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Abstract Objectives: To assess evidence for genetic contributions to atrial fibril-
lation (AF) in the Standardbred horse.
Animals: Equine referrals to the Ontario Veterinary College Health Sciences Centre
(OVCHSC) for 1985e2009, and age and gait matched breed registry controls.
Methods: Breeds presenting �5 times annually were tabulated (admission year and
diagnosis; total 40,039; AF 396; no AF 39,643), and breed and year effects exam-
ined. Heritability and inbreeding coefficients were determined for Standardbred
AF cases and racing contemporaries, and odds ratios for AF were calculated for fre-
quently occurring sires.
Results: Year and breed effects on diagnosis were highly significant (Chi-Square
212.85, p < 0.0001, and 304.25, p < 0.0001, respectively). Year effect on diagnosis
by breed was significant from 1997, and due to Standardbred admissions each year.
Quarterhorses were significantly less likely to present with AF (OR 0.0578e0.6048),
Standardbreds were more likely (OR 4.3874e10.9006). Heritability of AF on the un-
derlying scale (h2u) was estimated at 29.6 � 3.9% and on the observed binomial scale
h.ca (P. Physick-Sheard).
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Abbreviations
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a additive genetic va
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F coefficient of inbre
h2u heritability on the
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MUE median unbiased e
OR odds ratio
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Sciences Centre
REML restricted maxim

estimate
(h2o), at 9.6%. For horses born in 1994 or later, h2u was 31.1 � 4.3% and h2o, 10.1%. Of
22 first generation sires appearing �10 times in the case/control file, seven pacing
and one trotting sire produced affected horses more frequently than expected (OR
2.66e66.32). Inbreeding was not a factor.
Conclusions: There is genetic liability to AF in Standardbred horses, likely due to
more than single genes with simple Mendelian inheritance. Genomic studies are re-
quired.
ª 2014 Elsevier B.V. All rights reserved.
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Introduction

Over the last 20 years, there has been a pro-
gressive rise in the number of active Standardbred
racehorses presented at the Ontario Veterinary
College Health Sciences Centre (OVCHSC) with a
diagnosis of atrial fibrillation (AF). Frequency of
presentation appeared to exceed the number
expected based on the general referral pop-
ulation, while particular pedigrees occurred often.
Very few horses were phenotypically predisposed
to arrhythmias since evidence of clinically sig-
nificant organic heart disease was generally
absent, and a diagnosis of lone AF (AF without
clinical evidence of predisposing organic heart
disease) was made in all cases.

Atrial fibrillation is of growing importance in
humans, with increase in cases being attributed in
part to an ageing population and genetic con-
tributions.1e3 Ageing does not apply in the Stand-
ardbred racehorse, however, where average age is
low.4,5 Genetic contributions to AF of both familial
and non-familial forms have been described in
humans,6,7 but no arrhythmia with a genetic basis
has been described to date in the horse. The
objectives of the present investigation were to
assess evidence supporting a genetic liability for
AF in the Standardbred horse, and to gain insight
into the mode of inheritance if such liability were
found. These objectives were approached through
a retrospective caseecontrol study of the OVCHSC
referral population for the period of 1985e2009
inclusive.
Animals, materials and methods

The investigation was divided into three compo-
nents, as follows:

Study 1 e analysis of hospital referral
population

Reference population for this study was horses of
any breed living in the catchment area of the
OVCHSC, which included the Province of Ontario
and adjacent areas of the United States. Study
population was horses referred to the hospital for
any reason. The medical records database of the
hospital was searched from 1985 to 2009 inclusive
to determine by breed, annual equine admissions
and annual number of these admissions in which a
diagnosis of stable (persistent) AF was made. The
diagnosis of AF was confirmed on ECG. Cases in
which AF arose spontaneously during systemic ill-
ness, and then resolved, were not included. For
study 1, these populations constituted the case
group (all horses with stable AF) and control group
(all other equine admissions). Throughout the
study period, all presenting problems and clinical
findings were routinely recorded in the medical
record. Arrhythmias (whether historical, evident
during examination or noted during hospital-
ization) were routinely evaluated by ECG and
diagnoses of AF were recorded. Hospital controls
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with rhythm disturbances would routinely have
been examined by ECG and the absence of AF
confirmed. An ECG was not necessarily acquired in
the absence of an auscultable arrhythmia. No
additional exclusion criteria were applied for
hospital controls since inclusion as a case was
dependent on the demonstration of stable AF on
ECG, in a horse with an arrhythmia.

