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Canine heartworm, Dirofilaria immitis, can cause severe disease and sometimes death of the host. Associated
clinical signs, lack of preventative usage and regional endemicity are unlikely sufficient by themselves to reach a
definitive diagnosis. Several point-of-care (POC) diagnostic tests are commercially available to aid in-clinic
diagnosis, however, there is variable diagnostic accuracy reported and no synthesis of published evidence.
This systematic review aims at meta-analysing the likelihood ratio of a positive result (LR") to inform the se-
lection and interpretation of POC tests in practice to rule-in heartworm infection when there is clinical suspicion.
Three literature index interfaces (Web of Science, PubMed, Scopus) were searched on November 11th, 2022, for
diagnostic test evaluation (DTE) articles assessing at least one currently commercialised POC test. Risk of bias
was assessed adapting the QUADAS-2 protocol and articles with no evidence of high risk of bias were meta-
analysed if deemed applicable to our review objective. Substantial between DTE heterogeneity was investi-
gated including potential threshold or covariate effects. A total of 324 primary articles were sourced and 18 were
retained for full text review of which only three had low risk of bias in all four QUADAS-2 domains. Of the nine
heartworm POC tests evaluated, only three, IDEXX SNAP (n DTEs = 6), Zoetis WITNESS (n DTEs = 3) and Zoetis
VETSCAN (n DTEs = 5) could be analysed. Both WITNESS and VETSCAN DTEs showed substantial heterogeneity
due to a putative threshold effect and no summary point estimates could be reported. SNAP DTEs showed
acceptable heterogeneity, and a summary LR was estimated at 559.0 (95%CI: 24.3-12,847.4). The quality and
heterogeneity of heartworm POC test DTEs was highly variable which restricted our summary of the diagnostic
accuracy to only the SNAP test. A positive result from the SNAP test provides strong evidence of the presence of
an infection with adult heartworm(s) in a dog patient and this test is warranted to rule-in clinical suspicion(s) in
clinics. However, our review did not appraise the literature to assess the fitness of SNAP test, or any other POC
tests, to rule-out heartworm infection in dogs without clinical suspicion or following heartworm therapy.

1. Introduction

The canine heartworm, Dirofilaria immitis, is globally distributed
with reports in all continents apart from Antarctica (Simon et al., 2012),
and report frequency increases towards warmer subtropical and tropical
regions (Wang et al., 2014; Bowman et al., 2016). D. immitis is a parasite
of both wild and domestic canids, causing a progressive illness leading to
pulmonary hypertension and cor-pulmonale (right-sided congestive heart

failure), which can be fatal if left untreated (Bowman and Atkins, 2009).

Dirofilaria immitis colonises the pulmonary arteries and right atrium
at the sub-adult and adult stages (McCall et al., 2008). Once mature,
adults sexually reproduce, and females release microfilaria into the
blood stream which later can be ingested by feeding mosquitoes.
Microfilaria must go through two development stages within a mosquito
before being deposited close to the vector feeding site on the host’s skin
(Knight and Lok, 1998). They then migrate into the skin puncture and

Abbreviations: POC, point-of-care; DSe, diagnostic sensitivity; DSp, diagnostic specificity; LR, diagnostic likelihood ratio; DTE, diagnostic test evaluation; COI,
conflict of interest; HSROC, hierarchical summary receiver operator characteristic, PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses;

QUADAS-2, Quality Assessment of Diagnostic Accuracy Studies 2.
* Corresponding author.
E-mail address: peter.atkinson@adelaide.edu.au (P.J. Atkinson).
1 Equal contribution to the supervision of this work

https://doi.org/10.1016/j.prevetmed.2023.105970

Received 7 February 2023; Received in revised form 20 June 2023; Accepted 23 June 2023

Available online 29 June 2023

0167-5877/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:peter.atkinson@adelaide.edu.au
www.sciencedirect.com/science/journal/01675877
https://www.elsevier.com/locate/prevetmed
https://doi.org/10.1016/j.prevetmed.2023.105970
https://doi.org/10.1016/j.prevetmed.2023.105970
https://doi.org/10.1016/j.prevetmed.2023.105970
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

P.J. Atkinson et al.

undergo maturation and moults in the host muscle tissues (Lichtenfels
et al., 1985), finally maturing and living in the pulmonary vasculature, a
process that takes at least six months (McCall et al., 2008; Bowman and
Atkins, 2009). Heartworms originate exclusively exogenously from
mosquito-based transmission and cannot replicate endogenously (i.e.
within dog replication is not possible without passage through a
mosquito).

Point-of-care (POC) tests may be used to either rule-in or rule-out
heartworm infection and Fig. 1 contextualises the various clinical sce-
narios where those tests may be used. We considered the three ruling-in
scenarios (red) to be the most common occurrence in practice compared
to the two ruling-out scenarios (yellow), and therefore we aimed this
review on the fitness of the tests to rule-in infection. Although the his-
tory (e.g. staying in an endemic area without preventative coverage) or
the clinical presentation (e.g. cor pulmonale) of a dog may be suggestive
of D. immitis infection, they are unlikely sufficient on their own to rule-in
the condition. POC tests are commonly used in veterinary practice as
complementary diagnostic evidence to support the aetiology (D. immitis
infection) and reach a final diagnosis (dirofilariosis). To rule-in infec-
tion, we want to maximise our confidence in a positive result, and
therefore minimise the chance of a false positive result, i.e. favouring
diagnostic specificity (DSp, accuracy of a test among non-infected) over
diagnostic sensitivity (DSe, accuracy of a test among infected). To assess
the fitness-for-purpose of the test, it is further recommended to use
diagnostic likelihood ratio (LR) to balance both DSp and DSe (Caraguel
and Colling, 2021). Indeed, any test with excellent DSp would only be
suitable disease ruling-in if it also provides an acceptable DSe and a test
with a slightly lower DSp can still provide stronger evidence on a pos-
itive result if its DSe is much superior. Therefore, we focused on
reviewing and comparing the LR of a positive test result (LR*) when
assessing the fitness of POC tests to rule-in heartworm infection. When
assessing tests to rule-out infection, the focus should be on the LR of a
negative test result (LR).

