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1 | INTRODUCTION

Equine herpesvirus-1 (EHV-1) is a Varicellovirus in the Alphaherpesvirinae
subfamily of the Herpesviridae and infects horses worldwide.* The
clinical manifestations associated with EHV-1 include respiratory dis-
ease, pyrexia, abortion, neonatal death, chorioretinopathy, and a neu-
rologic disease known as equine herpesvirus myeloencephalopathy
(EHM).? Infection and transmission of EHV-1 occurs via the respira-
tory tract by direct horse-to-horse contact, or indirectly from contact
with contaminated nasal secretions, aborted fetuses, placenta, and
fomites. EHV-1 infects the respiratory epithelium from which it is trans-
ported to regional lymph nodes before establishing a cell-associated
viremia, which is thought to be central in the pathogenesis of abortions
and EHM. During the cell-associated viremia, EHV-1 is transported to
sites of secondary infection, which include the central nervous system
(CNS), the pregnant uterus, and the eye. At these sites, contact between
infected leukocytes and the vascular endothelium leads to endothelial
cell infection, inflammation, thrombosis and tissue necrosis, and disease
outcomes including abortion and EHM.?

Abortions following EHV-1 infection usually occur in the third tri-
mester. Infection of vascular endothelial cells of the endometrium lead
to vasculitis, thrombosis, microcotyledonary infarction, perivascular
cuffing, and, in some cases, transplacental spread of virus at the sites
of vascular lesions.2 Thromboischemic necrosis of the cotyledons and
intercotyledonary stroma then cause placental detachment and result
in the death of the fetus.* Foals born to EHV-1 infected mares can be
affected by a severe pneumonitis and usually succumb to the infec-
tion or require euthanasia within days of birth.> Clinical signs associ-
ated with EHM are variable in degree and commonly involve some
functional neurological abnormality, primarily of the hindquarters of
the affected horse.? These abnormalities include hind-end ataxia, uri-
nary incontinence, and loss of tail muscle tone.? Severely affected
horses can become recumbent.? Neuropathologic lesions seen in
horses with EHM include vasculitis, axonal degeneration, and thick
cuffs of lymphocytes and histiocytes surrounding small blood vessels
in the spinal cord and meninges.?¢

While there are many factors still unknown about EHV-1 patho-
genesis, a cell-associated viremia is considered central in the patho-
genesis and thought to be a prerequisite for EHV-1-induced abortions
and EHM.” Furthermore, a positive correlation between the duration
and magnitude of viremia and incidence of EHM is suggested.® There
is also evidence that more virulent strains of EHV-1 including Ab4
produce EHM and abortion at higher rates when compared with less
virulent such as V592.22 Finally, a single nucleotide polymorphism at
position 2254 in the DNA polymerase gene (ORF 30) is linked with an
increased occurrence of EHM.? 11

Based on this knowledge our panel of experts formulated the fol-
lowing review question: Is there a relationship between either the
level or the duration of equine herpesvirus-1 viremia and either abor-
tion or EHM in domesticated horses? This research question was
addressed using systematic review methods. The available data did
not support meta-analyses or other quantitative approaches therefore

a qualitative approach to data synthesis was used.

ylnt

MATERIALS AND METHODS
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2 |

21 | Problem formulation and protocol
development

A systematic review study protocol was developed using guidelines
provided by the Cochrane collaboration.'? The protocol detailed the
research question, outcomes of interest, outlined a search strategy
and the process of data extraction and provided criteria for rating the
quality of evidence (Table S1). The specific review question and Popu-
lation, Intervention, Comparator, and Outcome (PICO) statement for

the systematic review were as follows.

2.1.1 | Review question

Is there a relationship between the level and duration of equine
herpesvirus-1 viremia and either abortion or EHM in domesticated
horses? The review question was developed and refined through a
series of problem formulation steps including preliminary literature
searches. This systematic review utilized data collected from previous

studies. Therefore, ethical approval was not required.

2.1.2 | PICO statement
The following PICO (problem/population, intervention, comparison,

and outcome) framework was developed:

o Population: Domesticated equids without sex, age, or breed restrictions.

o Intervention/Exposure: Equids experimentally infected or naturally
exposed to EHV-1 infection.

e Comparator: Measurement/detection of viremia and association
with severity of clinical, clinico-pathological, and pathological signs
of abortion, neonatal loss, or EHM.

e Outcome: All clinical outcomes that reflect symptomatic EHV-1
infection in horses with abortion, neonatal loss, or EHM. Presence

and degree of viremia.

