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Congenital infection is currently the first cause of new cases of Chagas disease in Argentina and
nonendemic areas worldwide. Its diagnosis is of utmost importance to guarantee curative treatment. To
improve such diagnosis, a transfer process of PCR tests to the national laboratory network has been
initiated. We performed a comparative study of four PCR assays [two end-point PCR and two duplex real-
time quantitative PCR (qPCR) procedures] to detect Trypanosoma cruzi DNA in blood samples. Because
satellite DNA and kinetoplastid DNA qPCR methods showed the best performance and the use of two
different molecular targets for confirmatory purposes has been recommended, these methods were
selected to perform the transfer process and, in consequence, subjected to an analytical verification
protocol based on international guidelines. The anticipated reportable range was verified between 0.25
and 105 parasite equivalents per milliliter of blood (par. eq./mL) for both qPCR methods, and the limit
of detection was estimated to be 0.87 (95% CI, 0.62e1.24) and 0.43 (95% CI, 0.32e0.59) par. eq./mL
for satellite DNA and kinetoplastid DNA qPCR methods, respectively. In addition, both qPCR methods
showed trueness and verified precision in the highest and the lowest concentrations tested. This work
provides critical knowledge of the technology transfer process planned to cover laboratories of the
regional network with known installed facilities. (J Mol Diagn 2017, 19: 673e681; http://dx.doi.org/
10.1016/j.jmoldx.2017.05.010)
Supported by National Laboratories and Health Institutes Administration
“Dr. Carlos G. Malbrán.”

C.I.C. and J.C.R. contributed equally to this work.
Disclosures: None declared.
This article has been published under the Hinari Access to Research for

Health program.
Chagas disease (CD), caused by the protozoan Trypano-
soma cruzi, remains a major public health concern in 21
Latin American countries, where close to 5.7 million people
are infected, 25 million are at risk, and 7000 deaths are
recorded annually.1,2 T. cruzi is primarily transmitted by
Triatomine insect vectors, blood transfusion, organ trans-
plant, congenital infection, and oral transmission. The
reduction of vector-borne and blood transfusion as the main
ways of transmission has provided the opportunity to direct
efforts to control other modes of CD transmission, such as
congenital transmission. The World Health Organization
estimated that there are 1.1 million women of childbearing
age infected by T. cruzi and that the incidence of congenital
CD is 8668 cases per year in Latin America1 and 2000 in
North America.3
stigative Pathology and the Association for M
It has been estimated that congenital infection occurs on
average in 5% of children born to chronically infected
mothers in endemic areas, with variations depending on the
region.4,5 In Argentina, the risk of congenital transmission
has been estimated to be between 2.6% and 17%, the latter
occurring in Las Lomitas, Formosa, an area that is hyper-
endemic for T. cruzi infection, with a prevalence of 17.5%
in the general population.4,6 In the whole country,
olecular Pathology. Published by Elsevier Inc. All rights reserved.
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approximately 28,000 infants are at risk for acquiring
congenital CD and between 1000 and 1300 infants are ex-
pected to be born infected every year.7

Because congenital infection with T. cruzi is mostly
asymptomatic, the infection may progress to severe chronic
CD later in life, but it can be effectively treated within the
first years of life if accurately diagnosed.5 During the acute
phase of CD, the level of parasitemia is high, and the
parasite may be detected in the bloodstream. In contrast,
the chronic phase is characterized by low parasitemia, and
the diagnosis is normally achieved with serologic tests that
can detect circulating antieT. cruzi antibodies.8,9 The use
of at least two independent serologic tests is recommended
for the clinical diagnosis of CD,10,11 whereas the detection
of T. cruzi DNA by PCR could be useful in some settings,
such as i) acute CD, including cases of congenital trans-
mission; ii) posttreatment follow-up of patients; and
iii) diagnosis of CD reactivation in immunosuppressed
patients.12

The current diagnostic algorithm for congenital CD re-
quires that newborns be diagnosed by parasite microscopic
detection in the first 8 to 10 months of life and by serologic
methods after this period, which is when maternal anti-
bodies are cleared from the infant’s bloodstream.13 How-
ever, the low sensitivity of parasitologic methods combined
with issues associated with no complaisance for the sero-
logic follow-up after the first 10 months of life have
contributed to a large number of misdiagnosed cases,
hampering the treatment of approximately 50% to 70% of
children with congenital CD.14,15 PCR methods seem to be
more adequate for the diagnosis of congenital CD because
of their high sensitivity and have been reported to be spe-
cific for the detection of T. cruzi DNA in blood samples
from newborns,16e20 demonstrating their use as a predictive
tool in the diagnosis of congenital infection.21 Several
conventional end-point (cPCR) and real-time quantitative
PCR (qPCR) amplification procedures to detect T. cruzi in
human blood samples have been evaluated and standardized
in an international multicenter study.12 Recently, two duplex
qPCR strategies based on TaqMan probes, designed to
quantify both T. cruzi DNA and an internal amplification
control in a single reaction tube, were subjected to an
extensive analytical validation protocol and clinical evalu-
ation with blood samples from patients with CD from
different regions.22,23