Until the late 20th century, antemortem diagnosis of canine dir-
ofilariosis relied on microscopic visualisation of circulating microfilaria
using non-concentrating direct blood smear, concentrating modified
Knott’s test, or microscopic screening of buffy coat from a micro-
hematocrit tube (Knott, 1939; Martini et al., 1991). The DSe, as well as
the reproducibility, of these methods are accepted as imperfect due to
natural variability in microfilaraemia in infected hosts, including
within-day variation (Evans et al., 2017; Ionica et al., 2017). Alternative
POC tests have been considered to detect the presence of other heart-
worm stages, in particular adults that cause clinical disease. In the late
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1980 s, antibody-based tests were developed to detect uterine antigens
released by adult female worms into the host’s bloodstream (Weil et al.,
1985; Goodwin, 1998). Diagnostic companies have commercialised
those antigen tests either as enzyme-linked immunosorbent assay
(ELISA), lateral flow immunoassay (LFI) or indirect fluorescent antibody
test (IFAT) kits. Whilst several test variants have come and gone from
the market since 1986 (Rohrbach and Patton, 2013), the detection of
female uterine antigen has been the mainstay POC testing method since
1998, with diagnostic companies continuing today to offer LFI testing
kits. The detection of the antigen suggests the presence of at least one
sexually mature female worm, however, it will miss immature females
or male-only infections (Goodwin, 1998). High filarial burden is
necessary to induce clinical disease (Polizopoulou et al., 2000; McCall
et al., 2008), and those burdens require repeated infection events with
multiple larvae that most likely would include at least one female. The
detection of adult female heartworm associated antigen is therefore
expected in a diseased host, however, adult female worms may be pre-
sent without clinical disease.

Several diagnostic test evaluation (DTE) studies have reported vari-
able diagnostic accuracy estimates within and between POC tests tar-
geting the same antigen (Starkey et al., 2017; Henry et al., 2018).
Reasons for the variability in accuracy may include the selection of study
subjects, inherent threshold effect, analytical changes to testing kits over
time or choice of reference standard. For instance, a reference standard
commonly used in early DTEs was necropsy, considered by some as a
perfect standard (Atkins, 2003; Ranjbar-Bahadori et al., 2007; Genchi
et al., 2012; Gruntmeir et al., 2021). Recently, non-lethal plate-based
ELISAs were also used as reference standards. The two plate-based ELISA
assays currently available are PetCHEK® (IDEXX Laboratories) and
DiroCHEK® (Zoetis Inc), although these too rely on detection of the
uterine antigen and likely have similar limitations to POC tests in
detection of immature female, or male only infections (IDEXX Labora-
tories; Zoetis Inc) as well as some degree of conditional dependence with
the POC kits. Due to the variability of accuracy estimates reported, and
the current lack of synthesis, the aim of this report was to systematically
review and meta-analyse accessible DTE articles of canine heartworm
POC tests and assess their fitness for accurate confirmation of heart-
worm infection in clinically suspect dogs.

2. Methods

This report complies with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses of Diagnostic Test Accuracy

CONSULTATION PURPOSE
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Fig. 1. Scenario tree representing the four consultation scenarios leading to testing a dog against canine heartworm (Dirofilaria immitis ) infection in practice. Our
meta-analysis focused on summarising the accuracy of current commercialised point-of-care tests to rule-in (confirm) heartworm infection in clinically suspected
patients (three branches ending with a red box). It did not focus on ruling-out (screening) the infection (two branches ending with a yellow box). Branches ending
with a blue box did not warrant heartworm POC testing. Those targeted clinical scenarios to rule-in infection were compared to the clinical profile of study subjects to
assess the applicability of diagnostic test evaluation articles to the meta-analysis.# The following clinical presentations are consistent with dirofilariosis in dogs, with
at least one sign required to be shown for inclusion in that category: (i) mild to moderate form - cough, exercise intolerance, abnormal lung sounds; (ii) moderate to
severe form - dyspnoea, abnormal heart and lung sounds, cor-pulmonale, hepatomegaly, syncope, ascites; and (iii) caval syndrome: acute onset severe weakness with
associated haemoglobinaemia and haemoglobinuria.*Whilst heartworm infection is possible, resources (time, labour, finances) may restrict the investigation to

disorder(s) related to presenting clinical signs.



P.J. Atkinson et al.

(PRISMA-DTA) (McInnes et al., 2018). The protocol of this review was
not previously registered.

2.1. Information sources and search strategy

A systematic search of three literature search platforms, Web of
Science, PubMed and Scopus was conducted. The search strategy was
adapted from the Cochrane Handbook for DTA Reviews guidelines (de
Vet et al., 2008). The following search strings were used:

- Web of Science, all databases selected: (TS=(dog) AND TS= (heart-
worm OR “Dirofilaria immitis” AND TS=(test*) AND TS= (accuracy
OR sensitivity OR specificity))

- PubMed: ((dog) AND (heartworm OR “Dirofilaria immitis”) AND
(test*) AND (accuracy OR sensitivity OR specificity))

- Scopus: (TITLE-ABS-KEY (dog) AND TITLE-ABS-KEY (heartworm OR
“Dirofilaria immitis”) AND TITLE-ABS-KEY (test*) AND TITLE-ABS-
KEY (accuracy OR sensitivity OR specificity))

No Subject Headings were used. We also screened reference lists of
relevant articles for additional articles that were not captured in the
initial search, by checking any reference to previous diagnostic accuracy
measures mentioned. The search strategy included any article up to the
search date of November 11th, 2022.

2.2. Article selection

The articles yielded from all databases were imported into the sys-
tematic review web-based tool Covidence® (Covidence systematic re-
view software, 2022) for ease of duplicate removal and collaborative
screening. Articles were first screened for topic relevance based on title
and abstract and were excluded if they clearly did not assess a diagnostic
test or were not addressing D. immitis diagnosis. If deemed relevant, full
text appraisal was undertaken for inclusion into the systematic review.
We differentiate here an individual ‘diagnostic test evaluation’ (DTE)
from a ‘DTE study’ and from a ‘DTE article’. A DTE is defined as the
evaluation of the diagnostic accuracy of a single index test against a
single reference standard using a single set of study subjects. A DTE
study is defined as the evaluation of one or more index tests against one
single reference standard using a single set of study subjects. A DTE
article is defined as the report of one or more DTE studies. Therefore, a
given DTE article may include more than one DTE study and multiple
DTEs. DTE articles not available in English, reporting secondary
research (reviews, book chapters), with purpose irrelevant to assess a
diagnostic test accuracy, such as prevalence surveys and cohort studies
on treatment efficacy, or published prior the commercialisation of the
antigen detection technology in 1998 (Goodwin, 1998) were excluded.
Additional exclusion criteria were DTE studies investigating POC tests in
host species other than domestic dogs (wild canids, felids) or not
comparing a POC test to a reference standard. Finally, DTEs assessing
index tests that were laboratory-based (non POC), not currently avail-
able or deviating from manufacturer instructions were also excluded. A
POC test is defined here as a self-contained assay, providing an
ante-mortem result within 30 min (Busin et al., 2016).