2.1.3 | Inclusion and exclusion criteria
The following inclusion and exclusion criteria were used.

Inclusion criteria:

e Domesticated equids without age, breed, or immunological status
restriction.

e Any experimental challenge or natural infection with measurement
of disease and of viremia.

e Study included clinical outcomes that reflect symptomatic EHV-1
infection resulting in either abortion, neonatal death or EHM. Main
outcomes include abortion or neonatal loss (1-week-old foal or

younger) and neurologic signs suggestive of EHM.
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e Studies were not excluded on the basis of year of publication, lan-

guage, or quality.
Exclusion criteria (reason was recorded):

e Absence of an EHV-1 challenge trial or exposure.

e Absence of the selected clinical or virological outcomes.
e Wrong species of virus.

e Wrong species (not equine).

o Purely descriptive observational studies.

¢ No original data.

2.2 | Search strategy

The review team initially considered existing systematic reviews to
address or help to address its research question. English-language sys-
tematic reviews conducted within the last 5 years were sought using
searches in PubMed, PROSPERO (CRD), and CAMARADES. No rele-
vant systematic reviews on this topic were identified.

In addition to consideration of systematic reviews, a search for
bibliographic references was performed through PubMed, Web of Sci-
ence, Cochrane, CAB Abstracts, AGRICOLA, Global Index Medicus
regional databases to include African Index Medicus (AIM), Eastern
Mediterranean Region (IMEMR), South-East Asia Region (IMSEAR),
Latin America and the Caribbean Literature on Health Sciences
(LILACS), Western Pacific Region Index Medicus (WPRO) to locate
studies. The search was limited to domesticated horses and performed
without sex, age, breed, or language restrictions. Only peer-reviewed
publications were considered. The search strategies included descrip-
tors or words in the text related to abortion, foal death, EHM, and vire-
mia. The search was developed with input from a librarian (Peggy Gross)
with expertise in the conduct of systematic reviews (Table S1). The ini-
tial literature search was performed on December 20, 2019 and the
original set of citations were uploaded into Covidence. A last update on
available citations was done on January 19, 2021.

2.3 | Study selection

Screening and quality assessment were tracked in Covidence (www.
covidence.org). The evaluation of titles, abstracts, and the full text
were independently performed by a team of 2 reviewers at either the
initial screening (Nicola Pusterla, Klaus Osterrieder) or full text review
(David Dorman, Claire Neinast) steps. Disagreements were resolved
by either discussion or when consensus could not be reached using a
third reviewer. A list of excluded studies in the full text screening
stage, with the reason for exclusion, is provided in Table S2.

2.3.1 | Data extraction

Extraction of originally published graphical data relied on Digitizelt
version 2.5.1. (Braunschweig, Germany). Data were extracted from

included studies by 1 member of the review team (Dave Dorman)
and checked by a second member (Claire Neinast) for completeness
and accuracy. Any discrepancies in data extraction were resolved
through discussion. The extracted data were used to summarize
study designs and findings and/or to conduct post-hoc statistical
analyses (Table S1). Specific study endpoints that were extracted
included: demographic data, virus challenge protocols including
virus strain and dose, clinical signs, reproductive tract or foal
pathology, neuropathology, and virology data including the pres-
ence or absence of viremia, duration and quantification of viremia,

and methods used.

2.3.2 | Risk of bias evaluation

The risk of bias domains and questions for assessing risk of bias in
experimental studies were based on established guidance for animal
studies.’® The following domains were assessed: blinding of partici-
pants and personnel, random selection of animals for outcome assess-
ment, blinding of outcome assessment, incomplete outcome data,
selective reporting, and other bias. Experimental studies were inde-
pendently assessed by 2 assessors (David Dorman, Claire Neinast)
who answered all applicable risk of bias questions with 1 of 3 options
(low risk of bias, unclear risk of bias, or high risk of bias) following prespe-
cified criteria (Table S1). Any discrepancies were resolved through discus-
sion or the use of a third individual. Risk of bias was assessed at the
outcome level. Assessment of the quality of observational studies was
performed using the Joanna Briggs Institute (JBI) Critical Appraisal Check-
list for Case Reports (last amended in 2017).* This tool assesses
whether the following components are clearly described: demo-
graphic characteristics, history, clinical, diagnostic tests or assess-
ment methods, intervention, post-intervention clinical condition,
adverse events and whether the case report provides takeaway les-
sons. Observational studies were independently assessed by 2 asses-
sors who used 1 of 4 options (yes, no, unclear, not applicable) for
each criterion. All assessments were performed by individuals that
did not participate in the original research study.

