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Abstract

Background: Current recommendations for diagnosis of Dirofilaria immitis infection in dogs rely on the detection of
antigen produced largely by adult females coupled with the visualization of microfilariae (mf) in the circulation via a
microfilaria detection test (MFDT). It is hypothesized that gPCR assays used in parallel with antigen detection tests will
perform better in detecting mf than modified Knott's test (MK), when combined with antigen detection. This study
compares probe-based gPCR and MK techniques for mf detection used in parallel with the DiroCHEK® antigen test to
screen for heartworm infection in shelter dogs.

Methods: Matching blood and serum samples were collected from 300 shelter dogs in Brazos and Harris counties,
Texas, USA. Blood was assessed for the presence of mf via MK and the presence of D. immitis DNA by a species-specific
probe-based qPCR assay. Serum samples were tested for the presence of heartworm antigen using DiroCHEK® before
and after immune complex dissociation (ICD) via heat treatment. In addition, the performance of each diagnostic test
was evaluated via Chi-square test, Cochran’s Q test, and post hoc analysis.

Results: Qualitatively, MK detected mf in 22.0% (66/300) of samples, 55 of which were morphologically identified

as D.immitis and 11 as Acanthocheilonema reconditum. The range of heartworm mf was 28 to 88,803 mf/ml (median:
6627.5). Real-time PCR detected D. immitis DNA in 20.7% (62/300) of samples. Heartworm antigen was detected in
24.7% (74/300) of samples pre-ICD, and in 29.3% (88/300) post-ICD. When comparing tests, the Chi-square and McNe-
mar’s tests showed that the difference between positive and negative proportions was statistically significant. The
Cochran test showed the difference in the distributions of cases and non-cases was significant when individual tests
were combined ()(2 =62.3,df=3,P<0.0001) and when parallel methods were combined ()(2 =43.1,df=4, P<0.0001).

Conclusion: Considering individual and combined test performances, practicality, and efficient use of bench time,
this heartworm-specific probe-based gPCR method is a viable option as a mf detection test to be used in parallel with
antigen tests for canine heartworm infection in diagnostic and research settings.
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Background

Dirofilaria immitis is a zoonotic filarioid nematode with
a worldwide distribution and considered endemic or
hyper-endemic in many countries within the Americas,
Europe, and Asia [1, 2]. In dogs, D. immitis infection
can result in clinical disease, including caval syndrome,
hemolysis, liver and kidney dysfunction, heart failure,
and death [3]. Due to the severity of canine heartworm
disease and the increased prevalence rate over past dec-
ades, surveys have focused on the diagnosis and preva-
lence of D. immitis in dogs and wild canids that may
serve as a reservoir host [4—6]. Despite the higher risk
of complications and the increased risk of infection in
endemic areas, canine heartworm disease is preventable.
Accurate and efficient diagnostic screening is a crucial
step for successful canine heartworm prevention and
remains a challenge for veterinary clinicians and practi-
tioners, especially in areas considered co-endemic for D.
immitis and other filarial nematodes.

Diagnosis of D. immitis infection in dogs relies on the
detection of circulating antigen that is largely produced
by adult female worms coupled with a microfilaria detec-
tion test (MFDT). The American Heartworm Society
(AHS) and the Companion Animal Parasite Council
(CAPC) both currently recommend this combination
of diagnostic tests when screening dogs for heartworm
infection [3, 7]. There are a variety of MFDT in use with
varying sensitivities, including the direct smear, micro-
hematocrit tube test or buffy coat examination, and the
modified Knott’s (MK) test. The direct smear and micro-
hematocrit tube test are less sensitive testing methods
and do not allow for species-level identification of micro-
filaria (mf) present [8], but are more often used in prac-
tice settings. The MK test is a more sensitive method
for detecting mf as it is a concentration technique and
allows for assessment of mf morphology under micros-
copy, which is necessary to differentiate D. immitis from
other filarioid nematodes [8, 9]. Diagnostic laboratories
routinely utilize MK to distinguish mf species based on
size and morphology [10]. However, the accuracy of mor-
phologically identifying mf is dependent on the skill of
the observer [9]. Additional clinical diagnostic tests could
also help veterinarians to confirm heartworm infection
and understand the disease outcome and patient’s prog-
nosis, including radiography and echocardiography [3].

Better diagnostic methods are needed to detect and
accurately confirm the presence of D. immitis micro-
filaremia. This will remove observer subjectivity and

therefore improve the detection and diagnosis of canine
heartworm infections. The aim of this study was to com-
pare the performance of a probe-based quantitative
polymerase chain reaction (qPCR) for D. immitis DNA
to the MK technique in detecting heartworm mf when
used in conjunction with the DiroCHEK® antigen test.
An additional goal was to determine whether the qPCR
could be used in place of MK as a more sensitive, and
potentially more efficient, test in diagnostic and research
laboratories.