Populations were tabulated by breed, year of
admission, and hospital diagnosis (AF or not AF).
For purposes of this study, horses presenting mul-
tiple times with AF were considered only once, at
the time of first presentation. The unit of interest
is therefore the horse. Statistical analysis was then
applied to determine effect of year of admission
and breed on probability a horse would be diag-
nosed as having AF. In these analyses, each breed/
year group was compared against all other groups.
Distribution of Standardbred referrals and of AF
cases over the study period was also determined.

Study 2 e inbreeding coefficients and her-
itability estimation at breed level

At the time this component of the investigation
was undertaken, pedigree data for several horses
presenting in 2008 and 2009 were incomplete, and
investigation was confined to cases admitted in the
period 1985e2007 inclusive. Reference population
for this study was Standardbred horses racing in
Ontario from 1985 to 2007, all cases having raced.
Cases of AF in Standardbred horses referred to the
OVCHSC in this period were defined as the case
group. For horses presenting multiple times, only
the first admission was considered.

To generate the control population for this case
population, race records for each affected horse
were obtained from Standardbred Canada.e

Unique identities of horses that raced against a
case horse in the six month period prior to case
admission and finished in the top three places in
any race (identified in each race record) were
tabulated as eligible controls for that case (racing
contemporaries). This method of selecting controls
was chosen because all case horses had raced, and
because breeding fashions were likely to have
changed over the 23 year span of the study.
Selection of racing contemporaries ensured con-
trols would have raced and would be of similar age
(horses in the same race would be age-matched
within 1e3 years) and would also be gait-
matched. Controls would thus be drawn from a
broadly similar genetic pool, and be of similar
athletic ability. Selection by unique identities
e Standardbred Canada, Mississauga, Ontario, Canada.
meant horses appearing frequently in the top
three would have no greater chance of being
selected as controls than those appearing only
once. Case horses appearing in the eligible con-
trols list (i.e., finishing in the first three), were
eliminated from the list.

From this tabulation, 10 age- and gait-matched
controls were randomly selected for each case
horse (random numbers were generated using
APLf). If any selected racing contemporary also
appeared in the case list, they were replaced by
random selection of another contemporary. It was
assumed racing contemporaries never presented
with AF. Cases and their racing contemporaries
were combined to create a case/control file con-
taining 2243 horses, diagnosed with AF [1] or not
with AF [0].

The entire pedigree database of the North
American Standardbred horse was obtained from
the Canadian breed registry,e and contained
943,752 records. It was imported into a pedigree
analysis software packageg to facilitate database
error checking, and errors were corrected in con-
sultation with the registry to maximize available
pedigree information and facilitate the develop-
ment of entire family trees. The database was
then used to create a primary pedigree file for case
and control horses. This file contained 18,247
horses going back up to 21 generations, and was
used to calculate inbreeding coefficients and
heritability.

Because of a progressive increase in AF cases
starting in 1993, heritability was also estimated
using only affected horses born in 1994e2007
(n ¼ 158). For this analysis new, limited case and
control pedigree files were generated, containing
1738 and 15,451 horses respectively.

Study 3 e frequency of occurrence of sires

Using the case and control horses from study 2,
extended to include 2008 and 2009 AF admissions,
the first generation sire for each case and each
control horse was identified and frequencies
determined for these sires. Controls for 2008 and
2009 admissions were generated as previously
described for study 2. For all sires occurring 10 or
more times in the combined case/control file,
tables were built and Chi-square analyses were
performed to compare cell contents and compute
odds ratios (OR) for each sire. The objective of this
investigation was to determine whether any sire
g Lineage Pedigree Visualization and Analysis, http://www.
jppollak.com/software.html.

http://www.jppollak.com/software.html
http://www.jppollak.com/software.html


Table 1 Breed distribution of equine admissions
and equine cases of AF at the OVCHSC for the period
1985e2009 inclusive.