The Instituto Nacional de Parasitología Dr. Mario Fatala
Chaben, Buenos Aires, Argentina, a reference health care
center of CD, has initiated a technology transfer process of
molecular methods for the diagnosis of congenital CD to the
Public Health System. Our aim was to compare the per-
formance of available PCR procedures used to detect
T. cruzi DNA in blood samples with the purpose of
choosing the most suitable PCR method to be implemented
in the transfer process. The methods selected were then
subjected to an analytical verification protocol based on
international guidelines.
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Materials and Methods

Patients and Blood Samples

Ninety-eight guanidine-EDTA-blood (GEB) samples were
used: 43 from patients (26 adults and 17 infants) with CD
confirmed by at least two independent serologic tests
(enzyme-linked immunosorbent assay, indirect immunoflu-
orescence assay, and indirect hemagglutination assay)15 and
55 from controls (25 adults and 30 infants) with nonreactive
serologic test results. All GEB samples from infants were
submitted after 10 months of age (mean � SD age, 13.2 �
2.6 months), when diagnosis was confirmed by serologic
methods. Among samples from adults (mean � SD age,
37.8 � 18.4 years), those obtained from patients with
reactive serologic test results, confirmed in at least three
different samples, corresponded to pretransplant and post-
transplant (n Z 16) and pretreatment (n Z 10) samples. On
the other hand, seronegative samples corresponded to
possible triatomine bite (nZ 23) and work accident (nZ 2)
cases in which negative parasite microscopic detection and
nonreactive serologic test results were confirmed after three
consecutive controls performed every 30 days. Blood sam-
ples collected from adults and infants (5 and 0.5 mL,
respectively) were mixed with an equal volume of guanidine
hydrochloride (6 mol/L) and EDTA (0.2 mol/L) (pH 8.00)
buffer (GE) and kept at room temperature for 48 to 72 hours
to obtain the GEB samples. The GEB samples obtained
from adults were boiled for 15 minutes and then kept at 4�C
together with the GEB samples from infants (which were
not boiled) until DNA extraction.
All samples belonged to patients that came to the Instituto

Nacional de Parasitología Dr. Mario Fatala Chaben for CD
diagnosis, were preexistent at the time this study took place,
and were anonymized before being analyzed.

DNA Extraction

DNA was extracted from 300 mL of GEB samples using the
High Pure PCR Template Preparation kit (Roche Di-
agnostics GmbH, Mannheim, Germany) as described by
Duffy et al.22 Two hundred picograms of linearized internal
amplification control was added to each sample before DNA
extraction.24 Extracted DNA was stored at �20�C until use
in PCR analysis.

PCR Procedures

qPCR Procedures
Two duplex qPCR procedures were evaluated: satellite
DNA (SatDNA) qPCR and kinetoplastid DNA (kDNA)
qPCRs. The former targets the satellite sequence from T.
cruzi nuclear DNA and the internal amplification control
sequence.22 The latter is a modification of the method
described by Ramírez et al23 and targets the conserved re-
gion of T. cruzi kDNA and the human RNase P gene, as an
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endogenous amplification control, using the TaqMan RNase
P Control Reagents Kit (Applied Biosystems, Foster City,
CA) at a final concentration of 0.5� (Table 1). Both re-
actions were performed with 5 mL of extracted DNA, using
FastStart Universal Probe Master Mix (Roche Diagnostics
GmbH) in a final volume of 20 mL in an ABI7500 device
(Applied Biosystems). A sample was considered positive for
T. cruzi DNA when the amplification curve crossed the
established threshold, resulting in a threshold cycle (CT)
value.

End-Point PCR Procedures
Two cPCR methods were performed as described by
Velázquez et al21: one targeting a 188-bp sequence from
SatDNA and the other one targeting the 330-bp variable
sequence of kDNA (Table 1). In addition, the amplification
of a fragment of the ACTB gene was used to ensure the
quality of DNA sample (Table 1).21 Amplifications were
performed in a LifeTouch thermal cycler (BIOER, Hang-
zhou, China), and PCR products were visualized under a
UV transilluminator after agarose gel electrophoresis using
2% agarose gels that were stained with ethidium bromide.

PCR Quality Controls
A negative control and two positive controls that contained
10 and 1 fg/mL of T. cruzi DNA were included in every run,
as recommended.25,26

Comparative Study of PCR Methods

A retrospective diagnostic evaluation was performed using
GEB samples from patients and the four PCR assays to
detect T. cruzi DNA described above.

