented to participate in the screening for helminth infec-
tions and inclusion into one of the study arms of the IDEA
project (if eligible). Among them, 1,457 and 1,453 had their

sex and age recorded, respectively, with 50.3% being male
and 49.7% being female; the median age was 5 years
(range = 0-98 years). Stool samples of sufficient size for
duplicate Kato-Katz thick smears, FLOTAC, and the
Baermann method testing were submitted by 1,195, 1,179,
and 1,128 individuals, respectively. PCR was applied to
215 stool samples (Figure 1).

The following overall prevalence values were detected
by combining the results from Kato-Katz and FLOTAC
testing (N = 1,179): hookworm, 10.0%; T. trichiura, 1.9%;
A. lumbricoides, 0.2%; S. mansoni, 0.2%. Applying the
Baermann method (N = 1,128), S. stercoralis infections were
detected in 7.4% of the participants.

According to the Kato-Katz thick smear method egg
count results and WHO thresholds, 84.0% of the hookworm
infections were light, 7.0% of the hookworm infections
were moderate, and 9.0% of the hookworm infections were
heavy. Light and moderate 7. trichiura infection intensities
were observed in 86.4% and 13.6% of infected participants,
respectively. One A. lumbricoides-infected participant had
a light intensity of infection, and one A. lumbricoides-
infected participant had a moderate intensity of infection.
Both S. mansoni infections were light.

Because of the low number of infected individuals, the
method comparisons between Kato-Katz and FLOTAC
(N = 1,179), Kato-Katz and PCR (N = 215), FLOTAC and
PCR (N = 213), and Baermann and PCR (N = 193) were only
conducted for hookworm and S. stercoralis infections.

Agreement of diagnostic methods and parameters. Table 1
shows that the agreement between duplicate Kato—Katz thick
smears and the FLOTAC dual technique for hookworm egg
detection was almost perfect (x = 0.86); 21 individuals who
were identified as negative by the Kato-Katz method but
positive by FLOTAC had a median egg count of 4 EPG
(range = 1-430 EPG). Six false-negative results from
FLOTAC had a median egg count of 12 EPG (range = 12-24
EPG) in the Kato-Katz thick smears. The median EPG values
were significantly lower in the false-negative group than the
true-positive group for both methods (Figure 2A and B).

The agreement between PCR and FLOTAC (x = 0.68) and
PCR and Kato-Katz (k = 0.63) for hookworm diagnosis was
substantial; 17 individuals who were not identified as positive
by PCR but were identified as positive by FLOTAC had a
median egg count of 84 EPG (range = 1-4,603 EPG), and
15 false-negative results by PCR that were detected by the
Kato—Katz thick smear had a median egg count of 480 EPG
(range = 12-14,064). For both FLOTAC and Kato-Katz
methods, the median EPG values in the PCR false-negative
group were not significantly lower than in the PCR true-
positive group (Figure 2C and D).

A slight agreement (k = 0.14) was found between PCR and
the Baermann method for the detection of S. stercoralis.
Thirty-eight individuals with S. stercoralis larvae found by
the Baermann method but not PCR had a median of 1 larva
identified (range = 1-314 larvae). The median larvae count
in the PCR false-negative group was significantly lower than
in the PCR true-positive group (Figure 2E).

Correlation between PCR Ct values and microscopic
egg/larvae counts. The median Ct value was 31.4 (range =
24.6-39.3) in the samples with hookworm true-positive egg
counts using FLOTAC and 37.8 (range = 26.6-39.2) in
false-negative FLOTAC samples. The median Ct value was
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Ficure 1. Flowchart indicating the number of study participants invited to participate in a helminth screening for the IDEA project in the
United Republic of Tanzania between June of 2011 and November of 2012 and the number of stool samples examined with the Kato-Katz
thick smear, FLOTAC, Baermann, and PCR methods or a combination thereof for the diagnosis of helminth infections.

31.5 (range = 24.6-39.3) in true-positive Kato-Katz samples
and 34.8 (range = 26.6-39.6) in false-negative samples. For
both Kato-Katz and FLOTAC methods, there was no sig-
nificant difference between the median Ct values of the
false-negative and true-positive groups (Figure 2F and G).
As shown in Figure 3, there was a significant negative
correlation between PCR Ct values and hookworm EPG
values derived with either FLOTAC (p = -0.30; P < 0.001)
or Kato—Katz (p = -0.36; P < 0.001) methods.

In true-positive and false-negative Baermann samples, the
median Ct values were 34.7 (range = 28.6-39.1) and 31.7
(range = 19.7-38.5), respectively. The difference was not
significant (Figure 2H). A negative correlation was found
between Ct values and the number of S. stercoralis larvae
(p =-0.14; P = 0.049).