2.3. Article appraisal

As guided by the Cochrane Collaboration guidelines (Whiting et al.,
2011), the Quality Assessment of Diagnostic Accuracy Studies 2 (QUA-
DAS-2) protocol was adapted to appraise each eligible article for risk of
bias across the four following domains: subject selection (named patient
selection in QUADAS-2), index test, reference standard and flow and
timing. For each domain, the QUADAS-2 assessment criteria were
refined and extended to fit into a classification tree with each scenario
branch leading to classification into ‘low’, ‘possible’ or ‘high’ risk of
study bias. DTEs with high risk of bias were excluded from consideration
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for the meta-analysis while low risk DTEs were assessed for applicability
to our review before consideration for the meta-analysis. DTEs with
possible risk of bias were also assessed for applicability and a possible
effect of bias was explored using covariate analysis in the meta-analysis.

2.3.1. Subject selection domain

This domain was assessed at the ‘DTE study’ level because it corre-
sponds to one set of study subjects, regardless of the number of index
tests used on those subjects (see DTE study definition above). The se-
lection bias of concern for this domain is called spectrum bias (Ransohoff
and Feinstein, 1978). This bias occurs when the disease profile,
including alternative diseases or co-morbidities, of the study subjects is
not matching the profile of individuals in the target population. Spec-
trum bias is expected when there is a misrepresentation of the i) range of
severity of the target condition or ii) type and severity of plausible
co-morbidities among the case subjects, or iii) alternative (or similar)
diseases among the non-case subjects (Rutjes et al., 2005). For instance,
DTEs with experimentally challenged subjects are unlikely to be repre-
sentative of the natural disease spectrum and constitute an unacceptably
high risk of spectrum bias (Greiner and Gardner, 2000). Spectrum bias is
also likely to occur when case and non-case study subjects are recruited
separately from source populations with distinct clinical profiles (e.g.
cases selected from clinic patients and non-cases from the general
apparently healthy population). Rutjes et al. (2005) referred to this
discriminative selection approach as a ‘two-gate’ subject selection which
we considered associated with an unacceptably high risk of spectrum
bias. In contrast, DTEs using a ‘one-gate’ subject selection (i.e. case and
non-cases selected from the same or similar clinical populations) are
more likely associated with a lower risk of bias (Greiner and Gardner,
2000). Whilst some authors consider any ‘case-control’ subject selection
(i.e. study subjects selected disproportionally from the source popula-
tion based on their index test or reference standard results) to represent
high risk of spectrum bias (Lijmer et al., 1999), we only considered this
to be an unacceptably high when the subjects were selected dispropor-
tionally based on their index test results. We acknowledge the resource
saving capabilities of selection based on reference standard results,
especially for a condition where common reference standard is conse-
quential like necropsy. We further investigated the contribution of
subject selection as a source of heterogeneity when found. The classifi-
cation tree which guided our DTE study’s classification, either as ‘high’,
‘possible’ or ‘low’ risk of spectrum bias, is accessible in the Supple-
mentary Material Fig. S1.

2.3.2. Index test domain

This domain was assessed at the ‘DTE’ level where one index test is
evaluated against one reference standard (see DTE definition above).
Threshold selection bias (Whiting et al., 2013) was not applicable here
as the test operator cannot knowingly select a threshold, given all
commercialised heartworm POC tests provide binary test results. We
focused our appraisal on the possible presence of test review bias (Begg,
1987) resulting from lack of, or insufficient blinding of the index test’s
operator(s) to the reference standard results or, to the source or any
other information about the study subjects. Prior knowledge about the
reference standard result or any other subject’s information may change
how an operator runs a test, how much scrutiny they assess the absence
(or presence) of development of a positive result or whether an index
test is repeated if there is a discordant result. LFIs are expected to be
highly robust, i.e. operator or conditions independent (Crowther et al.,
2006; Waugh and Clark, 2021) and we considered lack of blinding to
only cast a ‘possible’ risk of test review bias. The potential impact of no
or possible blinding was subsequently investigated in the meta-analysis
when substantial heterogeneity was found. The classification tree used
to guide our DTE’s classification, either as ‘possible’ or ‘low’ risk of test
review bias, is accessible in the Supplementary Material Fig. S2.
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2.3.3. Reference standard domain

This domain was assessed at the ‘DTE’ level. Reference standards
that do not classify subjects perfectly will introduce some information
bias. A reference standard can rely on one or more detection methods
(mixture or combination). We deemed appropriate any reference stan-
dard that used the following single methods because they detect an
analytical target consistent with the diagnostic target of interest (i.e.
infection with adult heartworm, or not): necropsy macroscopic exami-
nation of the pulmonary vascularisation (direct visual detection), plate-
based ELISA (uterine antigen detection) and PCRs that detect nucleic
acids from either D. immitis or its obligate endosymbiont bacteria Wol-
bachia spp. When more than one method is used, we deemed not
acceptable to include an index test in the composition of the reference
standard. Those DTEs were classified as at high risk of incorporation bias
because they provide a partisan evaluation of the index test(s). Although
commonly used in combination with other methods, microfilarial
detection methods, were not considered accurate enough (Mylonakis
et al., 2004) and DTEs using this method were classified at high risk of
inappropriate reference standard bias (Whiting et al., 2004). DTEs that
changed detection methods according to the subject’s background were
also classified as at high risk of inappropriate reference standard bias
because study subjects were not classified consistently and indepen-
dently. As for the index test, a diagnostic review bias may have occurred
when the operator(s) of a reference standard were not blinded to the
index results or to other information about the study subjects (Ransohoff
and Feinstein, 1978). Those DTEs were classified as ‘possible’ risk of bias
and their accuracy estimates were compared to blinded DTE in the
meta-analysis if substantial heterogeneity was detected. The classifica-
tion tree used to guide our DTE’s classification, either as ‘high’,
‘possible’ or ‘low’ risk of reference standard related information bias, is
accessible in the Supplementary Material Fig. S3.

2.3.4. Flow and timing domain

This domain was assessed at the ‘DTE’ level. Several types of selec-
tion or information bias may occur in this domain. First, disease pro-
gression and treatment paradox biases can occur when the health status of
interest has changed between running the index test and running the
reference standard (Whiting et al., 2004). This is of no concern when the
same specimen is used for all tests or when all specimens are collected at
the same time. However, if the time lag between runs is not null, com-
mon knowledge of the canine heartworm occurrence, progression and
eventual regression was used to appraise the risk of the subject status to
change. Next, if the fraction of subjects verified by the reference stan-
dard depended on their index test results, the risk of partial verification
bias (Whiting et al., 2004) was classified as high, or low otherwise. When
distinct reference standards were used to verify study subject index test
results, we classified the DTE at high risk of differential verification bias
(Whiting et al., 2004). This bias may lead to an inappropriate exclusion
of subjects negative to the index test by one reference standard, or
positive to the index test by another reference standard, and tends to
select extreme or unambiguous cases and exaggerates test accuracy es-
timates (Kohn et al., 2013). Finally, withdrawal or uninterpretable test
results biases can occur when subjects’ results are unproportionally
excluded from the data analysis (Whiting et al., 2013). DTEs fitting these
criteria were classified at high risk of bias and were excluded from the
meta-analysis. For instance, DTE where some subjects were purposively
excluded from the analysis based on their heartworm burden found at
necropsy were deemed at high risk of withdrawal bias. The classification
tree which guided our DTE’s classification, either as ‘high’ or ‘low’ risk
of bias, is accessible in the Supplementary Material Fig. S4.