Statistical Analysis

StatisPro software (Analyse-it Software Ltd. and CLSI) was
used to estimate the diagnostic parameters of the PCR as-
says, using serologic testing as the criterion for diagnostic
accuracy. A three-way comparison between the two PCR
methods (test and comparative methods) and the diagnostic
accuracy criterion was used to estimate the 95% CIs for the
difference between sensitivities and for the difference be-
tween the specificities of the PCR methods, as recom-
mended in the CLSI EP12-A2 guideline.27 If the calculated
interval did not include 0, it was considered that there were
significant differences between the PCR methods for the
parameter being evaluated.

Analytical Verification of the Performance of the qPCR
Assays

Analytical verification was performed for the SatDNA and
kDNA qPCR methods, which have been extensively vali-
dated.22,23 PCR reagents and conditions were the same as
described above, with slight modifications: uracil-DNA
The Journal of Molecular Diagnostics - jmd.amjpathol.org
glycosylase (UNG, Thermo Fisher Scientific, Rockford,
IL) was added to the reaction mix at a final concentration of
0.005 U/mL to avoid carryover contamination, and the
human RNase P gene was used as the internal amplification
control in both qPCR methods.

The FastStart Universal Probe Master Mix (Roche
Diagnostics GmbH) used in the original assays contains
dUTP instead of dTTP, allowing its use in the UNG-modified
methods. Original cycling conditions were modified with the
addition of an initial 2-minute hold step at 50�C. To provide
empirical evidence that neither such modifications nor
the current laboratory conditions significantly changed the
analytical performance of both qPCRs, the anticipated
reportable range, the limit of detection (LOD), and the pre-
cision and trueness were verified as described below.

Spiked Blood Samples
Seronegative human blood samples were spiked with
cultured epimastigotes of T. cruzi CL-Brener stocks and
mixed with an equal volume of GE. The number of parasites
was determined using a hemocytometer and verified in a Z2
Coulter Particle Count and Size Analyzer (Beckman Coulter
Inc., Fullerton, CA).

Verification of the Anticipated Reportable Range
Ten milliliters of a seronegative human blood sample was
spiked with 106 T. cruzi cultured epimastigotes and mixed
with an equal volume of GE. This GEB sample, which
contained 105 parasite equivalents per milliliter of blood
(par. eq./mL), was serially diluted with noninfected human
GEB to obtain a panel of GEB samples (10 mL each) with
104, 103, 102, 10, 1, 0.5, and 0.25 par. eq./mL (assigned
values). DNA was extracted from 300 mL of each GEB
dilution as described above for patient samples, and each
extract was amplified in triplicate. Absolute quantification
of parasitic loads was performed using a standard calibra-
tion curve (measured values). The standard curve was
generated with serial dilutions of total DNA obtained from
the 105epar. eq./mL sample, using negative DNA extracted
from noninfected human GEB as diluent.22,23 Assigned
versus measured values were converted to log10 par.
eq./10 mL of blood and plotted for linear regression anal-
ysis using SigmaPlot version 10.0 (SPSS, Chicago, IL).25,28

Verification of the LOD
A replicate test was performed to verify the reported LOD
[the lowest parasitic load that gives 95% of positive results
(LOD95%)] for both qPCR assays according to ISO/WD
16140-3.29 Six DNA replicates from spiked GEB samples
that contained 0.25 and 0.7 par. eq./mL (reported LOD95%

for the kDNA and SatDNA qPCRs, respectively)22,23 and 1
par. eq./mL were extracted and amplified for four consec-
utive days (24 replicates in total for each dilution). Con-
centrations of 0.25 and 0.7 par. eq./mL were assayed using
the kDNA qPCR and 0.7 and 1 par. eq./mL were assayed
using the SatDNA qPCR.
675
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Table 1 Sequences and Concentrations of Primers and Probes Used in the Comparative Study of PCR Methods

Method Target Oligonucleotide Sequence
Final concentration,
mmol/L Reference

SatDNA qPCR Trypanosoma
cruzi SatDNA

Cruzi 1 50-ASTCGGCTGATCGTTTTCGA-30 0.75 22
Cruzi 2 50-AATTCCTCCAAGCAGCGGATA-30 0.75
Cruzi 3 (probe) FAM-50-CACACACTGGACACCAA-30-NFQ-MGB 0.05

IAC IAC Fw 50-ACCGTCATGGAACAGCACGTA-30 0.1
IAC Rv 50-CTCCCGCAACAAACCCTATAAAT-30 0.1
IAC Tq (probe) VIC-50-AGCATCTGTTCTTGAAGGT-30-NFQ-MGB 0.05

kDNA qPCR T. cruzi kDNA 32F 50-TTTGGGAGGGGCGTTCA-30 0.4 23
148R 50-ATATTACACCAACCCCAATCGAA-30 0.4
71P (probe) FAM-50-CATþCTCAþCCþCGTAþCATT-30-BHQ1 0.05