Accuracy estimates of diagnostic methods without pseudo-
gold standard. When directly comparing two methods, the
FLOTAC had a significantly higher sensitivity than the
Kato-Katz method for detecting hookworm infections
(93.8% versus 81.3%; P = 0.006), and the specificity of both
methods was almost 100% (Table 2). The sensitivity of the
PCR for hookworm infections was equal to the sensitivity
of duplicate Kato—Katz thick smears and lower than the sen-
sitivity of FLOTAC. The specificity of the PCR was 93.5%
compared with FLOTAC as reference test and 90.6% com-
pared with duplicate Kato—Katz thick smears. The sensitivity
of the Baermann method for S. stercoralis detection was signif-
icantly higher than the sensitivity of the PCR (47.1% versus
17.4%; P < 0.001). The specificity of the Baermann method
was 78.4%, and the specificity of PCR was 93.9%.

Accuracy estimates of diagnostic methods using a pseudo-
gold standard. As shown in Table 2, when applying a combi-
nation of the available test results (duplicate Kato-Katz thick

smears, FLOTAC, and PCR) as a diagnostic pseudo-gold
standard, the sensitivity for hookworm diagnosis was highest
for FLOTAC (83.3%) followed by Kato—Katz thick smear
(75.0%), and PCR (73.6%). For the diagnosis of S. stercoralis,
the Baermann method showed a better sensitivity (83.6%)
than PCR (30.9%).

Accuracy estimates of diagnostic methods in the absence of
a true gold standard using a Bayesian approach. For the com-
parison of the FLOTAC and Kato-Katz methods, the two
dependence parameters were close to zero, and therefore, we
report the following results under the assumption of condi-
tional independence. As shown in Table 2, in the absence of a
gold standard, FLOTAC had the highest sensitivity for hook-
worm detection compared with Kato-Katz thick smear (96.3%
versus 89.6%) and PCR (88.8% versus 83.3%). The sensitivi-
ties of Kato—Katz thick smear (79.2%) and PCR (78.8%) were
estimated to be almost equal. The estimated specificity of the
PCR was 96.2% compared with FLOTAC and 92.7% com-
pared with duplicate Kato—Katz thick smears. For the diagnosis
of S. stercoralis, both the Baermann method and PCR showed
low sensitivity (28.3% and 11.6%, respectively). The specificity
of PCR was higher than the specificity of the Baermann
method (90.6% versus 75.2%).

DISCUSSION

The upscale of control interventions against neglected tropi-
cal diseases over the next years in accordance with the WHO
goals set for the year 2020 will likely reduce the prevalence and
intensities of soil-transmitted helminth infections in endemic
countries. For the decisions of where to implement, when to
stop control interventions, and how to implement adequate
surveillance to avoid the recrudescence of soil-transmitted
helminthiases, sensitive diagnostic methods are needed.*?



540 KNOPP, SALIM AND OTHERS

g A < B
) * 1 *
8
| 24 I
=] o~
8
2
a3
o
=
g g
w Iu.l
] o
£ g < o
L o @
£ pt
g [
o
8 -
o ?
2
2
2 -
e d ! - :
& 4 —_— _—
I 1
pos FLOTAC neg
pos. Kato-Katz neg
2 e — =3
8 4 —— - g
g-C D s E . x
o E
g8 21 ]
s .
2 1
g /
= 8
g 2
g
@ % g
2
¥ g g
o 84 €
2 g1 z 8 g
< 3 & g
2 9 -
B w @
o
1
= B
o
8
g8
e 8 4
°- = e : © T 1
T 1
pos PCR neg
pos PCR neg pos PCR neg
w o
¢1F “1G “H
e
3
2 - Q- S
i » o 0
E E s ©
3 ] 2
ios I 7
g ® = T
« 4
3]
g @ g g
= 2
[
g - i g g4
—— —— r 1
pos Kato-Katz neg pos FLOTAC neg pos Baermann neg