2.4. Applicability assessment

This domain was assessed at the ‘DTE study’ level. Our review aimed
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at summarising POC test diagnostic accuracy when confirming of
heartworm infection in clinically suspected dog subjects and, to be
classified as low review applicability concerns, a DTE study needed to
select subjects that would have raised clinical suspicion in practice. We
used the scenario tree in Fig. 1 to contextualise the three scenarios where
a consulting dog should raise clinical suspicion of heartworm infection
and would warrant rule-in testing with a POC test. DTE studies with
missing or insufficient detail on subject selection were classified as
having ‘possible’ applicability concerns. However, studies with dogs
sourced from non-endemic areas, receiving heartworm preventatives, or
screened to rule-out the infection were classified as having high review
applicability concerns and were not included in the meta-analysis. For
the WITNESS POC kit, only studies dated after 2015 were included in the
meta-analysis because this kit was substantially modified to improve its
performance at that time (Henry et al., 2018).

2.5. Data gathering

Raw or cross-tabulated (2 x2 contingency table) count data corre-
sponding to true positives (TP), false positives (FP), true negatives (TN)
and false negatives (FN) were extracted for each pair of index test/
reference standard reported in applicable DTEs. DTEs which reported
only diagnostic sensitivity (DSe = TP/TP+FN) and diagnostic specificity
(DSp = TN/TN+FP) estimates required back calculation to obtain count
data. Fraction values were rounded to the nearest whole integer. POC
test under evaluation, subject selection method, reference standard
used, blinding methods, author conflict of interest (COI), location of
study and female D. immitis burden (when available). Author COI was
recorded as author affiliated (AA), funding associated (FA) or not
detected (ND). The Review Manager (RevMan) software (Review Man-
ager 5.4, Copenhagen: The Nordic Cochrane Centre, The Cochrane
Collaboration, 2020) was used to centralise bias and applicability
appraisal following a standard QUADAS-2 template as well as raw data
entry. RevMan generated summary figures to compare the DTEs’
appraisal across the QUADAS-2 domains. For each reviewed DTE (index
test/reference standard pair), RevMan reproduced DSe and DSp calcu-
lations from the count data and estimated the corresponding 95% ClIs.
RevMan also generated separate forest plots for DSe and DSp. Diagnostic
likelihood ratios of a positive and negative test result (LR™ = DSe/(1-
DSp) and LR™ = (1-DSe)/DSp, respectively) and their 95%CI were
computed separately from the count data using the command diagt in the
statistical package Stata 17.1 (StataCorp 17.1, TX: StataCorp LLC, 2021).
For DTEs with either no false positives (100% DSp), or no false negatives
(100% DSe), the lower or upper bounds of the 95% CI of LR and LR
were calculated using a stochastic approach from DSe and DSp 95%
confidence intervals (see Supplementary Materials SM2. for details).

2.6. Meta-analysis of tests’ accuracy

Accuracy estimates were synthesised using Stata 17.1 for a given
index test when a minimum three DTEs were deemed applicable to our
review. The Stata code and dataset are accessible here -https://doi.org/
10.25909/21767390. Between DTE heterogeneity was first assessed
using Zhou and Dendukuri’s I? statistic (fraction of total variance
attributable to the between DTEs variance) estimated separately for the
DSe and DSp estimates (If,Se and II2)SP’ respectively) (Zhou and Dendu-
kuri, 2014). According to Harbord et al. (2008), the hierarchical sum-
mary receiver operating characteristic (HSROC) modelling approach is
the most suitable for conducting meta-analyses of diagnostic test accu-
racy. This approach accounts for two unique features of diagnostic test
meta-analysis; i) subjects within each DTE are likely to have a degree of
similarity that is greater than the similarity of subjects between DTEs
and ii) the DSe and DSp demonstrated in each DTE are possibly corre-
lated. The HSROC model allows us analytical control of these two fac-
tors, and was used through the Stata command metadta (Nyaga and



P.J. Atkinson et al.

Arbyn, 2022) after installation. A cut-off value < 25% for both I%, and
I%Sp
point estimates of the index test accuracy were reported after modelling
diagnostic check-up. Model diagnostics were run using the Stata com-
mand midas (Dwamena, 2007) which uses the bivariate modelling
approach, requiring at least four DTEs. Potential outliers and residual
deviation were explored using residual goodness-of-fit and assessing
Cook’s distance (Viechtbauer and Cheung, 2010), which were available
when at least four DTEs were present. Publication bias was assessed
using Deek’s funnel plot asymmetry (Deeks et al., 2005; Van Enst et al.,
2014). When evidence of substantial heterogeneity was found from

indicated low heterogeneity (Higgins et al., 2003) and summary

either I, or If,sp, a potential threshold effect was first investigated. A
correlation coefficient (p) < —0.5 between DSe and DSp estimates sug-
gested strong evidence of threshold effect and a summary receiver
operator characteristic (SROC) curve was generated and reported
instead of summary points. In the absence of evidence of threshold effect
(p > —0.5), between DTE heterogeneity was further investigated by
building a multifactorial meta-regression to explore the potential
contribution of DTE covariates of concern including author COI
(detected or not), subject selection approach, reference standard choice
and reported blinding. If a set of covariates significantly explained the
observed heterogeneity, the report was restricted to summary point
estimates of the desirable covariate pattern (combination of covariate
levels supporting low risk of study bias) if it included sufficient DTE
count (at least three) and residual heterogeneity was negligible (I2 <
25%). When residual heterogeneity could not be controlled, the range of
accuracy estimates across DTEs was reported.