Human RNaseP TaqMan RNase P Control Reagents Kit (Applied Biosystems) 0.5�
SatDNA cPCR T. cruzi SatDNA Tcz 1 50-CGAGCTCTTGCCCACACGGTGCT-30 2.0 21

Tcz 2 50-CCTCCAAGCAGCGGATAGTTCAGG-30 2.0
kDNA cPCR T. cruzi kDNA 121 50-AAATAATGTACGGGKGAGATGCATGA-30 2.0

122 50-GGTTCGATTGGGGTTGGGTAATATA-30 2.0
ACTB cPCR ACTB b Act F 50-CGGAACCGCTCATTGCC-30 2.0

b Act R 50-ACCCACACTGTGCCCATTA-30 2.0

The þ in front of the nucleotide indicates a locked nucleic acid monomer substitution.
BHQ, black hole quencher; cPCR, end-point PCR; IAC, internal amplification control; kDNA, kinetoplastid DNA; MGB, minor groove binder; NFQ,

nonfluorescent quencher; qPCR, real-time quantitative PCR; SatDNA, satellite DNA.

Cura et al
The LOD of the modified qPCR assays was estimated
using the PODLOD.xls version 8 application (Freie
University, Berlin, Germany; http://www.wiwiss.fu-berlin.
de/fachbereich/vwl/iso/ehemalige/wilrich/index.html, last
accessed January 13, 2017),30 including the results of 24
additional replicates that contained 0.125 par. eq./mL that
were assayed using kDNA qPCR and those obtained for the
15 replicates that contained 0.5, 10, and 1000 par. eq./mL
from the precision verification experiments described below,
as follows: results obtained for replicates that contained 0.
125 (�24), 0.25 (�24), 0.5 (�15), 0.7 (�24), 1 (�24), 10
(�15), and 1000 (�15) par. eq./mL were used to estimate the
LOD of the kDNA qPCR, whereas 0.5 (�15), 0.7 (�24), 1
Table 2 Comparison of the Performance of qPCR and cPCR Assays to

Method Target Group Total, N TP, n FP, n TN, n FN, n
S
%

qPCR SatDNA Total 98 26 2 53 17 6
Infants 47 13 1 29 4 7
Adults 51 13 1 24 13 5

kDNA Total 98 29 11 44 14 6
Infants 47 13 7 23 4 7
Adults 51 16 4 21 10 6

cPCR SatDNA Total 98 17 0 55 26 4
Infants 47 12 0 30 5 7
Adults 51 5 0 25 21 1

kDNA Total 98 25 4 51 18 5
Infants 47 13 4 26 4 7
Adults 51 12 0 25 14 4

*The proportion of subjects with a positive test result who actually have the t
yThe proportion of individuals with a negative test result who are free of the t
zThe proportion of true results [100 � (TP þ TN)/(TP þ FP þ TN þ FN)].32

cPCR, end-point PCR; FN, false-negative results; FP, false-positive results; k
quantitative PCR; SatDNA, satellite DNA; PPV, positive predictive value; TN, true-
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(�24), 10 (�15), and 1000 (�15) par. eq./mL results were
used to estimate the LOD of the SatDNA qPCR.

Verification of the Precision and Trueness
The precision and trueness were verified under the pro-
visions of CLSI EP15-A2 guidelines.31 Three replicates of
each concentration of spiked GEB samples (0.5, 10, and
1000 par. eq./mL for the SatDNA qPCR, and 0.25, 10, and
1000 par. eq./mL for the kDNA qPCR) were tested for 5
consecutive days (15 replicates in total for each concentra-
tion). StatisPro software spreadsheets version 3.02.2
(Analyse-it Software Ltd. and CLSI, Wayne, PA) were used
to calculate the repeatability (or within-run precision) (Sr)
Detect Trypanosoma cruzi SatDNA and kDNA in Blood Samples

ensitivity,
(95% CI)

Specificity,
% (95% CI) PPV, %* NPV, %y Efficiency, %z

0 (46e74) 96 (88e99) 93 76 81
6 (53e90) 97 (83e99) 93 88 89
0 (32e68) 96 (80e99) 93 65 73
7 (53e80) 80 (68e88) 73 76 74
6 (53e90) 77 (59e88) 65 85 77
2 (43e78) 84 (65e94) 80 68 73
0 (26e54) 100 (93e100) 100 68 73
1 (47e87) 100 (89e100) 100 86 89
9 (9e38) 100 (87e100) 100 54 59
8 (43e72) 93 (83e97) 86 74 78
6 (53e90) 87 (70e95) 76 87 83
6 (29e65) 100 (87e100) 100 64 73

arget condition [100 � TP/(TP þ FP)].
arget condition [100 � TN/(TN þ FN)].