2.3.3 | Strategy of data synthesis

A narrative synthesis (eg, study design, year of publication, subject
baseline demographics, sample size, country where study was con-
ducted, interventions, and the results from each study) was performed

for each outcome (abortion or neurologic effects).

3 | RESULTS

3.1 | Results of the search

The search strategy identified 382 citations, of which 193 were dupli-
cate citations. Another 121 citations were excluded based on the title
or abstract. Literature was almost entirely identified and retrieved
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from electronic bibliographic sources. No studies were identified from
hand searching reference lists provided in the studies that met inclu-
sion criteria. A total of 68 studies were assessed for inclusion using a
review of the full text. Thirty-four studies met the inclusion criteria
for this review. A flow diagram for inclusion of studies in the system-
atic review is provided in Figure 1.

3.2 | Description of the included studies

A total of 34 studies met our inclusion criteria. The key characteristics
of these studies are summarized in Table 1. Of the 34 studies,
30 evaluated viremia and neurologic outcomes (Table 2). The most
used strains of virus in the experimental studies were Ab4
(17 studies),>1%152% Ab4 mutants including strains lacking an open
reading frame (7 studies), 0192023252628 and OHO3 (7 stud-
jes).381730-33 The remaining studies used Army 183, 03P37,
970P70 or FR-56628.24437 Seven studies compared the virulence
of 2 or more strains.>81¢17:21.3035 gome studies evaluated vaccine
or treatment efficacy in horses inoculated with EHV-1. Incidence
rates for EHM in experimental studies varied among the different
studies. Overall, the incidence rate of neurologic signs including
ataxia and quadriplegia was approximately 13% (n = 474). This inci-
dence rate does not include the occurrence of less specific signs like
anorexia or CNS depression. Findings between studies varied with
some showing evidence for a correlation between levels of viremia

and development of EHM,®32 some indicating that the duration of

American College of

Veterinary Internal Medicine

viremia may be more important for predicting EHM,®? and some
studies finding no correlation between level or duration of viremia
and incidence of EHM.>1%2427 Data combining the findings from
all neurological horses seem to suggest that an association (P = .01)
between duration of viremia is more important for the risk of ataxia
than the number of infected PBMCs, that is, the level of viremia.
However, data analysis was complicated by the fact that often no
individual viremia data was reported, assays for measuring viremia
differed, and the overall incidence for horses exhibiting neurological
signs in many studies was low as were numbers of horses per experi-
mental group.

Four observational studies were retrospective reports of naturally
occurring outbreaks.®8#! Pusterla and coworkers grouped PCR-positive
horses into the following groups: asymptomatic horses (n = 27) and
horses with neurological signs (n = 6).4° They found viral loads in blood
from asymptomatic horses was lower when compared with viral loads
seen in neurologic horses. No statistical differences in viral loads in
nasal secretions were found between neurologic horses and asymptom-
atic horses.

There were 8 experimental studies that examined viremia and
abortion (Table 3).31821224245 giy studies used the Ab4 strain,
whereas other studies used the following strains: Army 183, OHO3,
KyB, Piber 178/83, or V592. Data evaluating peak viremia were lim-
ited to a single study.® The remaining studies reported either the inci-
dence of viremia and/or the duration of viremia. There was a single
incidence of abortion in 1 pregnant mare exposed to the OHO3

strain.% Peak levels of virus in blood occurred at 5 days post-infection

Records identified
through database
searching (N = 382)

Additional records
identified through other
sources (N =0)

Identification

I |

v

Records after duplicates
removed (N = 189)

v

Records screened
(N =189)

Records excluded
(N =121)

y

Full-text articles assessed
for eligibility
(N = 68)

Full-text articles excluded
(N =34)
Wrong outcomes (N = 29)

Eligibility Screening

Duplicate (N = 2)
No original data (N = 2)

A

FIGURE 1 PRISMA flowchart for the

Wrong study design (N = 1)

literature search process.