Methods

Population and sample collection

Matching whole blood and serum samples were collected
from 300 shelter dogs between February and August 2020
in Brazos and Harris counties of Texas, (USA). Inclusion
criteria consisted of no recent history of macrocyclic lac-
tone administration and an estimated age of greater than
6 months. Serum samples were stored at —20 °C until
antigen testing, and EDTA blood samples were stored at
2 °C until MK was performed.

Modified Knott's Test (MK)

Microfilariae were quantified and morphologically iden-
tified using the MK test as described by Rojas et al. [9]
and Zajac et al. [8] with the following modifications.
Briefly, 0.5 ml of EDTA blood was added to 4.5 ml of 2%
formalin solution in a 15 ml test tube then homogenized
using a vortex mixer to ensure lysis of red blood cells.
Tubes containing the mixture were centrifuged at 1600
relative centrifugal force (RCF) for 5 min. After centrifu-
gation, 4.0 ml of supernatant was removed, taking care
to not disrupt the pellet at the bottom of the tube. The
sediment was mixed with 35 ul of 0.1% methylene blue
to stain any mf. An aliquot of 20 ul was placed on a glass
slide and covered with a 22 x 22 mm coverslip. The entire
coverslip was visually scanned, and mf were quantified on
low power (100x), if present. Morphology was assessed
at high power (400x) for species identification. In the
absence of mf in the 20 pl aliquot, the remaining sedi-
ment was scanned in 200 ul portions with a 40 x 22 mm
coverslip. If the entire sediment was read, total mf were
counted, and the total was adjusted for blood volume to
be measured in total microfilariae per milliliter (mf/ml).
If mf were found in the 20 yl aliquot, total mf/ul was cal-
culated with the following formula as described by Rojas
etal. [9]:
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Wlf observed x { [(Vblood + Vformalin) - Vsupernatant] + Vmethylene blue} + Vmethylene blue}

mf [uL =

Vsample X Vpiood

Antigen detection test pre- and post-ICD

Serum samples were tested for D. immitis antigen using
a commercial, qualitative enzyme-linked immunosorbent
assay (ELISA) test, DiroCHEK® (Zoetis Inc., Kalamazoo,
MI, USA). All serum samples were antigen tested pre-
immune complex dissociation (ICD), and samples with
sufficient volume were also antigen tested post-ICD via
heat treatment. Antigen testing and interpretation were
performed according to the manufacturer’s instruc-
tions to assess samples for visual color change to indi-
cate antigen detection. Wells were considered positive
for the detection of D. immitis antigen if a color change
was visible after 5 min of incubation. Wells with no color
change were considered no antigen detected (NAD). For
the ICD, heat treatment was performed as described by
Swartzentruber et al. [11]. Briefly, 250 pl of serum was
heated at 104 °C for 10 min in a dry heat block and cen-
trifuged for 10 min at 16,000 RCF. The resulting superna-
tant was used as template for post-ICD antigen detection
via DiroCHEK® as described above.

DNA extraction and probe-based qPCR

Genomic DNA was extracted and purified from 200 pl
EDTA whole blood using the QIAmp DNA Blood Mini
Kit (QIAGEN, Hilden, Germany), following the manu-
facturer’s instructions. All samples were screened for the
presence of D. immitis DNA using a probe-based qPCR
assay targeting a fragment of the cytochrome c oxidase
subunit 1 (coxI) of the mitochondrial DNA, with prim-
ers and probe previously described by Laidoudi et al.
[12] and protocol modified by Sobotyk et al. [4]. A
166-base-pair coxl fragment was amplified using the
forward primer Fil.COL749-F (5'-CAT CCT GAG GTT
TAT GTT ATT ATT TT-3') and reverse Fil.COIL914-
R (5'-CWG TAT ACA TAT GAT GRC CYC A-3'), and
TagMan® probe D.imm.COL777-P (6FAM-CGG TGT
TTG GGA TTG TTA GTG-MGB) designed by Laidoudi
et al. [12]. All reactions were performed in a total volume
of 20 pl containing 5 pl of genomic DNA template, 10 pl
(2x) of TagMan® Fast Advanced Master Mix (Applied
Biosystems, Waltham, MA, USA), 50 uM of each primer,
and 20 puM of probe.

Real-time PCR reactions were performed on a Quant-
Studio 3 real-time PCR system (Applied Biosystems,
Waltham, MA, USA) using the using TagMan® univer-
sal cycling conditions. Cycling conditions consisted of a
hold stage at 95 °C for 20 s and 40 cycles of a two-step
PCR stage at 95 °C for 1 s followed by 60 °C for 20 s [4].