Ficure 2. Differences in median hookworm-positive EPG values, median S. stercoralis larvae positive counts, and median positive Ct values
in groups of samples identified as true positive or false negative with any other diagnostic method in a study conducted in the United Republic
of Tanzania between June of 2011 and November of 2012. *Significant difference (P < 0.05) in the median determined by the Wilcoxon rank sum
(Mann-Whitney) test. (A) Difference between hookworm median EPG in true-positive (N = 91) and false-negative (N = 6) FLOTAC samples
identified as positive with Kato-Katz (P < 0.001). (B) Difference between hookworm median EPG in true-positive (N = 91) and false-negative
(N = 21) Kato—Katz samples identified as positive with FLOTAC (P < 0.001). (C) Difference between hookworm median EPG in true-positive
(N =40) and false-negative (N = 15) PCR samples identified as positive with Kato-Katz (P = 0.438). (D) Difference between hookworm median
EPG in true-positive (N = 43) and false-negative (N = 17) PCR samples identified as positive with FLOTAC (P = 0.623). (E) Difference between
S. stercoralis median larvae in true-positive (N = 8) and false-negative (N = 38) PCR samples identified as positive with the Baermann method
(P = 0.023). (F) Difference between hookworm median Ct values in true-positive (N = 40) and false-negative (N = 15) Kato-Katz samples
identified as positive with PCR (P = 0.082). (G) Difference between hookworm median Ct values in true-positive (N = 43) and false-negative
(N =10) FLOTAC samples identified as positive with PCR (P = 0.056). (H) Difference between S. stercoralis median Ct values in true-positive
(N = 8) and false-negative (N = 9) Baermann samples identified as positive with PCR (P = 0.194).

For the first time to our knowledge, we compared the When directly comparing each of the techniques with the
diagnostic accuracy of the FLOTAC with a previously Kato-Katz method, only FLOTAC and not PCR had a
described real-time PCR assay for hookworm diagnosis, significantly higher sensitivity. The sensitivity of the PCR
applying three different statistical approaches, and we for S. stercoralis diagnosis was significantly lower than the

found that FLOTAC was slightly more sensitive than PCR. sensitivity of the Baermann method.



PERFORMANCE OF PCR FOR LIGHT-INTENSITY HELMINTH INFECTIONS 541

A g | a @ o 000 o (2] B E}‘ = 000 omo o o o
e | o |
B e )
* &
° o
§ o §
W o v o
E d 3 #
] r T
Z g o ‘ i °
0 ® | ® 0 ® ] oo
o o
o o
Q % & o 2% 0
o o =] o
<] oo . o o
0% © & ® &
o (<] o o
o o o o
o 7 o ™ 7 =] =]
o 5 [ R 5 o o o =
l§ o §O o
o
o o
o o
o ©° o ©
4 o g o
r T T T T 1 T T T T T
neg 200 400 600 800 1000 neg 2000 4000 6000 8000 10000
FLOTAC EPG Kato-Katz EPG
Ficure 3. Correlation between hookworm EPG measured with FLOTAC or duplicate Kato—Katz thick smears and Ct values of hookworm

real-time PCR in a study conducted in the United Republic of Tanzania between June of 2011 and November of 2012. (A) Correlation between
hookworm EPG values measured with FLOTAC and Ct values of hookworm real-time PCR for the detection of N. americanus in fecal samples
(N = 211) from coastal Tanzania (Pearson correlation, p = —0.30; P < 0.001). (B) Correlation between hookworm EPG values measured with
duplicate Kato—Katz thick smears and PCR Ct values of hookworm real-time PCR for the detection of N. americanus in fecal samples (N = 215)

from coastal Tanzania (p = —0.36; P < 0.001).

The direct method comparison revealed an equal sensitivity
of the PCR and Kato-Katz methods for hookworm diagnosis
of 73%. This result of PCR sensitivity is very much in line
with findings from another research group that identified sen-
sitivities of 79% and 54%, for PCR and Kato-Katz methods,
respectively.>® The considerably higher sensitivity of the Kato—
Katz thick smear technique in our study is likely explained by
two factors: (i) we performed duplicate and no single thick
smears per stool sample per person, and (ii)) we examined
the Kato—Katz slides exactly after 20 minutes, which avoided
the overclearance of hookworm eggs by glycerol. A study
conducted in Ghana in 2007 revealed higher sensitivities
of 100% and 81% for the PCR and Kato-Katz methods,
respectively.’! However, the Ghanaian study participants had
higher hookworm infection intensities (median = 720 EPG
by Kato-Katz) than our Tanzanian population subsample
(median = 516 EPG). A decrease of sensitivity with lower
infection intensities has been previously postulated for Kato—
Katz and FLOTAC,'" and it might also be true for PCR,
because Ct values are correlated to the number of eggs
detected by the FLOTAC and Kato—Katz methods. The indi-
viduals false-negatively diagnosed with PCR who were found
positive using Kato—Katz thick smears or FLOTAC, however,
did not have significantly lower EPG values than the correctly
identified positive individuals, and hence, there must be addi-
tional factors that impacted on the sensitivity of the PCR.
Inhibition of the PCR by substances present in stool samples
might be one possible explanation. Because the external con-
trol was always amplified, there might have been stool sample-
specific enzymes or other factors that inhibited the DNA