Breed Admissionsa AF Percentb

Quarterhorse 3594 3 0.08
Arabian 1091 4 0.37
Mixed breed equine,
hunter, Canadian
sport horse

3096 8 0.26

Hanoverian 1425 9 0.63
Draft breeds (Belgian,
Percheron, Clydesdale)

878 7 0.80

Morgan 154 0 0.00
Oldenburg, Westphalian 363 4 1.10
Appaloosa, Paint 1003 0 0.00
Miniature horse, Welsh,
other Pony

778 0 0.00

Standardbred 11,970 300 2.51
Thoroughbred 12,998 47 0.36
Trakehner, Holsteiner 980 4 0.41
Dutch Warmblood,
warmblood e others

1221 10 0.82

Other breeds 1402 0 0.00
Total 40,953 396 0.99

AF, atrial fibrillation; OVCHSC, Ontario Veterinary College
Health Sciences Centre.
a
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occurred among AF cases with a frequency that
differed significantly from its occurrence among
controls.

Heritability and inbreeding analysis
Inbreeding coefficients were calculated using the
algorithm proposed by Meuwissen and Luo (1992).8

The case/control dataset, with the binary
response variable 1 or 0 (affected or not affected),
was analysed through a generalized mixed model,9

with a probit link function. The model included the
fixed effect of an overall mean, fixed linear
regression on inbreeding coefficient, and random
additive polygenic genetic effect of the horse. A
threshold model was therefore implied with a
standard normal underlying scale for liability to
AF. Genetic covariance among horses was mod-
elled through the numerator relationship matrix,10

given by the pedigree file of 18,247 horses. The
statistical software ASREML,11 which applies
restricted maximum likelihood estimation (REML),
was used for estimating additive genetic (s2

a) and
phenotypic (s2

p) variances. Heritability of AF on
the underlying scale (h2u) was given by the ratio s2

a/
s2
p; that is, the proportion of phenotypic variation

attributable to genetic variation. On the observed
scale, the heritability estimate was obtained fol-
lowing Gianola (1982).12 Preliminary analyses
showed that linear regression on the inbreeding
coefficient F was not significant (p ¼ 0.91), thus
this effect was dropped from the model to obtain
the heritability estimate.

Other statistical analysis
All other statistical analyses were performed using
SAS 9.2.h The PROC FREQ procedure was used to
calculate frequencies by breed and by year of
admission and to generate contingency tables.
Contrast estimates for comparison of cell contents
were generated using PROC GENMOD, with each
breed being compared to the average of all other
breeds. Tables for evaluation of sires in Study 3
were built using the PROC FREQ procedure, with
significance of the comparison between individual
sires and the average of all other sires being
determined by use of Fisher’s exact test. Condi-
tional maximum likelihood estimates (CMLE) of the
ORs were calculated along with exact conservative
95% Sterne confidence limits.13 However, the
median unbiased estimate (MUE) of the OR is
reported where a zero cell entry would otherwise
cause the usual OR estimate to be either 0 or
infinity. For breeds/breed groups without any AF
cases, 0.01 was entered as the case count to avoid
h SAS 9.1, SAS Corporation, Cary, NC 27513-2414, USA.
infinite estimates. Significance was set at p & 0.05
for all analyses.
Results

Study 1

Admission records were analysed to determine
total equine admissions for each year of the period
1985e2009 (inclusive), and within each year totals
for each breed were determined. Total equine
admissions were 40,953. Only breeds presenting
with an average of at least five cases per year
(defined as frequently presented breeds) were
included in subsequent frequency analysis; these
totalled 40,039 admissions. No infrequently pre-
sented breed presented with AF, while AF was not
diagnosed in all frequently presenting breeds.
Numbers were small in some breeds, which were
amalgamated. Resulting presentation data and AF
admissions are summarized in Table 1. Of the
40,039 admissions, 11,970 (29.9%) were Stand-
ardbred. Annual Standardbred accessions declined
from an average of 549 in the first five years of the
study period to 399 in the last five years.
Total admissions, by breed e includes AF cases.
b Proportion of admissions for breed/group exhibiting AF.
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Effect of year and breed on AF admissions was
examined for both the entire study period and the
period 1996e2009. Particular focus was placed on
this latter period because of the marked increase
in case acquisitions and the possibility that the
underlying dynamics differed from the earlier
period. Overall effects of year and breed were
highly significant (Chi-Square 212.85, p < 0.0001,
and 304.25, p < 0.0001, respectively). Year had a
significant effect on breed admissions in 1989,
1991, 1992, and in all years from 1997 to 2009
(Fig. 1). Warmblood breeds were entered in sub-
sequent analysis as separate groups formed on the
basis of frequency of presentation.