DNA, kinetoplastid DNA; NPV, negative predictive value; qPCR, real-time
negative results; TP, true-positive results.
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Table 3 Three-Way Comparison of PCR Methods

Comparison Group

Difference, % (95% CI)

Sensitivity Specificity

SatDNA qPCR vs kDNA qPCR Total �7 (�15.7 to 1.9) 16.4 (6.0 to 28.3)*
Infants 0.0 (�14.4 to 14.3) 20.0 (3.4 to 37.5)*
Adults �11.5 (�24.6 to 2.5) 12.0 (�4.7 to 30.3)

SatDNA cPCR vs kDNA cPCR Total �18.6 (�29.9 to �6.0)* 7.3 (�0.6 to 17.3)
Infants �5.9 (�22.9 to 10.9) 13.3 (�0.6 to 29.7)
Adults �26.9 (�43.8 to �7.6)* 0.0 (�13.3 to 13.3)

kDNA qPCR vs kDNA cPCR Total 9.3 (�0.5 to 18.8) �12.7 (�23.7 to �3.2)*
Infants 0.0 (�14.3 to 14.3) �10.0 (�24.4 to 3.3)
Adults 15.4 (�0.2 to 29.4) �16.0 (�34.7 to 0.4)

SatDNA qPCR vs SatDNA cPCR Total 20.9 (7.7 to 32.6)* �3.6 (�12.3 to 3.4)
Infants 5.9 (�10.9 to 22.9) �3.3 (�16.7 to 8.3)
Adults 30.8 (10.6 to 47.7)* �4 (�19.5 to 9.7)

*The differences in sensitivity and specificity and the 95% CIs between PCR methods were calculated using a three-way approach in StatisPro software
version 3.02.2 (Analyse-it Software Ltd. and CLSI, Wayne, PA). If the 95% CI does not include 0, then there are significant differences between methods.
cPCR, end-point PCR; kDNA, kinetoplastid DNA; qPCR, real-time quantitative PCR; SatDNA, satellite DNA.

PCR for Congenital Chagas Diagnosis
and within-laboratory precision (St) in terms of SD
compared with the published claims.22,23 If the estimated
SD was less than or equal to the verification value, data
were consistent with the reported claim, and the claim was
verified. Furthermore, trueness was estimated in terms of
bias between measured parasitic loads and the established
reference value (cell count obtained in a Z2 Coulter Particle
Count and Size Analyzer, in triplicate and using different
parasite dilutions). If the calculated verification interval for
bias included the assigned value, then trueness was
demonstrated.

Results

Comparative Study of PCR Methods

A total of 98 GEB samples were analyzed: 43 obtained from
patients with confirmed CD reactive serologic tests and 55
from individuals with nonreactive serologic tests for T. cruzi
as negative controls to address specificity. The results of the
comparative analysis are summarized in Table 2.

In all cases, the sensitivity for T. cruzi DNA detection was
higher in samples obtained from infants than in those from
The Journal of Molecular Diagnostics - jmd.amjpathol.org
adult patients. Overall, qPCR procedures had better diag-
nostic sensitivity than cPCR ones when comparing each
molecular target (SatDNA: 60%; 95% CI, 46%e74%; versus
40%; 95% CI, 26%e54%; kDNA: 67%; 95% CI, 53%e
80%; versus 58%; 95% CI, 43%e72%), with a slight
decrease in their diagnostic specificity (SatDNA: 96%; 95%
CI, 88%e99%; versus 100%; 95% CI, 93%e100%; kDNA:
80%; 95%CI, 68%e88%; versus 93%; 95%CI, 83%e97%).

In general, the diagnostic efficiency (the proportion of
true results) was higher in samples obtained from infants
than in those from adult patients (Table 2). In particular, for
qPCR methods, the efficiency was higher in the SatDNA
than in the kDNA qPCR, especially when analyzing sam-
ples obtained from infants. On the other hand, cPCR effi-
ciency was higher when SatDNA was amplified from
samples from infants and when kDNA was detected in
samples from adults.

The significant differences in sensitivity and specificity
obtained by the three-way comparison approach are given in
Table 3. No significant differences in clinical sensitivity
were found between SatDNA and kDNA targets when
amplified by qPCR from samples from infants or adults. In
contrast, the kDNA cPCR was significantly more sensitive
Figure 1 Analytical verification of the antici-
pated reportable range of the satellite DNA
(SatDNA) and kinetoplastid DNA (kDNA) real-time
quantitative PCR (qPCR) methods. The assays
were performed with spiked guanidine-EDTA-blood
samples that contained 105 to 0.25 parasite
equivalents per milliliter of blood (par. eq./mL),
tested in triplicate. Assigned values were plotted
on the x axis versus measured values (converted to
log10) on the y axis using SigmaPlot version 10.0
(SPSS, Chicago, IL).
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Table 4 Verification of the Precision and Trueness of the Modified qPCR Assays