3. Results
3.1. Article selection for review

The steps and counts of article selection are summarised in Fig. 2.
Our original search returned 324 unique articles of which 205 were
excluded based on title and abstract screening, due to topic irrelevance.
The full text of 119 articles were assessed, and a further 103 were
excluded based eligibility criteria (see Fig. 2 for details). Sixteen articles
were selected for the systematic review and two additional articles were
found from reference lists resulting in a total of 18 DTE articles
reviewed, including 20 DTE studies (two articles reported on two sper-
ate study populations) and 41 DTEs (up to five index test vs. reference
standard pairwise comparisons per DTE study). The diagnostic accuracy
of a total of nine commercial POC tests were reported involving nec-
ropsy, plate-based ELISAs (PetCHEK or DiroCHEK), PCR or experimental
infection as reference standards. The characteristics of the 18 articles
under review are summarised in Table 1. All but five articles were
published from the USA. Publication year ranged from 2001 to 2022
with 12 articles published in the last 10 years. Only seven articles had no
evidence of COI

3.2. Article bias appraisal

3.2.1. Subject selection

We report here our appraisal of subject selection at the DTE study
level (n = 20). Most studies sourced dog subjects from the USA (n = 14)
and the rest from Europe (n = 3), Middle East (n = 2) or South America
(n = 1). Approximately half of the studies (n = 8) used a cross-sectional
selection of subjects, while another ten used case-control selection
(n = 7 one-gate recruitment, n = 1 two-gate recruitment, n = 2 possible
two-gate recruitment). One study was suspected to have used case-
control selection (one-gate) but there was insufficient information to
classify with certainty, and one study experimentally infected subjects,
using laboratory bred controls. Most studies (n = 16) did not report the
intended purpose for testing of subjects. For three studies, the testing
was initiated by the subjects being clinically suspected to be infected,
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Articles found in initial literature search
- Web of Science (all databases) n=263
- PubMed n=27
- Scopus n=169

Identification

Duplicates removed
n=135

A 4

Articles screened based
on title/abstract n=324

Screening

Irrelevant studies removed
n=205

A 4

Full texts assessed for
eligibility n=119

Eligibility

Ineligible articles excluded n=103

- prior 1998 n=62

- not comparing a POC test to a reference test n=23

- no clear reference standard n=1

- deviation from manufacturer instructions n=5

- inappropriate study design n=6

- full text not available in English n=4

- incorrect patient population (wild canids, felids) n=2

A 4

A 4

Articles included in
systematic review n=16

Inclusion

Articles found through reference lists
n=2

<
<

A 4

Total articles reviewed n=18
DTE studies n=20, with 2 articles
reporting two DTE studies each

Nine POC tests evaluated with up to 13
comparisons each for a total of 41 DTEs

Appraisal

18 DTEs excluded due to high risk of bias
(from nine DTE studies, from eight DTE articles)

Two DTEs excluded due to high
applicability concerns (from two DTE studies)

A 4

A 4
Applicable DTE studies n=10
DTEs with data extracted for
meta-analysis n=21

Extraction

Fig. 2. Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) flow chart to summarise the outcomes of our search and selection
of articles evaluating the diagnostic accuracy of canine heartworm (Dirofilaria
immitis) point-of-care (POC) tests to detect clinically suspect cases. Exclusion
reasons and count are listed. An article may report the evaluation of more than
one index tests in comparison to more than one reference standard. This
resulted in fine into a higher count of diagnostic test evaluations (DTEs) that
compares the results of one index test to one reference test than the total count
of reviewed articles.

and in one study testing was due to monitoring an experimental infec-
tion (off-clinic purpose). Overall, the DTE study using experimentally
challenged dogs (Genchi et al., 2018) was classified at high risk of
spectrum bias as well as the study that unequivocally used a two-gate
recruitment (Starkey et al., 2017). Seven DTE studies were classified
with possible spectrum bias and the rest as low (Fig. 3, Supplementary
Materials Table S-Table 1).



Table 1
Characteristics of diagnostic test evaluation articles selected for the systematic review of diagnostic accuracy of point-of care tests against canine heartworm.

DTE Article Location Subject No. of DTE Index test(s) assessed Reference standard Possible
selection f;‘gl;g No- snape WITNESS® VETSCAN® Solo Anigen  ALERE™ Speed  Accuplex®  AbboScreen f;;fg}of
Heartworm Heartworm Heartworm Step® Rapid® Dirofilriose Diro™
RT Rapid Rapid CH
Courtney & Zeng, USA Case- 1/4 v v v v Necropsy ND
2001 control*
(one-gate)
Atkins, 2003 USA Case- 1/3 v v v Necropsy ND
control
(one-gate)
Ranjbar-Bahadori Iran Cross- 1/1 \/ Necropsy ND
et al., 2007 sectional
Chandrashekar USA Case- 1/1 \/ Necropsy (cases) &  AA
et al., 2010 control PetCHEK (IDEXX)
(two-gate*) (controls)
Lee et al., 2011 USA Case- 2/4 vV vV Necropsy (a) or AA
control PetCHEK (b)* (IDEXX)
(one-gate)
Aron et al., 2012 USA Case- 1/4 v v v v Necropsy AA
control (Virbac)
(one-gate)
Eberts, 2013 USA Case- 1/2 v v Necropsy (cases) &  ND
control PetCHEK
(one-gate) (controls)
Stillman et al., 2014  USA Case- 1/1 v Necropsy (cases) &  AA
control PetCHEK (IDEXX)
(two-gate*) (controls)
Rojas et al., 2015 Costa Cross- 1/1 v PCR ND
Rica sectional
/Israel
Starkey et al.,, 2017  USA Case- 1/2 Vv v DiroCHEK AA (IDEXX
control & Zoetis)
(two-gate)
Genchi et al., 2018 Italy Cross- 2/4 v v v PetCHEK (a) or AA
sectional experimental (Virbac)
infection (b) *
Henry et al., 2018 USA Case- 1/5 \/ \/ \/ \/ \/ Necropsy FA (Zoetis)
control
(one-gate)
Liu et al., 2018 USA Case- 1/2 \/ \/ Necropsy (cases) & AA
control PetCHEK (IDEXX)
(one-gate) (controls)
Burton et al., 2020  USA Cross- 1/2 v v PetCHEK AA, FA
sectional (IDEXX)
Lane et al., 2021 USA Cross- 1/2 v v DiroCHEK AA, FA
sectional (Zoetis)
Becker et al., 2022 Hungary Cross- 1/1 \/ PCR ND
sectional
Soares et al., 2022 Brazil Cross- 1/1 \/ PCR ND
sectional
Beall et al., 2022 USA Cross- 121 v PetCHEK AA, FA
sectional (IDEXX)

* Presumed based on study settings, but not definitive due to insufficient information reported

" Speed Diro was the only index test compared to experimental infection as a reference standard

# Notations a and b refer to diagnostic test evaluation studies extracted from the same article, indicating separate reference tests (analysed as separate DTE studies). These refer to the distinctions made in Fig. 3 for risk of
bias and applicability concerns