All runs included a positive and a non-template control.
The positive control consisted of DNA extracted from an
adult D. immitis. The non-template control consisted of
nuclease-free water.

Statistical analysis

The data was analyzed by multiple methods. The abso-
lute and relative frequencies of positive samples were cal-
culated for each diagnostic method and for the relevant
parallel combination of diagnostic methods utilizing
Epi Info™ 7.2.5. The difference between paired propor-
tions was compared using the paired McNemar’s test
and either Chi-square (y) statistic or Fisher’s exact test.
In the Chi-square test, residues outside the range —2.73
to 2.73 were considered significant, and the residue limit
was corrected according to MacDonald and Gardner
[13]. The 95% confidence interval for rates was calculated
as described previously [14—16]. The agreement between
tests was calculated by Cohen’s kappa coefficient (k) [17,
18]. To estimate agreement between two diagnostic tests
for these cases, prevalence- and bias-adjusted k (PABAK)
that expresses k in terms of bias index (BI), prevalence
index (PI) and observed agreement (po) was calculated.
BI, PI, and po were also calculated. BI is an index of the
bias between tests, and PI, an index of the differences
between the overall proportion of positive and negative
outputs. The higher the absolute value of either PI or BI,
the higher the influence of bias and prevalence on the «
value. [19, 20]. Combinations of tests were performed in
parallel. In this case, positive dogs by test 1 or 2 or both
were considered cases, while non-cases were those neg-
ative by both tests. Cochran’s Q test was used to verify
whether the discrepancies between the individually
paired or combined tests were significant, and post hoc
analysis was performed if the P-value was less than 0.05.
The P-values were adjusted according to MacDonald
and Gardner [13]. Bonferroni correction was applied to
adjust the P-values. These analyses were performed in R
Studio version 1.2.5033.

Results

Of the 300 dogs screened, 29.7% (89/300) tested posi-
tive for D. immitis infection on at least one diagnostic
test (Table 1). Overall, DiroCHEK® detected the great-
est number of cases, followed by qPCR and MK test.
Qualitatively, MK detected mf in 22.0% (66/300) of
samples, of which 55 (18.3%; 55/300) were morphologi-
cally identified as D. immitis and 11 (3.7%; 11/300) as
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Table 1 Diagnostic test results for D. immitis-positive dogs
(n=289) from three different shelters in Texas, USA

No. of samples MK qPCR DiroCHEK® DiroCHEK®
pre-ICD post-ICD
54 + + + +
1 + + - +
5 - + + +
2 - + - +
14 - - + +
1 - - + -
12 - - - +

MK modified Knott's test
gPCR real-time PCR

ICD immune complex dissociation

Table 2 Frequency of D. immitis-positive cases by individual and
parallel diagnostic methods (n = 300)

D.immitis-
positive dogs

(n)

Diagnostic method(s) Frequency % (95% Cl)

MK 55 183 (144-23.1)
qPCR 62 20.7 (16.5-25.6)
DiroCHEK® pre-ICD 74 247 (20.1-29.8)
DiroCHEK® post-ICD 88 293 (24.5-34.7)
MK 4+ DiroCHEK® pre-ICD 75 259 (20.4-30.2)
MK =+ DiroCHEK® post-ICD 88 29.3 (24.5-34.7)
qPCR+DiroCHEK® pre-ICD 77 25.7 (21.0-30.9)
gPCR+ DiroCHEK® post-ICD 88 29.3 (24.5-34.7)

MK modified Knott’s test; gPCR real-time PCR; ICD immune complex dissociation

Page 4 of 7

Acanthocheilonema reconditum. The heartworm micro-
filaremia determined by MK test ranged from 28 to
88,803 mf/ml (median: 6727.5 mf/ml). In comparison, the
probe-based qPCR found seven additional heartworm-
positive samples, detecting D. immitis DNA in 20.7%
(62/300) of the whole blood samples (Table 2). Heart-
worm antigen was detected by DiroCHEK® in 24.7%
(74/300) and 29.3% (88/300) of serum samples pre- and
post-ICD, respectively. Of the 74 antigen-positive dogs
without heat treatment of serum, only one become nega-
tive after ICD.

As shown in Table 2, the association of MFDT and
DiroCHEK® detected higher numbers of D. immitis-
positive dogs when compared with MK, qPCR, and
DiroCHEK® pre-ICD methods alone. Real-time PCR
when associated with DiroCHEK® pre-ICD detected
25.7% (77/300) of heartworm cases, which is slightly
higher than the MK test and DiroCHEK® pre-ICD com-
bination (25.0%, 75/300). Performing DiroCHEK® post-
ICD alone or associated with MK or qPCR presented the
highest number of D. immitis detections (29.3%, 88/300).