Method Estimate*

0.25 par. eq./mL

SD Claim Verification Limit SD CV, %

SatDNA qPCR Repeatability ND ND ND ND
Within laboratory ND ND ND ND
Bias, mean (interval), log10 par. eq./10 mL ND

kDNA qPCR Repeatability 0.278 0.410 0.372y �172.2
Within laboratory 0.273 0.409 0.396*y �183.6
Bias, mean (interval), log10 par. eq./10 mL) �0.232 (�0.780 to 1.560)

(table continues)
*CLSI EP15-A2 guideline30 and StatisPro software version 3.02.2 (Analyse-it Software Ltd. and CLSI, Wayne, PA) were used to calculate the

repeatability and within-laboratory SDs and the bias of kDNA and SatDNA qPCR assays compared with the reported claims.22,23
yIf the SD is less than or equal to the limit of verification value, the claim is verified.
kDNA, kinetoplastid DNA; ND, not done; par. eq./mL, parasite equivalents per milliliter of blood; qPCR, real-time quantitative PCR; SatDNA, satellite DNA.

Cura et al
to detect T. cruzi DNA in samples from adults than the
SatDNA cPCR. Overall, a greater number of false-positive
results, and consequently lower specificity and positive
predictive values, were obtained in kDNA-based PCRs
(significant differences were found between the SatDNA
and the kDNA qPCRs and between the cPCR and qPCR
kDNA methods), particularly when samples from infants
were processed (Tables 2 and 3).

Analytical Verification of the Performance of qPCR
Assays

Anticipated Reportable Range
A linearity experiment was performed with a panel of eight
spiked GEB dilutions that spanned 105 to 0.25 par. eq./mL
of blood. Linear regression analysis gave the equations
y Z 0.993x þ 0.074 (R2 Z 0.997) for the SatDNA qPCR
and yZ 1.115x � 0.560 (R2 Z 0.996) for the kDNA qPCR.
Accordingly, the anticipated reportable range was verified
between 0.25 and 105 par. eq./mL for both qPCR methods
(Figure 1).

LOD
Spiked GEB samples that contained 0.25, 0.7, and 1 par.
eq./mL of blood were prepared to perform a replicate test to
verify the reported LODs for both qPCR assays. Replicates
that contained 0.7 par. eq./mL (reported LOD95% concen-
tration for the SatDNA qPCR) and 1 par. eq./mL gave
87.5% (n Z 21/24) and 100% (n Z 24/24) positive results
in the SatDNA qPCR, respectively. Meanwhile, replicates
with 0.25 par. eq./mL (reported LOD95% concentration for
the kDNA qPCR) and 0.7 par. eq./mL gave 83.3% (n Z
20/24) and 100% (n Z 24/24) positive results in the kDNA
qPCR, respectively. Consequently, the LOD of the modified
SatDNA and kDNA qPCR assays was estimated using the
PODLOD.xls application. The qPCR results obtained for
the 15 replicates of the 0.5e, 10e, and 1000epar. eq./mL
GEB samples from the precision analysis and 24 additional
replicates that contained 0.125 par. eq./mL (only for the
kDNA qPCR) were used together with the LOD verification
678
results described above to estimate the LOD values of the
modified qPCRs. The calculated LOD95% was 0.87 par. eq./
mL (95% CI, 0.62e1.24 par. eq./mL) for the SatDNA qPCR
and 0.43 par. eq./mL (95% CI, 0.32e0.59 par. eq./mL) for
the kDNA qPCR.

Precision and Trueness
Three replicates of each concentration of spiked GEB
samples (0.5, 10, and 1000 par. eq./mL for the SatDNA
qPCR and 0.25, 10, and 1000 par. eq./mL for the kDNA
qPCR) were tested for 5 consecutive days (15 replicates in
total for each concentration). Sr and St were calculated as
recommended by the CLSI EP15-A2 guideline and
compared with the reported claims (Table 4). The calculated
Sr and St were lower than their verification values in both
modified qPCR methods when the highest and lowest con-
centrations tested were analyzed, and thus the reported
claims for these concentrations were verified. In contrast, for
10 par. eq./mL, St was not verified for either method, and Sr
was verified only for the SatDNA qPCR, although the dif-
ference with the reported SD claim and the CV did not
exceed 1 log10 or 20%, respectively (Table 4).
The qPCR results obtained for the precision experiments

were also used to assess trueness, which was estimated in
terms of bias in parasitic loads measured in log10 par. eq./10
mL of blood relative to an accepted reference value. The
calculated interval for bias included the assigned values
(0.39, 0.69, 2, and 4 log10 par. eq./10 mL for 0.25, 0.5, 10,
and 1000 par. eq./mL, respectively) for all the samples
tested, demonstrating trueness in both qPCR methods
(Table 4).
Discussion