T As reported in article text. Potential conflict of interest: not detected (ND), author affiliated (AA), funding associated (FA)
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Risk of Bias Applicabllity Concerns Fig. 3. Methodological quality summary for
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standards within the same article. The reference
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Everts 2013 | @ | @ ® classification information for each domain is
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Becker et al. 2022 | @ ? 2| @® ® ® ®
Soares et al. 2022 | @ ? 2| ® ? ® ®
Beall et al. 2022 | @ | @ ® e e ®
| . High ? Possible . Low D Not applicable \:\ Not included in study |

3.2.2. Index tests

The diagnostic accuracy of nine POC tests, currently commercialised
by eight diagnostic companies, were evaluated with between one and 13
DTEs each. Those tests included Accuplex® (Antech Diagnostics), Ani-
gen Rapid® (Bionote Co), ALERE™ Dirofilriose (Bionote Co),
AbboScreen (Abbott Laboratories), SNAP® Heartworm RT Test (IDEXX
Laboratories), WITNESS® Heartworm Rapid Test (Zoetis Inc), VETS-
CAN® Heartworm Rapid Test (Zoetis Inc, formerly Abaxis), Solo Step®
CH (Heska) and Speed Diro™ (Virbac). For the remainder of this review,
tests will be called Accuplex, Anigen Rapid, ALERE, AbboScreen, SNAP,
WITNESS, VETSCAN, Solo Step and Speed Diro respectively. Because
this was a selection criterion, all articles included in our review reported
complying with the manufacturer instructions including nature of the
specimen (blood, serum or plasma), kit storage and testing protocol. We
report here the risk of bias in the index test domain at the DTE study
level (n = 20) because all DTEs within a study had the same index test
bias classification. Overall, 12 DTE studies were classified as possible
risk of bias in the index test domain due to unreported blinding, and the
rest as low risk of bias (Fig. 3 and Supplementary Materials
Table S-Table 1).

3.2.3. Reference standard

Due to the range of reference standards found both between and
occasionally within articles, we classified the risk of bias in the reference
standard domain at the DTE study level. Five different reference stan-
dards, used solely or in combination, were reported across the 20
reviewed DTE studies - necropsy (n=6), plate-based ELISA
(PetCHEK®, n = 4; DiroCHEK®, n = 2), PCR (n = 3), experimental
infection (n = 1), and a combination of necropsy for cases and PetCHEK
for non-cases (n = 4), and we considered none of these approaches as a

more or less appropriate reference standard for our review diagnostic
target (infection with adult heartworm). Two articles reported two DTE
studies each, using separate reference standards as well as study pop-
ulations. Eight DTE studies (contributing to nine DTEs) had unreported
blinding and were classified as of possible risk of diagnostic review bias,
and 11 DTE studies (contributing 25 DTEs) were classified as of low risk
of reference standard related bias because they reported blinding, or
because the reference standard was run before the index test, so they
could not be influenced by the index test results (Fig. 3, Supplementary
Materials Table S-Table 1).

3.2.4. Flow and timing

We also report the risk of bias in the flow and timing domain at the
DTE study level because all DTEs within a study received the same
classification. Four DTE studies used a combination of post-mortem to
select infected cases and PetCHEK® to select non-cases (controls), sug-
gesting a high risk of differential verification bias. The one experimental
infection study introduced high risk of disease progression bias, as the
temporal lag between the experimental challenge and subsequent index
testing was substantial (>6 months). Another four DTE studies excluded
subjects from their analysis disproportionally based on high female
D. immitis burden and, therefore, were considered to introduce high risk
of withdrawal bias. Overall, nine DTE studies (contributing to 18 DTEs)
were classified at high risk of bias and were excluded from further re-
view consideration (Fig. 3, Supplementary Materials Table S-Table 1).

Following bias appraisal, 10 DTE studies including 20 DTEs and re-
ported across eight articles, were excluded from further review because
they were classified at high risk of bias in at least one of the four do-
mains. This resulted into the loss of evidence for the diagnostic accuracy
for Accuplex and AbboScreen POC tests (one article each).
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3.3. Article applicability appraisal

Of the ten DTE studies assessed for applicability, most (n = 7/10) did
not provide sufficient information outlining subject selection, and were
classified as having ‘possible’ applicability concerns. The three
remaining studies clearly described their subject selection, and matched
our review objective, and were classified as having low applicability
concerns in the subject selection domain. Two DTEs assessing the
WITNESS POC test were classified as high applicability concerns because
they assessed this test prior to kit improvements in 2015. Applicability
concerns for the index test and reference standard domains were clas-
sified as low in all other DTE studies (Fig. 3, Supplementary Materials
Table S-Table 1). Applicability appraisal resulted in the exclusion of two
DTEs, with 19 DTEs (from 10 DTE articles and 10 DTE studies) consid-
ered in meta-analysis. A forest plot summarising each test DTE outcome
is shown in Fig. 4.

3.4. Synthesis of results

There was only sufficient DTEs (at least three) to meta-analyse the
diagnostic accuracy of SNAP (six DTEs), WITNESS (three DTEs) and
VETSCAN (five DTEs).

3.4.1. SNAP

Minimal heterogeneity between the SNAP’s DTEs (I3s, = 16%, I3, =
4%) and limited evidence of threshold effect (p = —0.20) was found.
Model diagnostics did not indicate any influential or outlier DTEs. There
was no evidence of publication bias, as Deek’s funnel plot was approx-
imately symmetrical (P-value = 0.33). Summary estimates of DSe, DSp
and LR are 97.28% (95%CI: 94.06-98.78%), 99.83% (95% CI:
96.05-99.99%) and 559.0 (95% CI: 24.3-12,847.4), respectively.
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3.4.2. WITNESS

Some evidence of mild heterogeneity between WITNESS’s DSe esti-
mates was found (I35, = 30% and I3g,= 17%). This could be explained by
a threshold effect with a strong negative correlation found between DSe
and DSp (p = —0.73). Model diagnostics were not possible to calculate
(three DTEs present). Consequently, we report here the hierarchical
summary receiver operator characteristic (HSROC) curve instead of
point estimates (Fig. 5 A) for this test, however, the limited number of
DTEs (n = 3) provide little certainty on the shape of the curve (i.e. non
informative 95% prediction region).

3.4.3. VETSCAN

Moderate heterogeneity between VETSCAN’s DTEs was found (I%, =
53% and Ilz)sp: 41%). Model diagnostics did not show outlier DTEs
influencing the analysis. There was strong negative correlation between
DSe and DSp estimates, p = —1.00, precluding further covariate analysis
or presentation of a HSROC curve for this test (Fig. 5B).

The full range of accuracy estimates for WITNESS and VETSCAN is
reported in the forest plot (Fig. 4).