The Chi-square test showed that the proportions of
cases and non-cases between the methods (Table 3),
individually, were different and statistically significant.
However, the analysis of adjusted standardized resi-
dues identified that such differences (Y*=11.2, df=3,
P<0.004) are basically due to the higher frequency of
cases detected by the DiroCHEK® post-ICD and a lower
frequency of cases detected by MK.

McNemar’s test (Table 3) and Cochran’s test, in the
pairing of individual (y*=62.3, df=3, P<0.0001) and
combined methods (y*=43.1, df=4, P<0.0001), showed
that the discrepancies between some tests were signifi-
cant and were also significant after Bonferroni correction

Table 3 Comparison between tests for the detection of D. immitis in shelter dogs (n = 300) from Texas, USA

Compared tests (Test 1/Test 2) +/+@ +/—0O) —/+(@) —/— k 95%Clk  p, Bl Pl PABAK A (%) P-value
)
MK/qPCR* 55 0 7 238 092 087-098 097 —002 061 095 234 0.023**
MK/DiroCHEK® pre-ICD * 54 1 20 225 079 0.71-088 093 —-006 057 086 634 <0.001**
MK/DiroCHEK® post-ICD * 55 0 33 212 070 061-079 089 —-011 052 078 11 <0.001**
gPCR/DiroCHEK® pre-ICD * 59 3 15 223 083 0.75-090 094 —004 055 088 4 <0.001**
qPCR/DirOCHEK® post-ICD * 62 0 26 212 0.77 069-085 091 —-009 050 082 866 <0.001**
DiroCHEK® pre-ICD/ DiroCHEK® post-ICD * 73 1 15 211 086 0.80-093 095 —004 046 089 466 0.0012%*

MK modified Knott’s test; ICD immune complex dissociation; gPCR real-time PCR; (+) positive result; (—) negative result; Cl confidence interval; po observed agreement
[po=(a—+d)/n]; BI Byrt's bias index [Bl = (b—c)/n]; PI Byrt's prevalence asymmetry index [Pl = (a—d)/n]; PABAK prevalence- and bias-adjusted kappa; A difference in

paired proportions, calculated using McNemar's test
* P-value <0.05 (Chi-square test)
**statistically significant (McNemar’s test)
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Table 4 Cochran’s Q test and pairwise McNemar's test for
individual and parallel diagnostic methods in the investigation of
Dirofilaria immitis in Texas shelter dogs (n =300)

Method combinations P-value

Comparison of individual methods XZ:62A3, df=3 <0.0001
MK
gPCR
DiroCHEK® pre-ICD
DiroCHEK® post-ICD
Post hoc analysis
MK/GPCR

DiroCHEK® pre-ICD/ DiroCHEK® post-
ICD

Comparison of combined methods
MK 4 DiroCHEK® pre-ICD(A)
MK 4 DiroCHEK® post-ICD (B)
GPCR+ DiroCHEK® pre-ICD (C)
gPCR+ DiroCHEK® post-ICD (D)

Post hoc analysis
A/B <0.0001**
A/C 0.157
B/D 1
C/D 0.002%*

0.008
<0.0001*

X’'=43.1,df=4 <0.0001

MK modified Knott's test; ICD immune complex dissociation; gPCR real-time PCR
* Significant after Bonferroni correction (a =0.008)

** Significant after Bonferroni correction (a=0.005)

(Table 4). Increased cases on DiroCHEK® post-ICD con-
tributed to the most significant discrepancies in the par-
allel paired combinations (Table 4).

Discussion

In the present study, D. immitis infection was detected in
29.7% of shelter dogs. The overall heartworm prevalence
found in this study was higher than previous reports in
owned dogs (3.1%) [7] and shelter dogs (16.0%) [21]
across Texas. Several factors could be associated with
this difference, including population of dogs tested, lack
or lower frequency of heartworm prophylaxis, and diag-
nostic testing decision. In the canine population, MK is
considered the preferred and most sensitive concentra-
tion method to detected and differentiate mf of D. immi-
tis from other filarioid nematodes [3, 8]. However, MFDT
cannot detect amicrofilaremic infections and should
always be performed in association with heartworm anti-
gen tests to prevent false negative results [3, 8]. Although
the sensitivity and specificity rate vary among of the
commercial heartworm antigen test kits, antigen testing
is considered the most sensitive diagnostic method [3].
The ELISA methods have shown higher sensitivity and
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specificity rates ranging from 85.7% to 100% depending
on the number of mature female D. immitis present [3,
10].