amplification in some cases, resulting in false-negative results.
The absence of an internal control is a clear limitation of our
study. The inclusion of an internal control in each sample (for
example, by adding 10° PFU/mL phocin herpes virus 1 into the
isolation lysis buffer31) would have shown, if present, that
DNA was amplified and hence, if samples were correctly diag-
nosed as negatives. Another explanation for the non-detection
of hookworm positives with PCR might be that the hookworm
eggs detected with the Kato—Katz and FLOTAC methods were
from A. duodenale, a hookworm species that would not have
been identified with the N. americanus-specific primers that we
used in our PCR. Only the third-stage larvae of these helminths
but not the morphological identical eggs allow a microscopic
differentiation between A. duodenale and N. americanus.>*
Studies that have undertaken differential diagnosis using
coproculture in East Africa have shown that both A. duodenale
and N. americanus do occur in East Africa but that the latter
is the predominant species in the region.”>>’

The lack of accuracy of the PCR for the detection of light
helminth infections is reflected in our study with the very low
sensitivity (17%, 31%, or 12% depending on statistical
approach) of the PCR for S. stercoralis diagnosis and the
observation that the group of individuals with false-negative
PCR results had a significantly lower median larvae count
than the correctly identified positives (1 versus 16 larvae).
We found a borderline correlation between Ct values and the
number of S. stercoralis larvae detected with the Baermann
method, and the PCR was not able to detect all cases and
missed light infections. Of note, the PCR sensitivities for
S. stercoralis detection were considerably higher in previous
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TABLE 2

Diagnostic accuracy of duplicate Kato-Katz thick smears, FLOTAC dual technique, and real-time PCR for hookworm and the Baermann method
and PCR for S. stercoralis detection as well as prevalence according to three different statistical approaches applied in our study conducted
in the United Republic of Tanzania between June of 2011 and November of 2012

Statistical approach n Test

Sensitivity, % (95% CI)*

Specificity, % (95% CI)*  McNemar P valuet  Prevalence (95% CI)*

Direct method comparison 1,179 FLOTAC 93.8 (87.0-97.7) 98.1 (97.0-98.8) 9.5 (7.9-11.3)

Kato-Katz 81.3 (72.8-88.0) 99.4 (98.8-99.8) 0.006 8.2 (6.7-9.8)
Direct method comparison 215 PCR 72.7 (59.0-83.9) 90.6 (85.0-94.7) 25.6 (19.9-32.0)

Kato-Katz 72.7 (59.0-83.9) 90.6 (85.0-94.7) 1.000 25.6 (19.9-32.0)
Direct method comparison 213  PCR 71.7 (58.6-82.5) 93.5 (88.3-96.8) 249 (19.2-31.2)

FLOTAC 81.1 (68.0-90.6) 89.4 (83.5-93.7) 0.248 28.2(22.2-34.7)
Direct method comparison 193 PCR 17.4 (7.8-31.4) 93.9 (88.7-97.2) <0.001 8.8 (5.2-13.7)

Baermann  47.1 (23.0-72.2) 78.4 (71.6-84.2) 23.8 (18.0-30.5)
Combination of methods as gold standard 212 PCR 73.6 (61.9-83.3) 100+

FLOTAC 83.3 (72.7-91.1) 100%

Kato-Katz 75.0 (63.4-84.5) 100% 33.8 (27.5-40.6)
Combination of methods as gold standard 1,179 FLOTAC 94.9 (89.3-98.1) 100%

Kato-Katz 82.2 (74.1-88.6) 1003 10.0 (8.4-11.9)
Combination of methods as gold standard 215  PCR 78.6 (67.1-87.5) 100%

Kato-Katz 78.6 (67.1-87.5) 100% 32.6 (26.3-39.3)
Combination of methods as gold standard 213 PCR 75.7 (64.0-85.2) 100%

FLOTAC 85.7 (75.3-92.9) 100% 32.9 (26.6-39.6)
Combination of methods as gold standard 193 PCR 30.9 (19.1-44.8) 100+

Baermann 83.6 (71.2-92.2) 1003 28.5(22.2-35.4)
Bayesian modeling 1,179 FLOTAC 96.3 (89.3-99.8) 98.9 (97.6-100)

Kato-Katz 89.6 (77.2-99.5) 99.7 (99.0-100) 8.9 (7.0-11.0)
Bayesian modeling 215 PCR 78.8 (1.2-98.8) 92.7 (3.6-99.6)

Kato-Katz 79.2 (1.2-98.8) 92.8 (3.4-99.6) 28.1 (17.6-80.1)
Bayesian modeling 213  PCR 83.3 (64.5-99.1) 96.2 (90.3-99.8)

FLOTAC 88.8 (73.1-99.4) 93.7 (86.1-99.7) 26.7 (18.4-36.5)
Bayesian modeling 193 PCR 11.6 (0.7-89.3) 90.6 (11.5-99.3)

Baermann  28.3 (3.3-95.0) 752 (6.0-96.8) 43.1 (2.6-97.1)

95% CI = 95% confidence interval.
*In the Bayesian approach the intervals correspond to credible intervals.