Contrast estimates (Table 2) were used to
compare each individual breed with all other
breeds combined. Odds ratios are presented as 95%
confidence intervals. For the period 1985e2009
and for 1996e2009, Quarterhorses were sig-
nificantly less likely to present with AF (OR
0.0507e0.5180, p ¼ 0.0051 and 0.0747e0.8970,
p ¼ 0.0050, respectively). Several other breeds/
breed groups were less likely than average to
present with AF, but the effect did not reach
statistical significance for any. Oldenburgs/West-
phalians were significantly more likely to present
with AF for 1985e2009 but the effect was not
strong (OR 1.0110e7.9391, p ¼ 0.0476).
Figure 1 Effect of breed on overall atrial fibrillation (AF) a
numbers (open bars) are shown. Standardbred AF admissions
admissions for each year (grey bars). Both variables use the
breed effect are marked (*). Breed effect for all years was at
Chi Square 23.78e80.09, p < 0.001 (< e 1997, p ¼ 0.0047).
Standardbreds were significantly more likely to
present with AF (OR 4.9658e9.9203 and
5.3838e10.9665 for the two time periods, respec-
tively; p ¼ 0.0001 and p < 0.0001). Standardbred
AF cases, and Standardbred AF cases as a per-
centage of total Standardbred admissions, are
shown in Fig. 1. Standardbred AF caseload was
stable until 1997, when it began to progressively
increase despite a fall in total Standardbred
admissions. AF cases as a percentage of total
Standardbred admissions rose from 4.5% in 1996 to
10.5% in 2009. A total of 300 cases of AF in
Standardbred horses presented in the 25 year
period from 1985 to 2009.

Pattern of AF admissions by birth year are shown
in Fig. 2. Admissions for the 1993 birth year more
than doubled when compared with the preceding
10 years and stayed high until the 1999 birth year,
when AF admissions declined. They increased
again with the 2000 birth year and reached a peak
in the 2003 birth year. Further details are pre-
sented in results for study 3.

Study 2

The caseecontrol file contained 2243 horses.
These horses had an average of 7.1 known ances-
tors and were born from 1116 sires, 304 grandsires,
dmissions by year, and annual Standardbred AF admission
are also presented as a percentage of total Standardbred
same y-axis scale. Years in which there was a significant
tributable to the number of Standardbred cases. Pearson



Table 2 Contrast estimates for effect of breed on probability of presentation with AF.

Breeda Estimate Odds ratio confidence limits Chi-square p-Value

1985e2009 Quarterhorse �1.6765 0.0578e0.6048 7.84 0.0051
Arabian �0.1015 0.3162e2.5817 0.04 0.8497
Equineb �0.4387 0.2952e1.4089 1.21 0.2712

Hanoverian 0.4530 0.7195e3.3489 1.29 0.2563
Draft 0.4314 0.6536e3.6256 0.97 0.3236
Morgan �1.2335 0.0048e17.5612 0.35 0.5549

Old, West 1.0414 1.0110e7.9391 3.93 0.0476
App, Paint �1.8696 0.0175e1.8843 2.83 0.0925

Pony �0.9696 0.0763e1.8843 1.41 0.2359
Standardbred 1.9338 4.3874e10.9006 63.97 <0.0001
Thoroughbred �0.1732 0.4976e1.4214 0.42 0.5178
Trak, Holst 0.0693 0.3846e2.9866 0.02 0.8946
Warmbloodc 0.7397 �0.0064e1.4857 3.78 0.0520