The use of molecular approaches for diagnosing heart-
worm infections has increased over the past years,
including conventional PCR and qPCR targeting nuclear
and mitochondrial genes [4, 22, 23]. The integration of
molecular assays in the diagnosis of filarial infections
has been shown to be an efficient and reliable screening
tool to confirm the disease in intermediate and definitive
hosts [23, 24]. In this study, the probe-based PCR assay
detected D. immitis DNA in 20.7% (62/300) of samples,
which was more than the 18.3% (55/300) detected by
MK. Despite the lack of a statistical difference between
these two tests, with the higher numbers of positive D.
immitis detected by qPCR, it would be more informa-
tive for clinicians, as it also matched more often with the
antigen test results both pre- and post-ICD. Furthermore,
when both probe-based qPCR and MK were associated
with heartworm antigen post-ICD, no differences in the
number of positive results were found (29.3%; 88/300).

The application of this probe-based qPCR assay in
combination with D. immitis antigen test seems to be an
efficient alternative for primary diagnostic heartworm
screening. The AHS recommends annual testing using
both heartworm antigen test for detection of adult worms
and a MFDT for detection of circulating D. immitis mf
[3]. When combined with the antigen test without heat
treatment, qPCR test identified 25.7% (77/300) of dogs as
infected with heartworm in the present study, while MK
detected fewer positive cases, down to 25.0% (75/300).
These results demonstrate the reliability of the probe-
based qPCR protocol as a routine MFDT and highlight
its efficiency in detecting canine heartworm infections
when associated with the heartworm antigen test.

Lane et al. [25] and Hays et al. [26] compared multiple
diagnostic methods to maximize heartworm detection in
dog and cat populations. In both studies, the combination
of antigen and MFDT increased the proportion of posi-
tive results, but additional analysis was needed for spe-
cies identification, namely conventional PCR, followed
by Sanger sequencing. The use of a heartworm-specific
probe eliminates the need for additional analysis for une-
quivocal species identification, and the specificity of the
probe removes any potential error in inaccurately identi-
fying mf species that could occur with the MK technique.
As demonstrated by Laidoudi et al. [12], we also showed
the species-specific detection of DNA of D. immitis mf
DNA, and no amplification was seen on qPCR in any of
the samples that tested A. reconditum-positive on MK.
Additionally, when the probe was tested with D. repens
DNA, no amplification was seen [12], indicating that
there is no cross-reactivity across filarial species.
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In the present study, 4.7% (14/300) of mf-negative sam-
ples were considered positive by DiroCHEK® pre- and
post-ICD. DiroCHEK® post-ICD alone revealed 4.0%
(12/300) positive samples that were considered mf-
negative and NAD before heat treatment. The increase
in positive samples post-ICD is well documented in the
literature and corroborates previously published studies
reporting that antigen detection post-ICD increases the
number of heartworm cases detected among companion
animals [10]. More specifically, ICD is generally recom-
mended for dogs in endemic areas with no or unknown
history of prevention [10], which was the case for the
studied canine population. Negative D. immitis mf tests
in dogs that tested positive in antigen detection assays
have been associated with occult heartworm infections,
including low or absent mf concentration during the
prepatent period, sterility of female adult worms due
to senility or drug-induced factors, and host immune
response [27].

Previous studies have demonstrated the cross-reac-
tivity potential of several commercial heartworm ELISA
tests, before and after ICD methods, with other nema-
todes, including D. repens, Angiostrongylus vasorum, and
Spirocerca lupi [28-30]. Only a single sample converted
from positive to NAD post-ICD; this dog also tested pos-
itive to A. reconditum by the MK test, and negative in the
probe-based qPCR. Although testing positive via antigen
detection made this a heartworm-positive sample, nec-
ropsy confirmation of the D. immitis infection status was
not performed in this study. Previous studies have also
reported few cases of positive antigen results only before
ICD method, indicating that heat treatment may damage
or denature D. immitis proteins and lead to false NAD
results [31, 32]. Therefore, ICD protocols should not be
performed as routine heartworm screening, but only in
suspected cases of heartworm disease and in specific cir-
cumstances, as mentioned in the paragraph above [3, 10].