8 Studies included in
© synthesis

= (N = 34)

O
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and were reported at 10° EHV-1 gB copies/10° beta actin copies. The
affected mare also had the longest duration of viremia (4 days). Six
other mares exposed to OHO3 did not abort and peak viremia
occurred at 5 to 7 days after infection. Peak viremia levels ranged
from 1027 to 10%¢ EHV-1 gB copies/10° beta actin copies. In the
same study, Gardiner et al.® also exposed a cohort of 7 pregnant
mares to the Ab4 strain, and 5 mares aborted. Aborted fetuses had
lesions in the liver, adrenal glands, and spleen. The 2 mares that deliv-
ered healthy foals showed the shortest duration of viremia. Mares
that aborted had peak viremia recorded between 5 and 9 dpi, reaching
10%3-10%2 EHV-1 gB copies/10° beta actin copies. Peak viremia
levels seen in mares that did not abort occurred at 5 to 7 days after
infection and were nearly identical to those seen in mares that
aborted (10%1-10%2 EHV-1 gB copies/10° beta actin copies). Aborted
fetuses from dams exposed to either strain of virus had lesions in the

liver, adrenal glands, and spleen.

3.3 | Quality assessment and risk of bias
The risk of bias evaluations for experimental studies are presented in
Figure 2. Overall, the risk of bias was often unclear or unreported
in many studies for the following 3 domains: were the animals ran-
domly housed during the experiment; were the caregivers and/or
investigators blinded from knowledge of the intervention; and was
the outcome assessor blinded. In many experimental studies, the
investigators were either aware of the treatment groups or could
become aware of the treatment because animals were housed or pas-
tured in different areas. A lack of blinding may introduce bias for the
assessment of neurologic effects. This was thought less important for
studies evaluating abortion. Some included experimental studies eval-
uated viremia in horses with prior vaccination or other treatments.
The impact of these treatments on the outcomes was often consid-
ered unclear. Risk of bias was mostly low in other domains.

The quality of observational studies was evaluated using a sepa-
rate tool developed for case reports. The result of this evaluation is
provided in Figure 3. In general, the included case reports were

deemed to be of high quality.

4 | DISCUSSION

Our systematic review evaluated the association between either the
level of viremia or duration of viremia and either EHM or abortion in
horses infected with EHV-1. Our results were mixed, and we did not
include a meta-analysis of the viremia data. The decision to not per-
form a quantitative analysis was driven by several factors, including
the heterogeneity of the studies with respect to virus strains used,
dose of virus used for challenge infection, different analytical methods
(eg, PCR, plaque assays), insufficient reporting, low statistical power
of the studies, among other factors. Additionally, there was variability
in data collection and reporting over the timespan collected (eg, cycle

thresholds, gene copies, TCIDsg, interval and duration of sampling).
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Another study limitation was the lack of data for horses that devel-
oped ataxia and other signs of neurologic disease vs those that did not.
This often did not allow for meaningful statistical analysis and this prob-
lem will likely persist unless better models to study and experimentally
induce EHM and EHV-1 abortions are consistently used.

Results for EHM were variable. In 2008, Allen® reported an asso-
ciation between the peak amount of viremia and the development of
signs of neurologic disease in horses inoculated with the OHO3 strain.
Goodman et al.*2 found a significant association overall between
PCR-detected viremia following exposure to the OHO3 strain and
signs of neurologic disease, when treated as a categorical variable
(P = .01 by Fisher's exact test). Maxwell and coworkers, who exam-
ined the effectiveness of valacyclovir either prophylactically or after
the onset of fever in horses inoculated with the OHO3 strain, pro-
vided some evidence in support of a possible association between
higher levels of viremia and an increased risk of ataxia.>® One retro-
spective study reported that viral loads in blood were significantly dif-
ferent between the 2 groups with viremic neurologic horses having
higher viral loads vs viremic asymptomatic horses.* In contrast, Allen