1996e2009 Quarterhorse �1.3513 0.0747e0.8970 4.54 0.0050
Arabian 0.5521 0.5663e5.3273 0.93 0.3342
Equineb �0.4398 0.2604e1.5937 0.91 0.3413

Hanoverian �0.0248 0.3468e2.7440 0.00 0.9627
Draft 0.7213 0.7975e5.3062 2.23 0.1357
Morgan �1.5116 0.0008e64.1691 0.27 0.6015

Old, West 0.9249 0.8332e7.6319 2.68 0.1016
App, Paint �2.2224 0.0064e1.8205 2.38 0.1226

Pony �1.1854 0.0372e2.5089 1.22 0.2698
Standardbred 2.2618 5.3910e17.0967 59.01 <0.0001
Thoroughbred �0.2342 0.4093e1.5294 0.49 0.4861
Trak, Holst 0.3619 0.4755e4.3370 0.41 0.5210
Warmbloodc 0.5337 0.7415e4.0821 1.62 0.2032

AF, atrial fibrillation; OVCHSC e Ontario Veterinary College Health Sciences Centre.
a All breeds/breed groups presenting at the OVCHSC at least 125 times (average of five times each year) in the period 1985e2009

were included in the analysis.
b Equine ¼ mixed breed.
c All other warmblood breeds amalgamated.
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and 116 great grandsires. The average number of
horses per sire, grandsire and great grandsire were
2.0 (range 1e29), 7.4 (1e161) and 19.3 (1e215),
respectively. There were 22 generations repre-
sented in the primary pedigree file. Horses in this
file had their pedigree traced back up to 21 gen-
erations, with more than 99% of horses being
traced back for 10 or more generations (Table 3).

The inbreeding coefficient (F) of each of the
2243 horses was calculated using the relevant
pedigree information (18,247 animals). The
average of case horses (F ¼ 8.4 � 3.0%), was not
significantly different from that for control horses
(F ¼ 8.6 � 3.1%.). Table 4 gives the distribution of
F for both case and control horses for five classes
of individual inbreeding levels. Comparison of the
overall distributions by Chi-square test revealed
them to be significantly different (c2 ¼ 11.6,
p ¼ 0.02), with case horses being more repre-
sented in the lower classes of inbreeding, but for
both case and control horses, 98e99% had
F � 15%.
Heritability of AF on the underlying scale (h2u)
was estimated to be 29.6 � 3.9%. On the observed
binomial scale (h2o), the estimate was 9.6%. When
heritability was estimated using only case horses
born in 1994 or later, h2u was 31.1 � 4.3% and h2o
was 10.1%.

Study 3

Of the 1090 unique first generation sires appearing
at least once in the combined caseecontrol pop-
ulation, 95 appeared at least once in the case
population. Frequencies were compared between
case and control populations for all sires occurring
at least 10 times in the combined file. This
involved 19 pacing sires and 3 trotting sires (Table
5). Of these, 7 pacing sires and 1 trotting sire
occurred in the first generation pedigree of the
case population with a frequency significantly
higher than expected on the basis of their fre-
quency in the control (racing contemporaries)
population. All of the 7 pacing sires had similar



Genetic liability to atrial fibrillation in the horse 179
ancestry, sharing many common ancestors in the
first 5 generations.

The 8 frequently occurring stallions sired 52.2%
of cases, and all were active as breeding stallions
in the period leading up to and/or during the
rapid increase in OVCHSC caseload. The rela-
tionship between sire breeding activity, year of
presentation and birth year for case horses is
shown in Fig. 2. The number of cases presenting
increased in 1997, and with the 1993 birth year.
The 8 sires were active throughout this period.
Discussion

For the population studied, this analysis shows a
significant impact of breed on the probability of
a horse presenting at the OVCHSC with AF, and
within Standardbred horses, a significant impact
of year. In all years in which breed effect was
significant, it was a result of Standardbred
admissions. Results suggest a background level
of liability for AF in the Standardbred before
1997, with liability increasing markedly in 1997
with the 1993 birth year. The increase in cases
coincided with arrival on the track of the off-
spring of a group of stallions who appeared as
first sire with a higher than expected frequency
in study 3, and who shared common ancestors.
However, even when all cases from these stal-
lions were eliminated from analysis, there
remained a strong breed effect and an increase
in cases. The increase should not therefore be
ascribed solely to these stallions, suggesting that
other genetic associations or a general accumu-
lation of polymorphisms should also be consid-
ered. Group sizes were too small after
stratification to allow this to be pursued in the
present investigation.