Another factor to be considered when evaluating and
implementing diagnostic tests in reference laboratories
and clinical and research settings is its practicability. The
probe-based qPCR assay presented here is a more effi-
cient and less time-consuming process when compared
to the MK test. In addition, the probe-based qPCR allows
for high-throughput testing, with the size of the well plate
used being the limiting factor for how many reactions
can be run simultaneously, and requires less active bench
time. In fact, the protocol and reagents used allowed the
acquisition of results for an entire 96-well plate in 27 min,
which is faster than the original protocol [12]. Clinically,
the use of probe-based qPCR as a routine diagnostic tool
could provide additional benefits for veterinarians and
clients, including more convenient and faster mf detec-
tion testing and reduced time to obtain a reliable and
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accurate result using as low as 250 pl of whole blood. Our
analysis was limited to shelter dog population with no or
unknown history of macrocyclic lactone administration.
However, it is possible that animals received prior veteri-
nary care and heartworm preventive medication which
could interfere with the accuracy of heartworm detec-
tion. Moreover, the D. immitis infection status of the dog
population was not confirmed by necropsy in the present
study. Therefore, additional studies with necropsy diag-
noses are needed to establish the accuracy, specificity,
and sensitivity rates of probe-based qPCR assay.

Conclusion

The results of this study demonstrated that qPCR is a
reliable and highly specific test for detection of D. immi-
tis microfilaremia. When combined with DiroCHEK®,
qPCR and MK results had comparable results, thus show-
ing that probe-based qPCR associated with heartworm
antigen testing is a viable option as a primary diagnostic
screening for D. immitis infection in canine populations.
Compared with the MK, probe-based qPCR detected a
higher number of positive dogs and proved to be specific
for D. immitis DNA and had no cross-reactivity with A.
reconditum.

Acknowledgements

We would like to thank the Bryan Animal Center, Aggieland Humane Society,
and the Houston SPCA for providing blood samples used in this study. We
would like to thank all students and technicians who assisted in sample collec-
tion data acquisition.

Author contributions

VN, MNS, CS, JLL, and TH wrote the original draft and performed analysis. MNS,
CS,TH, and GGV reviewed and edited the manuscript. GGV carried out the
project administration and supervision. All authors read and approved the
final manuscript.

Funding

Student support [VN] was provided by the Boehringer Ingelheim Veterinary
Scholars Program through the Veterinary Medical Scientist Research Training
Program at Texas A&M University.

Availability of data and materials

All data generated or analyzed during this study are included in this published
article and its supplementary information files.

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 27 April 2022 Accepted: 22 June 2022
Published online: 29 August 2022



Negron et al. Parasites & Vectors (2022) 15:306

References

1.

20.

21

Simon F, Siles-Lucas M, Morchén R, Gonzalez-Miguel J, Mellado |, Carretdn
E, et al. Human and animal dirofilariasis: the emergence of a zoonotic
mosaic. Clin Microbiol Rev. 2012;25:507-44. https://doi.org/10.1128/cmr.
00012-12.

Genchi C, Kramer LH. The prevalence of Dirofilaria immitis and D. repens
in the Old World. Vet Parasitol. 2020;280:108995. https://doi.org/10.1016/].
vetpar.2019.108995.

Nelson CT, McCall JW, Jones S, Moorhead A: Current canine guidelines
for the prevention, diagnosis, and management of the heartworm
(Dirofilaria immitis) Infection in dogs. Edited by Wilmington. https://www.
heartwormsociety.org/veterinary-resources/american-heartworm-socie
ty-guidelines: American Heartworm Society; 2018.

Sobotyk C, Nguyen N, Negron V, Varner A, Saleh MN, Hilton C, et al.
Detection of Dirofilaria immitis via integrated serological and molecular
analyses in coyotes from Texas, United States. Int J Parasitol Parasites
Wildlife. 2022;18:20-4. https://doi.org/10.1016/j.ijppaw.2022.03.012.
Dantas-Torres F, Otranto D. Dirofilariosis in the Americas: a more virulent
Dirofilaria immitis? Parasit Vectors. 2013;6:288. https://doi.org/10.1186/
1756-3305-6-288.

Donnett U, Hubbard K, Woodruff K, Varela-Stokes A. Prevalence of

canine heartworm infection in Mississippi animal shelters. Vet Parasitol.
2018;259:68-73. https://doi.org/10.1016/j.vetpar.2018.07.007.
Companion Animal Parasite Council: Heartworm Canine. https://capcvet.
org/maps/#2019/all/heartworm-canine/dog/united-states/new-mexico/
(2019). Accessed 7 November 2019.

Zajac AM, Conboy GA, Little SE, Reichard MV. Veterinary clinical parasitol-
ogy. 9th ed. Hoboken: Wiley-Blackwell; 2021.

Rojas A, Rojas D, Montenegro VM, Baneth G. Detection of Dirofilaria
immitis and other arthropod-borne filarioids by an HRM real-time

gPCR, blood-concentrating techniques and a serological assay in dogs
from Costa Rica. Parasit Vectors. 2015;8:170. https://doi.org/10.1186/
$13071-015-0783-8.