+ P-value for difference in sensitivities determined by the McNemar test on positive individuals.

+We assumed 100% specificity.

studies conducted by other research groups in Ghana (86%)>>
and Cambodia (88%)> compared with the Baermann
method, but for example, the median larvae counts in the
positive Baermann samples from Cambodia were consider-
ably higher than the median of 1.5 larvae found in our study
(F. Schér, personal communication). The specificity of the
PCR for hookworm and S. stercoralis in our study was above
90%, regardless of the statistical approach used, and there-
fore, it is in agreement with other findings.**>

The higher sensitivity of FLOTAC compared with the
Kato-Katz method for the detection of hookworm infec-
tion is in line with the results of previous studies.'®2033
The agreement of the two methods was almost perfect.
The small group of FLOTAC-tested individuals with false-
negative results had a very low median EPG value when
they were tested positive with the Kato-Katz method
(12 EPG), and also, the group of individuals with positive
FLOTAC but false-negative Kato—Katz results had a very
low median of 4 EPG. This observation confirms a previous
assumption that the sensitivity only drops considerably if
the egg counts fall under the lower detection limits of the
FLOTAC dual technique (2 EPG) and duplicate Kato-Katz
thick smear (12 EPG).® Also, the PCR was able to identify
some cases that were either not detected with the Kato—Katz
method and had low EPG values with FLOTAC (N = 5;
median = 10 EPG) or were not detected with FLOTAC and
had borderline EPG values with the Kato-Katz method
(N = 1; median = 12 EPG).

We used three statistical approaches to determine the diag-
nostic accuracy (mainly to render our results comparable with

a set of previously conducted studies, where the sensitivity
and specificity of Kato—Katz, Baermann, and PCR methods
were determined by direct method comparison®!>*>3 or using
the combined results of the Kato-Katz and FLOTAC
methods as a diagnostic pseudo-gold standard'®?*2%). The
Bayesian approach was chosen, because it is expected to give
a more accurate picture of the true prevalence and might be
used in future studies, particularly in light of increased hel-
minth control and elimination efforts, when accurate preva-
lence estimates will be very important for program decisions.
Although the diagnostic sensitivity and specificity and the
prevalence estimates for hookworm infections were similar
in all three approaches, the sensitivity of the PCR for
S. stercoralis infection was estimated considerably lower when
using the Bayesian model. The substantial proportion of extra
positives identified by either the Baermann method or PCR
resulted in this very high estimate of the true prevalence when
using the Bayesian model.

Generally, it must be noted that the standardization and
adherence to protocols and procedures (particularly for molec-
ular but also for conventional diagnosis of helminth infections)
in different laboratories and the implementation of external
quality assurance systems would help to render results more
readily comparable, evaluate the quality of the PCR and other
diagnostic systems used by each respective laboratory, and
draw a clearer picture of the sensitivity and specificity of the
tests applied for the diagnosis of helminth infections.

We conclude that the diagnostic accuracy of the real-time
PCR for hookworm identification is similar to the diagnostic
accuracies of the FLOTAC and Kato-Katz methods if the
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infection intensity is considerably low, which it was in our
study. Whether PCR is suitable to give a more accurate
picture of hookworm prevalence than the Kato-Katz or
FLOTAC method in areas targeted by control interventions
against soil-transmitted helminthiases (where infection inten-
sities drop to very low levels) remains to be elucidated.
Because Ct values seem to be associated with the number
of eggs detected in feces and because the amount of stool used
for DNA extraction is small, the currently used PCR protocol
might fail to detect very light infections and therefore, cannot
readily be applied to monitoring of progressing control pro-
grams, confirmation of elimination, or surveillance of disease
recrudescence. For these scenarios, innovative diagnostic assays
are required that detect very light infections and also, can be
performed in a high-throughput format on large population
samples to detect a number of parasite species simultaneously.
Novel protocols and approaches should be developed that
meet these requirements and allow an accurate, standardized,
and quality-controlled assessment of the achievements made
through intensified helminth control and elimination efforts
in light of the WHO goals for the year 2020.
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