4. Discussion

The aim of this review was to summarise evidence on the diagnostic
accuracy of canine heartworm POC tests used to rule-in infection with
adult worms in clinically suspected dogs (i.e. confirmatory testing). The
diagnostic accuracy of nine POC tests was reported in the accessed
literature (41 DTEs from 18 articles) but it could only be summarised for
the SNAP test. Although some of the reported evidence was not appli-
cable (evaluated prior a major re-designing of WITNESS), too few
(Anigen Rapid, ALERE, Solo Step and Speed Diro) or too variable
(WITNESS and VETSCAN), the primary reason for not summarising test

SNAP® Heartworm RT Index test/Reference Author COI
Study TP FP FN TN Subjectselection Reference standard  standard blinded? (company)
Aron etal. 2012 23 0 2 2 Case-control Necropsy uy AA (Virbac)
Genchi ot al. 2018 a 97 0 0 45  Cross-sectional PetCHEK uu AA (Virbac)
Henry et al. 2018 195 3 5 47 Case-control Necropsy Y FA (Zoetis)
Burton et al. 2020 38 1 1192 Cross-sectional PetCHEK i AA, FA (IDEXX)
Lane et al. 2021 14 0 2 84 Cross-sectional DiroCHEK (V) AA, FA (Zoetis)
Beall et al. 2022 48 0 1 461 Cross-sectional PetCHEK Y AA, FA (IDEXX)
WITNESS® Heartworm Rapid Index test/Reference Author COI
Study TP FP FN TN Subjectselection Reference standard standard blinded? (company)
Genchi et al. 2018 a 97 0 0 45  Cross-sectional PetCHEK uu AA (Virbac)
Henry et al. 2018 198 3 2 47 Case-control Necropsy iy FA (Zoetis)
Lane et al. 2021 14 0 2 84  Cross-sectional DiroCHEK uu AA, FA (Zoetis)
VETSCAN® Heartworm Rapid Index test/Reference Author COI
Study TP FP FN TN Subjectselection Reference standard standard blinded? (company)
Aron et al. 2012 23 0 2 2 Case-control Necropsy uy AA (Virbac)
Rojas et al. 2015 16 1 1129 Cross-sectional PCR uu ND
Henry etal. 2018 197 3 3 47 Case-control Necropsy iy AA (IDEXX)
Burton et al. 2020 30 1 9192  Cross-sectional PetCHEK Y AA, FA (IDEXX)
Becker et al. 2022 46 5 1 19 Cross-sectional PCR uu

Solo Step® CH Index test/Reference Author COI
Study TP FP FN TN Subjectselection Reference standard standard biinded? (company)
Aron et al. 2012 21 0 4 24 Case-control Necropsy uy AA (Virbac)
Henry et al. 2018 196 3 4 47 Case-control Necropsy iy FA (Zoetis)
Anigen Rapid® Index testReference Author COI
Study TP FP FN TN Subjectselection Reference standard standard blinded? (company)
Henry et al. 2018 199 3 1 47 Case-control Necropsy Yy FA (Zoetis)
Speed Diro™ Index test/Reference Author COI
Study TP FP FN TN Subjectselection Reference standard standard blinded? (company)
Genchi et al. 2018 a 97 0 0 45  Cross-sectional PetCHEK wu AA (Virbac)
ALERE™ Dirofilriose Index test/Reference Author COI
Study TP FP FN TN Subjectselection Reference standard standard blinded? (company)
Soares ot al. 2022 % 6 4 9 Case-control PCR uu ND
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Fig. 4. Forest plot of raw data from diagnostic test evaluations (DTEs) assessing the diagnostic sensitivity and specificity of SNAP® Heartworm RT Test, WITNESS®
Heartworm Rapid Test, VETSCAN® Heartworm Rapid Test, Solo Step® CH, Anigen Rapid®, Speed Diro™, ALERE™ Dirofilriose and AbboScreen® to test against
canine heartworm (Dirofilaria immitis) with 95% confidence intervals (CI) in brackets. Likelihood ratio of a positive result and negative result (LR*, LR’), subject
selection method, reference standard, blinding status of the index test and reference standard and conflict of interest (COI) are also included. Each DTE is named with
the authors’ last name and year of publication. Lines with the same author and notated with a or b refer to DTE studies comparing index tests to separate reference
standards within the same article. The blue square indicates the sensitivity and specificity, and the horizontal black line depicts the 95% confidence interval. The
DTEs are ordered by publication year. Plot adapted from Review Manager 5.4. Blinding status of yes = Y and unclear = U. COI was judged as either not detected
= ND, author affiliated = AA or funding association = FA, and the company to which there was COI is reported in parentheses.
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Fig. 5. Hierarchical summary receiver operator
characteristic (HSROC) curves depicting the
diagnostic accuracy of WITNESS® Heartworm
Rapid Test (A) and VETSCAN® Heartworm
Rapid (B) point-of-care tests over a range of
positivity thresholds for the detection of circu-
lating canine heartworm (Dirofilaria immitis)
uterine antigen in canine serum. Presentation of
the summary point and its associated 95%
confidence region has been suppressed. The
SROC line is shown as the solid blue line and

T
100 80

Diagnostic specificity (%)

accuracy evidence was the high risk of study bias in many reports (9/20
studies, 20/41 DTEs). Only three studies (eight DTEs) showed low risk of
bias in all QUADAS domains. We excluded two DTE studies because of a
high risk of bias in their subject selection (experimental challenge and
two-gate sourcing). The majority of the other accessed DTE studies (11/
20) used a one-gate case-control selection of subjects based on their
reference standard (Rutjes et al., 2005) results which we deemed of
acceptable risk of spectrum bias. Conventionally, any type of
case-control selection of subjects in DTEs is regarded at high risk of bias
(Lijmer et al., 1999). We justify this risk classification because when
cases and non-cases are based on only the reference standard classifi-
cation (i.e. true status), we expected that each subject groups represents
truly infected and non-infected subjects respectively from the source
population, although not overall. Therefore, this should not affect the
spectrum of both groups’ profile used to estimate DSe and DSp,
respectively. This was further supported by the absence of evidence of
case-control selection influencing the observed heterogeneity among the
SNAP test DTEs, including systematically shifting DSe and DSp
estimates.

Another potential source of bias we rejected was using separate
reference standards for cases and non-cases (four articles), or the
exclusion of subjects based on D. immitis burden (three articles). Dif-
ferential verification could introduce information bias in an unpredict-
able direction when the reference standards are not perfect. Inclusion of
the DTEs excluding subjects with high worm burden is likely to restrict
the spectrum of infection to borderline detectable cases and therefore
only provide DSe estimates for the most challenging cases. Overall, our
review revealed that most DTEs of canine heartworm POC tests had
several design deficiencies and in higher frequency than other recent
systematic reviews of veterinary diagnostic tests (Buczinski et al., 2018;
Roy et al., 2020; Fairley et al., 2021).