and Breathnach®®

reported that the magnitude of viremia in 2 foals
inoculated with a neuropathogenic strain of EHV-1 were not signifi-
cantly greater than in foals infected with paralytic strains of EHV-1

that failed to exhibit neurological signs. Brosnahan et al.®

reported
no significant difference in peak viremia between neurological and
non-neurological horses exposed to the Ab4 strain (P =.19). Holz
and coworkers'? were unable to find a positive correlation between
the duration of viremia and incidence of EHM following inoculation with
different Ab4 mutant viruses, but reported that the onset of viremia and
peak viremia levels correlated with fever responses seen in the horses.
Perkins et al.>* reported no significant difference in either the onset of
viremia, duration of viremia, or maximum viremia between horses that did
or did not develop signs of neurologic disease following inoculation with
the Ab4 strain. Wilson et al.?” reported no significant difference in viremia
between horses exhibiting signs of neurologic disease and horses without
neurologic signs following inoculation with the Ab4 strain. When compar-
ing (for all horses) the data of viremia with those of neurological signs, the
association (P = .01) suggested that the duration of viremia is more
important for the risk of ataxia than the number of infected lympho-
cytes.?” However, a challenge with many of the conclusions drawn by the
authors of the identified studies is, that the raw data of individual horses
supporting these analyses are often inaccessible.

Our systematic review identified 8 experimental studies that
examined viremia in pregnant horses following EHV-1 exposure. Data eval-
uating peak viremia were limited to a single study.® The remaining studies
reported either the incidence of viremia and/or the duration of viremia.
Viral titers were not accessible for most of these studies, 821224245 thys
no conclusions regarding an association between peak viremia and abortion
following EHV-1 exposure can be drawn. Data evaluating duration of vire-
mia in these studies are also limited. As was the case with studies evaluat-
ing viremia and EHM, individual data are generally lacking in the studies
evaluating viremia and abortion in EHV-1 infected horses.

In conclusion, we found that there is convincing evidence in the

literature that viremia is a pre-requisite for occurrence of abortions
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3
o |2 &
®© | &
S |lo |« ~ S| S = | =
D -]
SRR bl =[S 12|99 |olo|l2|o|w]|
s|l2|~|2]2lI2|2|a|2la|Y ¥ (2|2|3|5|2|a
S|V [8|8|elel8|N|N|3|3|(Q|Q|3|R[R]8
cld|2|2|2|IR|T|5|5|R|e2]e|l2|e|¥|¥|0 Nl
UnmNQUE»u_.E.Eg‘C“:guSwE
S1213|8|2(2(5(5|5|3|515!5(5(8(5(s|2|5|¢8
clo|z|2[Z||=|2|2|&|E|&|a3|a|8|a|S|2|2|8

FIGURE 2 Risk of bias table of the included experimental studies. Green, yellow, and red denotes low, unclear, and high risk of bias,

respectively.

Major Components

Estell
2015
Pusterla
2008
Pusterla
2012
Pusterla
2021

Were patient’s demographic characteristics clearly described?

Was the patient’s history clearly described and presented as a timeline?

Was the current clinical condition of the patient on presentation clearly described?

Were diagnostic tests or assessment methods and the results clearly described?

Was the intervention(s) or treatment procedure(s) clearly described?

Was the post-intervention clinical condition clearly described?

Were adverse events (harms) or unanticipated events identified and described?

Does the case report provide takeaway lessons?

FIGURE 3 Study quality of the included observational studies. Green and orange denotes yes (clearly described) and unclear, respectively.

Gray indicates the item was not relevant for the individual included study.

and neurological disease. However, we were not able to find conclu-
sive evidence for the role that duration or magnitude of viremia plays
for the incidence of EHM or EHV-1 abortions. This is not to say that
such an association does not exist, but to firmly draw that conclusion

and evaluate data in a systematic review, one cannot overstate the

importance of consistent experimental study design including power
and effects analysis as well as consistency in measuring and analyzing
outcomes to be examined between research groups. Furthermore, it
will be critical to develop and use models of EHM and EHV-1 abortion
that will reliably induce the desired outcome to answer these



1890 | Journal of Veterinary Internal Medicine AC\?' M

SOBOLL-HUSSEY ET AL.

American College of
Veterinary Internal Medicine
questions as well as test effectiveness of future therapeutic and pre-

ventative measures.
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