Findings are consistent with a more complex
pattern of inheritance than a simple, single
nucleotide polymorphism.14 The stallions identi-
fied may carry a particularly high burden of con-
tributing genetic variations and may be
homozygous for many, while the genetic status of
the dams would also contribute to the status of the
offspring. Findings may also speak to dispersion of
contributing polymorphisms in the breed, and
convergence of more heavily affected lines as
breeding fashions change. At this point several
other mechanisms, such as a simple Mendelian
trait with variable expressivity or incomplete
penetrance, cannot be ruled out. Complex inter-
actions between genetic liability to arrhythmia
and genetic determinants of athletic performance
are also possible, if not probable.
Pedigree analysis and quantitative genetic
analysis are underway to better define ancestral
contributions to affected horses and gain further
insights into modes of inheritance. It is probable
that there are multiple mutations/mechanisms by
which Standardbred horses become genetically
susceptible, while environmental factors appear to
be a necessary influence for the disease to be
expressed. Simple relationships will thus not be
evident in the pedigree. Genomic studies will be
necessary for the mode of inheritance to be
determined and for specific polymorphisms to be
identified and their effects understood.

The important role played by environment in
the clinical expression of liability to AF is evident
from typical clinical presentations,15e17 and from
the profile of the cases referenced in this study. A
horse may have a liability to arrhythmia, but
develop AF only once in its life, respond to treat-
ment and return successfully to competition at its
previous level of performance. Another may
relapse one or more times at unpredictable inter-
vals, respond to treatment each time, and con-
tinue to race well between episodes. Still others of
similar breeding may never develop AF. Beyond a
role for athletic activity, however, the specific
environmental factors that precipitate the onset
of AF are unclear.

The clinical observation from this case series
that approximately 20% of cases will relapse at
some point, regardless of breeding, may be further
evidence of environmental factors. However,
Standardbred horses are likely to be re-presented
for treatment if they relapse, some at quite con-
sistent intervals, particularly if they are otherwise
good racehorses, with the cost of treatment being
regarded as a cost of doing business. While this
may indicate possibly cumulative environmental
contributions, it is also possible that such animals
have a relatively high genetic liability.

All Standardbred horses with AF in this study
were diagnosed as a result of performance issues
and subsequent physical examination, and all were
in heavy training or were racing. Presentation of
an untrained Standardbred horse with AF would be
unusual, and circumstances associated with max-
imal physical effort appear to be important in the
expression of genetic liability. However, horses in
light training may be affected but not detected,
particularly if spontaneous resolution were to
occur, and failure to identify AF until work inten-
sity increased is a potential limitation in our cur-
rent understanding of AF in Standardbreds. The
frequency of spontaneous onset of AF in the
absence of intense effort is unknown, and may
speak to a need for surveillance, as does our



Figure 2 Standardbred AF admissions, by year of presentation, from 1985 to 2009 (top) and year of birth for each
case (bottom). The top figure is a stacked bar chart showing total cases (overall height of bars) and contributions of
sires with at least 4 affected offspring from Table 4. All sires except one started breeding after 1990. Horizontal
arrows show the breeding period for each stallion. These animals together sired 52.2% of all cases presented since
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Table 3 Frequency of horses per number of gen-
erations in the caseecontrol file used in study 2
traced back in the pedigree file.