Little S, Saleh M, Wohltjen M, Nagamori Y. Prime detection of Dirofilaria
immitis: understanding the influence of blocked antigen on heartworm
test performance. Parasit Vectors. 2018;11:186. https://doi.org/10.1186/
s13071-018-2736-5.

. Swartzentruber S, LeMonte A, Witt J, Fuller D, Davis T, Hage C, et al.

Improved detection of Histoplasma Antigenemia following dissociation
of immune complexes. Clin Vaccine Immunol. 2009;16:320-2. https://doi.
0rg/10.1128/CV1.00409-08.

Laidoudi Y, Davoust B, Varloud M, Niang EHA, Fenollar F, Mediannikov O.
Development of a multiplex gPCR-based approach for the diagnosis of
Dirofilaria immitis D. repens and Acanthocheilonema reconditum. Parasit
Vectors. 2020;13:319. https://doi.org/10.1186/513071-020-04185-0.
MacDonald PL, Gardner RC. Type | error rate comparisons of post hoc
procedures for | j Chi-square tables. Educ Psychol Measur. 2000,60:735—
54. https://doi.org/10.1177/00131640021970871.

McNemar Q. Note on the sampling error of the difference between corre-
lated proportions or percentages. Psychometrika. 1947;12:153-7. https://
doi.org/10.1007/BF02295996.

Sahai H, Khurshid A. Statistics in epidemiology: methods, techniques and
applications. 1st ed. Boca Raton: CRC Press; 1995.

Sharpe D. Chi-square test is statistically significant: now what? Pract
Assess Res Eval. 2015;20:1-10. https://doi.org/10.7275/tbfa-x148.

Cohen J. A coefficient of agreement for nominal scales. Educ Psychol
Measur. 1960;20:37-46. https://doi.org/10.1177/001316446002000104.
Altman D. Practical statistics for medical research. 1st ed. London: Chap-
man and Hall; 1991.

Byrt T, Bishop J, Carlin JB. Bias, prevalence and kappa. J Clin Epidemiol.
1993;46:423-9. https://doi.org/10.1016/0895-4356(93)90018-V.

Looney SW, Hagan JL. Statistical methods for assessing biomarkers and
analyzing biomarker data. In: Handbook of Statistics: Epidemiology and
Medical Statistics. Edited by Rao CR, Miller JB, Rao DC, vol. 27: Elsevier;
2007: 109-47.

Hodo CL, Rodriguez JY, Curtis-Robles R, Zecca IB, Snowden KF, Cum-
mings KJ, et al. Repeated cross-sectional study of Trypanosoma cruziin
shelter dogs in Texas, in the context of Dirofilaria immitis and tick-borne
pathogen prevalence. J Vet Intern Med. 2019;33:158-66. https://doi.org/
10.1111/jvim.15352.

Page 7 of 7

22. LaidoudiY, Bedjaoui S, Medkour H, Latrofa MS, Mekroud A, Bitam |, et al.
Molecular approach for the diagnosis of blood and skin canine Filarioids.
Microorganisms. 2020. https://doi.org/10.3390/microorganisms8111671.

23. Latrofa MS, Montarsi F, Ciocchetta S, Annoscia G, Dantas-Torres F, Ravag-
nan S, et al. Molecular xenomonitoring of Dirofilaria immitis and Dirofilaria
repens in mosquitoes from north-eastern Italy by real-time PCR coupled
with melting curve analysis. Parasit Vectors. 2012;5:76. https://doi.org/10.
1186/1756-3305-5-76.

24. Latrofa MS, Dantas-Torres F, Annoscia G, Genchi M, Traversa D, Otranto
D. A duplex real-time polymerase chain reaction assay for the detection
of and differentiation between Dirofilaria immitis and Dirofilaria repens in
dogs and mosquitoes. Vet Parasitol. 2012;185:181-5. https://doi.org/10.
1016/j.vetpar.2011.10.038.

25. Lane )N, Litster A, Little SE, Rodriguez JY, Mwacalimba KK, Sundstrom
KD, et al. Optimizing heartworm diagnosis in dogs using multiple test
combinations. Parasit Vectors. 2021;14:224. https://doi.org/10.1186/
s13071-021-04715-4.

26. Hays KM, Rodriguez JY, Little SE, Litster AL, Mwacalimba KK, Sundstrom
KD, et al. Heartworm prevalence in dogs versus cats: multiple diagnostic
modalities provide new insights. Vet Parasitol. 2020,277:100027. https://
doi.org/10.1016/j.vpoa.2020.100027.