Congenital infection is the third main route of T. cruzi
transmission and the first cause of new cases of CD in
Argentina and in nonendemic areas worldwide. Actually,
1078 and 1457 annual new cases of CD have been estimated
to occur in this country because of vectorial and congenital
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 4 (continued)

0.5 par. eq./mL 10 par. eq./mL 1000 par. eq./mL

SD Claim Verification Limit SD CV, % SD Claim Verification Limit SD CV, % SD Claim Verification Limit SD CV, %

0.616 0.990 0.557y 57.3 0.177 0.261 0.228y 10.0 0.086 0.127 0.026y 0.6
0.551 0.842 0.557y 57.3 0.153 0.200 0.206 9.0 0.078 0.109 0.026y 0.6
0.905 (�0.505 to 1.885) 2.282 (0.856 to 3.144) 4.193 (2.869 to 5.131)
ND ND ND ND 0.156 0.230 0.372 19.2 0.081 0.119 0.051*y 1.3
ND ND ND ND 0.217 0.270 0.367 19.0 0.132 0.170 0.054*y 1.4
ND 1.873 (0.838 to 3.162) 4.002 (2.868 to 5.132)

PCR for Congenital Chagas Diagnosis
transmission, respectively.1 Treatment of children who ac-
quired CD congenitally is always effective when pursued in
infants within the first years of life. Therefore, early diag-
nosis of the infection may play an essential role in con-
trolling the disease burden in this population. In addition to
the standard tests, a PCR performed in blood samples from
neonates of infected mothers might improve such diag-
nosis.5 In this way, the Instituto Nacional de Parasitología
Dr. Mario Fatala Chaben has initiated a technology transfer
process of PCR tests for the diagnosis of congenital CD to
be implemented in the Public Health System (C.I.C., C.L.-A.,
J.C.R., K.S., and S.S.-E., unpublished data).

To select the most suitable PCR methods to be imple-
mented during the transfer process, we compared the per-
formance of the four PCR assays most widely used for CD
diagnosis: two end-point PCRs and two duplex qPCRs that
target T. cruzi SatDNA and kDNA. The end-point PCR
methods have demonstrated a predictive role in the diagnosis
of congenital CD,21 whereas qPCR assays have been widely
applied and proved to be useful to detect treatment failure in
clinical trials with antiparasitic drugs and to monitor reac-
tivation of infection in immunocompromised patients
because of organ transplantation or HIV coinfection.33e37

The sensitivity of T. cruzi DNA detection was higher in
samples obtained from infants than in those from adult pa-
tients, independently of the type or the target of the method
analyzed (Table 2). This finding reflects the characteristic
higher parasitic loads found in samples from recent
congenital transmission and acute CD cases compared with
patients with chronic CD.22e24 All infant samples analyzed
in this study were from blood samples collected after the
infants were 10 month of age, when bloodstream parasite
loads in congenitally infected children are significantly
lower than those measured during the first months of
newborn life.20 This fact explains the relative low diagnostic
sensitivity found in this group compared with previous re-
ports.17,18,21 The decision to use these samples was based on
the difficulties and limitations involved in assembling a
sufficient number of earlier follow-up samples from infants,
especially positive ones, in our institute at the time this
study was conducted.
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Clinical sensitivity was higher when kDNA rather than
SatDNA was amplified by qPCR or cPCR assays (Table 2).
This is in agreement with previous reports of higher
analytical and clinical sensitivities in kDNA- than in
SatDNA-based PCR methods for all T. cruzi discrete typing
units.12,23 In contrast, a greater number of false-positive
results, and consequently a lower specificity, were ob-
tained in kDNA-based PCRs (Tables 2 and 3). In addition,
kDNA-based PCR methods have revealed false-positive
results attributable to the presence of Trypanosoma ran-
geli; consequently, their use is discouraged for diagnosing
T. cruzi infection in some Central and South American
countries, which are endemic for this related
trypanosomatid.23

Overall, qPCR methods had a better performance than
cPCR methods, particularly in terms of sensitivity. Our
findings, together with recommendations made by a
consensus of experts in molecular diagnosis of T. cruzi,
suggest that qPCR methods would be the most appropriate
to be implemented during the transfer process. qPCR
methods encompass technical advantages, such as i) closed-
tube or closed-well single-round PCR reaction, which
minimizes carryover contamination; ii) automation and
possibility of scaling up; iii) shorter time in processing
samples and obtaining results; iv) simultaneous detection of
target DNA and internal amplification controls in TaqMan
probeebased methods; and v) ability to obtain quantitative
data.