Generations Number of
horses

Percent Cumulative
percent

1 6 0.27 0.27
2 4 0.18 0.45
3 3 0.13 0.58
6 1 0.04 0.62
8 2 0.09 0.71
9 2 0.09 0.80
10 1 0.04 0.85
11 16 0.71 1.56
12 93 4.15 5.71
13 181 8.07 13.78
14 478 21.31 35.09
15 626 27.91 62.99
16 506 22.56 85.56
17 192 8.56 94.12
18 45 2.01 96.12
19 71 3.17 99.29
20 15 0.67 99.96
21 1 0.04 100.0

Total data: 2243 100.0 100
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limited understanding of the relationship between
paroxysmal and sustained AF in otherwise healthy
individuals.

An additional potential limitation is the decision
not to establish failure to collect an ECG as an
exclusion criterion for controls, especially in view
of the decision to require an ECG to confirm AF in
AF cases. Many of the horses referred to the
OVCHSC are presented with performance problems
and an ECG is part of the minimum database. All
hospitalized horses are examined repeatedly by
teams of clinicians including board certified vet-
erinarians, surgical cases are screened before
anaesthesia, and all cases represent secondary and
tertiary referrals. It is therefore considered
improbable that AF would frequently have been
missed.

In the present study, racing contemporaries
were selected as controls to minimize the impact
of changes over time in breeding preferences and
availability and popularity of different sires, and
since all cases had raced, to ensure horses that
had never raced were not selected. Bias could
arise here if genetic predisposition to AF influ-
ences the probability a horse will get to the races
independently of the presence or absence of the
1995. Mean age of cases at presentation was 4.33 years. The
graph. Distribution is similar, but there are 2 distinct peaks. B
expressed as a percent. P1eP9 e Pacing sires #1e9. T1 e T
arrhythmia, but could work in either direction. If
liability to arrhythmia is linked positively to per-
formance ability, genetic liability could have
been underestimated because cases and controls
would be genetically more alike. It could also
potentially have been overestimated because of
the value attached to faster horses and an
increased tendency to refer them. The fact that
the sires we identified were fast horses and suc-
cessful breeding stallions would increase their
chances of being identified in the investigation
because of the decision to analyse only horses
appearing at least 10 times as first generation
sires in the combined case/control population.
Both of these potential sources of bias should be
mitigated by the procedure followed of selecting
controls from the first 3 horses to finish, since
superior horses would presumably be
overrepresented.

One significant limitation in this study is that
the data reflect findings from a select referral
population. Numerous factors may influence the
decision to refer a horse to our clinic, from con-
venience and geographic proximity to the value of
the animal and how seriously it is being cam-
paigned. It is probable that many horses of similar
breeding to those studied here, and that were
affected with AF, were not presented to this clinic
for treatment. Conversely, there may be cases of
different breeding that were not referred. The
existence of such cases would reinforce assump-
tions of a breed predisposition, but would com-
plicate the determination of genetic relationships.

In 2005, the OVCHSC introduced the use of
transvenous electrical cardioversion as a treat-
ment for AF in horses,18 and since that time most
clients have elected this treatment over drug
therapy. The availability of this treatment
modality may have attracted an increased num-
ber of cases to the clinic, increasing overall
numbers. However, this would not be an ade-
quate explanation for the bias in breed pre-
sentations, and the increase in submissions
started well before this treatment became
available.

The heritability estimate was about 30% on the
underlying scale, and 10% on the observed,
binomial scale when only affected horses born in
1994 and later were used in analyses. The
observed binomial scale references the herit-
ability of the phenotypic expression of a
bottom graph shows year of birth for each case in the top
oth graphs have the same vertical scale and frequency is
rotting sire #1.



Table 4 Distribution of inbreeding coefficients (F ) of affected and non-affected horses from study 2.

F Frequency Percent Cumulative frequency Cumulative percent

Affected F � 5% 13 6.3 13 6.3
5% < F � 10% 145 71.1 158 77.4
10% < F � 15% 44 21.6 202 99.0
15% < F � 20% 2 1.0 204 100.0

F > 20% 0 0 204 100.0

Non-affected F � 5% 200 9.8 200 9.8
5% < F � 10% 1207 59.2 1407 69.0
10% < F � 15% 583 28.6 1990 97.6
15% < F � 20% 47 3.3 2037 99.9