27. Rawlings CA, Dawe DL, McCall JW, Keith JC, Prestwood AK. Four types
of occult Dirofilaria immitis infection in dogs. J Am Vet Med Assoc.
1982;180:1323-6.

28. Sobotyk C, Savadelis MD, Verocai GG. Detection and cross-reaction of
Dirofilaria repens using a commercial heartworm antigen test kit. Vet
Parasitol. 2021;289:109302. https://doi.org/10.1016/j.vetpar.2020.109302.

29. Venco L, Manzocchi S, Genchi M, Kramer LH. Heat treatment and false-
positive heartworm antigen testing in ex vivo parasites and dogs natu-
rally infected by Dirofilaria repens and Angiostrongylus vasorum. Parasit
Vectors. 2017;10:476. https://doi.org/10.1186/513071-017-2444-6.

30. Aroch |, Rojas A, Slon P, Lavy E, Segev G, Baneth G. Serological cross-
reactivity of three commercial in-house immunoassays for detection
of Dirofilaria immitis antigens with Spirocerca lupi in dogs with benign
esophageal spirocercosis. Vet Parasitol. 2015;211:303-5. https://doi.org/
10.1016/j.vetpar.2015.06.010.

31. Panarese R, latta R, Mendoza-Roldan JA, Szlosek D, Braff J, Liu J, et al.
Comparison of diagnostic tools for the detection of Dirofilaria immitis
infection in dogs. Pathogens. 2020;9:499.

32. Gruntmeir JM, Long MT, Blagburn BL, Walden HS. Canine heartworm and
heat treatment: an evaluation using a well based enzyme-linked immu-
nosorbent assay (ELISA) and canine sera with confirmed heartworm
infection status. Vet Parasitol. 2020;283:109169. https://doi.org/10.1016/j.
vetpar.2020.109169.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1128/cmr.00012-12
https://doi.org/10.1128/cmr.00012-12
https://doi.org/10.1016/j.vetpar.2019.108995
https://doi.org/10.1016/j.vetpar.2019.108995
https://www.heartwormsociety.org/veterinary-resources/american-heartworm-society-guidelines
https://www.heartwormsociety.org/veterinary-resources/american-heartworm-society-guidelines
https://www.heartwormsociety.org/veterinary-resources/american-heartworm-society-guidelines
https://doi.org/10.1016/j.ijppaw.2022.03.012
https://doi.org/10.1186/1756-3305-6-288
https://doi.org/10.1186/1756-3305-6-288
https://doi.org/10.1016/j.vetpar.2018.07.007
https://capcvet.org/maps/#2019/all/heartworm-canine/dog/united-states/new-mexico/
https://capcvet.org/maps/#2019/all/heartworm-canine/dog/united-states/new-mexico/
https://doi.org/10.1186/s13071-015-0783-8
https://doi.org/10.1186/s13071-015-0783-8
https://doi.org/10.1186/s13071-018-2736-5
https://doi.org/10.1186/s13071-018-2736-5
https://doi.org/10.1128/CVI.00409-08
https://doi.org/10.1128/CVI.00409-08
https://doi.org/10.1186/s13071-020-04185-0
https://doi.org/10.1177/00131640021970871
https://doi.org/10.1007/BF02295996
https://doi.org/10.1007/BF02295996
https://doi.org/10.7275/tbfa-x148
https://doi.org/10.1177/001316446002000104
https://doi.org/10.1016/0895-4356(93)90018-V
https://doi.org/10.1111/jvim.15352
https://doi.org/10.1111/jvim.15352
https://doi.org/10.3390/microorganisms8111671
https://doi.org/10.1186/1756-3305-5-76
https://doi.org/10.1186/1756-3305-5-76
https://doi.org/10.1016/j.vetpar.2011.10.038
https://doi.org/10.1016/j.vetpar.2011.10.038
https://doi.org/10.1186/s13071-021-04715-4
https://doi.org/10.1186/s13071-021-04715-4
https://doi.org/10.1016/j.vpoa.2020.100027
https://doi.org/10.1016/j.vpoa.2020.100027
https://doi.org/10.1016/j.vetpar.2020.109302
https://doi.org/10.1186/s13071-017-2444-6
https://doi.org/10.1016/j.vetpar.2015.06.010
https://doi.org/10.1016/j.vetpar.2015.06.010
https://doi.org/10.1016/j.vetpar.2020.109169
https://doi.org/10.1016/j.vetpar.2020.109169

	Probe-based qPCR as an alternative to modified Knott’s test when screening dogs for heartworm (Dirofilaria immitis) infection in combination with antigen detection tests
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Population and sample collection
	Modified Knott’s Test (MK)
	Antigen detection test pre- and post-ICD
	DNA extraction and probe-based qPCR
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References