Once selected, slight modifications were introduced into
the original kDNA and SatDNA qPCR procedures previ-
ously described22,23 to improve the performance of these
methods on the basis of their operative advantages in a
transfer process. UNG was added to the reaction mix as a
carryover contamination control to decrease the risk of
false-positive results. The RNase P gene was also used as
internal amplification control in both qPCR methods
because of the availability of a standardized commercial kit
and the fact that, in this instance, these qPCRs are not
intended to be used for quantification purposes, in which
case the use of a heterologous extrinsic control would be the
most appropriate.22 To provide empirical evidence that such
679
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modifications and the current laboratory conditions did not
significantly vary the analytical performance of these
qPCRs, both methods were subjected to an analytical veri-
fication protocol based on international guidelines compared
with the reported specifications.22,23 Analytical procedures
to verify the anticipated reportable range, LOD, and preci-
sion were applied. In addition, the EP15-A2 guideline was
used to assess trueness.31

The anticipated reportable range was found between 0.25
and 105 par. eq./mL for both qPCR assays (Figure 1),
verifying the published claims. The reported LOD concen-
trations for the original methods (0.7 par. eq./mL for the
SatDNA qPCR and 0.25 par. eq./mL for the kDNA qPCR)
could not verify the LOD95% for the modified methods.
Instead, they verified the LOD87% and LOD83%, respec-
tively. The LODPOD.xls application was used to calculate
the LOD of the modified qPCRs, which was estimated to be
0.87 and 0.43 par. eq./mL of blood for the SatDNA and
kDNA qPCRs, respectively. The differences found in the
LOD values with respect to those reported for the original
methods (<0.2 par. eq./mL) could be attributable to the
slight modifications introduced but also to the intrinsic error
of the cell counting method, high imprecision of qPCR
methods at low target concentrations,25 different approaches
used for the estimation of LOD95%,

26,38 or even only to the
different laboratory conditions.

Precision (estimated for Sr and St) was verified for the
highest and the lowest concentrations tested in both modi-
fied qPCR methods, although the lowest dilutions (0.5 and
0.25 par. eq./mL for the SatDNA and the kDNA qPCRs,
respectively) exhibited very high CV values, as expected for
samples that are indeed below the LOD of these methods
(Table 4). We verified the precision at these low parasite
concentrations because they were the lowest tested during
the validation process of the original methods.22,23 On the
other hand, precision could not be verified for 10 par.
eq./mL dilution, except for Sr in the SatDNA qPCR,
although the differences with the reported SD claim and CV
did not exceed 1 log10 or 20%, respectively (Table 4).
Although it is not mandatory to verify the precision claim in
qualitative assays, which is the way these qPCRs will be
implemented in the Public Health System, the 10epar.
eq./mL concentration will be tested during the next 6
months to fully characterize the modified methods. True-
ness, which was estimated in terms of bias, was verified at
all the concentrations tested by both qPCR assays.

Although minor differences were found in the verification
of analytical parameters for the modified qPCRs compared
with those reported for the original assays, they would not
affect the qualitative diagnostic properties of the modified
qPCR methods in any way. These differences could be
attributable to the slight modifications introduced (UNG
incorporation and Rnase P as internal amplification control)
and to the differences in laboratory conditions and facilities,
such as the qPCR device, the operators, and the starting
parasite count. Such variability is indeed expected to occur
680
during the transfer process to the different laboratories of the
National Public Health network. The analytical verification
process conducted in this work provides critical knowledge
of the technology transfer process planned to cover regional
laboratories with known installed facilities, which must apply
their own verification protocols on the transfer method.
In summary, the results of this work allowed for selection

of the two most appropriate PCR methods to be imple-
mented during the transfer process of the four initially
compared. Both qPCR methods had a good performance in
the detection of T. cruzi DNA in blood samples, with slight
differences in terms of sensitivity and specificity, which led
us to consider a tentative molecular diagnostic algorithm
that includes a screening (more sensitive) and a confirma-
tory (more specific) technique. On the basis of that and the
potential advantages of having two different molecular tar-
gets to confirm the diagnosis, as recommended by a
consensus of experts in molecular diagnosis of T. cruzi, we
decided to analytically verify and clinically validate both
qPCR methods. Currently, our laboratory is performing an
implementation study to evaluate both SatDNA and kDNA
qPCRs in a new algorithm that combines parasitologic and
serologic methods with molecular assays for the diagnosis
of congenital CD (C.I.C., C.L.-A., J.C.R., K.S., and S.S.-E.,
unpublished data). That work will reveal whether one or
both qPCR methods will be needed to confirm the molecular
diagnosis of congenital infection and will allow us to make a
final recommendation to the national network and national
guidelines of diagnosis.
Early diagnosis of congenital CD is of utmost importance

to guarantee a curative treatment of infant patients. The
availability of simpler and more accurate diagnostic
methods easily implemented in primary health care settings
could provide tools for the timely treatment of infected
newborns.
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