F > 20% 2 0.1 2039 100.0

F e inbreeding coefficient.
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categorical trait e an individual either does (1) or
does not (0) display the trait. The underlying
scale references underlying genetic liability for
the trait, which is presumed to be continuous
with trait expression reflecting a threshold point
on this scale. The estimates obtained for AF are
relatively low, but within the expected range for
a disease trait,19,20 and may indicate environ-
mental sources of variation are playing a more
important role in the expression of this disease
than additive polygenic genetic effects. Non-
Table 5 Odds ratios for AF for stallions appearing at leas

Stallion Ctrl
n

Case
n

Total
n

% AF cases

P1 4 24 28 85.7
P2 10 19 29 65.5
P3 11 14 25 56.0
P4 6 5 11 45.5
P5 7 4 11 36.4
P6 10 5 15 33.3
P7 12 5 17 29.4
P8 11 3 14 21.4
P9 19 5 24 20.8
P10 18 3 21 14.3
P11 10 1 11 9.1
P12 10 1 11 9.1
P13 11 1 12 8.3
P14 14 1 15 6.7
P15 13 0 13 0.0
P16 12 0 12 0.0
P17 12 0 12 0.0
P18 11 0 11 0.0
P19 10 0 10 0.0

T1 7 6 13 46.2
T2 9 1 10 10.0
T3 11 1 12 8.3

AF, atrial fibrillation; P, pacer; T, trotter.
additive polygenic effects might also be con-
tributing to the estimated heritability, but this
could not be tested with the available
information.

Many categorical (or threshold) traits are
assumed to be under control of polygenic genetic
and environmental effects.14 Most recorded traits
and diseases have this type of multifactorial
inheritance.21 A continuous underlying liability
distribution is assumed for categorical traits.14

Substantial research work has been reported on
t 10 times in the combined caseecontrol file.

Odds ratio Confidence interval p

67.32 23.29e213.96 0.0000
20.71 9.19e47.86 0.0000
13.51 5.74e31.69 0.0000
8.47 2.51e28.73 0.0018
5.78 1.57e20.32 0.0133
5.08 1.66e15.77 0.0084
4.23 1.42e12.02 0.0149
2.74 0.65e10.26 0.1287
2.66 0.94e7.37 0.0609
1.67 0.42e5.63 0.4318
1.00 0.05e6.88 1.0000
1.00 0.05e6.88 1.0000
0.91 0.04e5.95 1.0000
0.71 0.03e4.26 1.0000
0.54 0.94e7.37 0.6228
0.59 0.00e2.83 0.6168
0.59 0.00e2.83 0.6168
0.65 0.00e3.12 0.6135
0.71 0.00e3.49 0.6134

8.75 2.90e28.77 0.0005
1.11 0.05e7.55 1.0000
0.91 0.04e5.95 1.0000
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the analysis of categorical traits.12,22 For a cate-
gorical trait to be expressed, a threshold point on
the liability scale must be crossed.14 A trans-
formation for categorical binomial data to a con-
tinuous underlying scale was proposed by Wright
(1934).23 Wright’s transformation is equivalent to a
“probit” transformation,24 and a binomial dis-
tribution with a probit link function leads to a
threshold model.22

Commonly it is assumed that inbreeding coef-
ficients higher than 10% could be detrimental for
some traits, especially those related to fitness
and reproduction.14,25 The average F of affected
horses in this study was not significantly different
from that of non-affected horses. However, the
frequency distribution of horses across classes of
F was different, with affected animals more rep-
resented in lower classes of inbreeding. It seems,
therefore, that over the 25 year period covered
by this data set, inbreeding was overall not a
factor related to the expression of AF. In addition,
when F was included as a covariate in the model
to estimate the heritability of AF, the associated
regression coefficient was not significant, indi-
cating again no relationship between inbreeding
and AF.
Conclusions

The observed level of heritability of AF and evi-
dence that offspring of some sires have increased
liability, indicate that genetic contributions are
of importance in the development of AF in
Standardbred horses. Observations to date do not
clearly reveal sources of liability or pattern of
inheritance. Further studies on the inheritance of
AF should be performed, supported by genomic
analysis. The ultimate goal would be to reduce
breed liability for the arrhythmia by identifying
and testing for major contributing
polymorphisms.
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