Blinding of test operators can have substantive effects on test per-
formance (Cohen et al., 2016). Blinding of test operators was reported in
half of the articles we reviewed (9/18). Recent veterinary DTE system-
atic reviews report highly variable blinding rates ranging from 17% to
82% (Buczinski et al., 2018; Li et al., 2022). Lack of reporting prevented
us from determining whether other reviewed articles did not use
blinding. In 2003, the Standards for Reporting of Diagnostic Accuracy
Studies (STARD) guidelines were released and updated in 2015 (Bossuyt
et al., 2003; Bossuyt et al., 2015). These outline essential DTE study
information to report on and include a specific item to report whether
the test operator(s) were blinded to the results of the other test(s) or any
other clinical information about the subjects. Off the reviewed 16 arti-
cles published after the release of STARD first version in 2003, more
than half (nine) did not report on blinding. Those articles were pub-
lished in 11 journals of which only three currently required to comply
with the STARD guidelines (Veterinary Parasitology, Journal of the
American Veterinary Medical Association and American Journal of Veteri-
nary Research). We wish to emphasise the importance of reporting
blinding in DTE study (whether implemented or not) to allow a trans-
parent appraisal of the evidence by the end POC users. It is likely that

Diagnostic specificity (%)

the dashed blue line represents the 95% pre-
diction region. Each green disk represents one
diagnostic test evaluation (DTE).

those studies did not use blinding, however, we could not appraise them
beyond doubt and could only classify them with a ‘possible’ risk of bias.

We observed a chronological trend where non-lethal detection
methods (ELISA and PCR) appeared to progressively replace necropsy as
the reference standard in recent DTEs. We considered all reference tests
used in the accessed DTEs were acceptable, however, we recognise that
none are likely perfect (Wilks, 2001). For instance, PetCHEK has re-
ported DSe estimates ranging from 85.2% (McCall et al., 2000) to 98.0%
(IDEXX Laboratories) when compared to necropsy. Tests that target the
same analyte are highly likely to be conditionally dependent and,
therefore, to agree and possibly over-estimate POC accuracy (Vacek,
1985). It is therefore not surprising to observe SNAP with high DSe and
DSp estimates when compared to the two plate-based ELISA methods.
However, we also observe low heterogeneity between all SNAP DTEs,
despite necropsy use as reference standard in two of the six DTEs
meta-analysed, suggesting similar agreement between SNAP and a
reference standard with an alternative analytical target.

Although two POC tests (WITNESS and VETSCAN) had sufficient
applicable DTEs to synthesise, evidence of a threshold effect was found,
disallowing presentation of single summary of LR* estimates. Presence
of threshold effect for diagnostic tests is expected with assays providing
a continuous output, and the test reader need to use a threshold value to
binarise the test results. It is concerning to find evidence of threshold
effect for binary tests, as selection of a known threshold (and thus
knowledge of DSe and DSp at that threshold) is not possible for the test
operator. As shown in Fig. 4, individual LR estimates ranged from
16.50 to 4.70 (for WITNESS and VETSCAN respectively), with some
DTEs yielding no false positive subjects (100% DSp), and, therefore,
their LR reaching infinity. However, we cannot exclude the possibility
that LR varies beyond those ranges due to some observed threshold
effect. Causes of the observed threshold effects are possibly related to
manufacturing or consumable inconsistencies as well as variable test
performances based on individual DTE study conditions. We cannot
recommend the use of WITNESS and VETSCAN tests at this stage based
on the absence of consistent diagnostic accuracy evidence. We suggest
investigating and correcting for the potential source(s) of those
threshold effects before using those tests.

Ultimately, SNAP was the only POC test for which we could sum-
marise the diagnostic accuracy. The SNAP LR summary estimate (LR "
= 559.0, 95% CI: 24.3-12,847.4) indicates that a positive SNAP test
strongly supports the presence of an adult heartworm infection and is
suitable to rule in dirofilariosis in dogs with clinical suspicion. This
finding indicates a positive test result is 559 times more likely to occur in
an infected than a non-infected subject (Hayden and Brown, 1999). The
LR™ value can be used to compare the added value of a SNAP positive
result to other heartworm tests when ruling-in heartworm infection,
however, we could not obtain those summary values for the other
reviewed commercial POC tests.

One may consider using a POC heartworm test to rule-out infection
either to certify heartworm-free status of a dog for legislative or trav-
elling reasons, or to assure the parasite clearance post therapeutic
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treatment (Fig. 1). In this case, a test with a low (closer to zero) diag-
nostic likelihood ratio for a negative result (LR") (suggestive of high DSe,
and competitive DSp) would be suitable (Caraguel and Colling, 2021).
Although the summary estimate of the LR™ for SNAP from our
meta-analysis appeared strong (data not shown), it would be inappro-
priate to use this estimate for this purpose. Indeed, the SNAP
meta-analysis did not consider DTEs with subjects that would have been
a candidate for rule-out testing. To design a DTE study for the context of
ruling-out infection, subjects would be recruited in a different manner.
The spectrum of infection of those subjects is therefore expected to differ
from dogs suspected to have infection and likely have different test ac-
curacy. This appears to hold true in DTEs that excluded dogs with high
adult female heartworm burden from their analysis and reported sub-
stantially lower DSe estimates (data not shown).

Diagnostic accuracy estimates can be combined to the pre-test
probability to calculate the post-test probability of infection, also
known as predictive value. Several tools are available to facilitate this
process including user-friendly smartphone applications. As an example,
the free iOS application DocNomo (iOS App Store) provides three
graphical approaches to interpret a test result — the two-step Fagan’s
nomogram (Caraguel and Vanderstichel, 2013), a probability-modifying
axis (Hayden and Brown, 1999), and a probability-modifying plot
(Whiting et al., 2008). The summary diagnostic accuracy estimates of
the SNAP test can be directly entered into DocNomo using the following
hyperlink.

We developed here a transparent, objective and reproducible
framework based on scenario trees to contextualise POC test use for
heartworm infection in dogs and to classify study bias in reported DTEs.
This approach should be considered to ease the review process as well as
reporting of future diagnostic test accuracy systematic reviews and
meta-analyses. We provide summary point estimates of diagnostic ac-
curacy for the SNAP test, one of the most common POC heartworm test
used in practice. The summary DSe, DSp and LR" point estimates, and
their associated 95% confidence intervals were 97.28%
(94.06-98.78%), 99.83% (96.05-99.99%) and 559.0 (24.3-12,847.4)
respectively. Clinicians may use this information to select or interpret
this test results when confirm suspected cases of canine heartworm
disease. However, the reported estimates should not be used to make
decisions on test selection or interpretation when ruling-out heartworm
infection in dogs.
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