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Abstract
The objective of this study was to estimate the sensitivity and 
specificity of the semen morphology examination in the bull 
breeding soundness evaluation (BSE) for classifying Bos tau-
rus bulls as subfertile. Semen, collected during BSE from beef 
bulls at the U.S. Meat Animal Research Center in Clay Center, 
Neb., was evaluated using eosin-nigrosin stained slides at 
1000X magnification by an experienced technician (Evalua-
tor A) and an experienced veterinarian (Evaluator B). Bulls 
with slides that had < 70% morphologically normal sperm 
were classified as subfertile. Inter-evaluator agreement was 
assessed using Cohen’s kappa coefficient. Sensitivity, specific-
ity and true prevalence were estimated using Bayesian latent 
class analysis. Sensitivity was defined as the probability of 
an evaluator correctly identifying a bull as subfertile, and 
specificity was defined as the probability of correctly identi-
fying a bull as satisfactory. Of 478 bulls evaluated for semen 
morphology, 68 (14%) were classified as subfertile by Evalu-
ator A and 96 (20%) were classified as subfertile by Evaluator 
B. The kappa coefficient for inter-evaluator agreement was 
0.5. The estimated true prevalence of subfertile bulls was 16% 
(95% C.I. 6-32%). The estimated sensitivity and specificity for 
Evaluator A were 52% (95% C.I. 22-84%) and 93% (95% C.I. 
86-99%) respectively, and for Evaluator B were 62% (95% C.I. 
31-89%) and 88% (95% C.I. 80-97%). These results show simi-
lar test sensitivity and specificity between the two evaluators. 
Diagnostic value of the morphologic examination was slightly 
greater than knowledge of bull fertility status prior to testing. 
Given a practitioner’s assessment of pre-test probability that a 
bull is subfertile, these diagnostic parameters can be used to 
predict the probability that the morphology portion of the BSE 
accurately predicts subfertility.
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Introduction
The breeding soundness evaluation (BSE), as defined by the 
Society for Theriogenology (SFT), is a diagnostic test that clas-
sifies bulls as either satisfactory potential breeders, or some 
form of non-satisfactory potential breeder (i.e., unsatisfactory 
potential breeder, or classification deferred).1 Due to factors 
that influence the ability of a bull to sire calves that cannot 

practically be evaluated on a BSE, such as libido, serving ca-
pacity, and social dominance rank, it has long been recog-
nized that the main value of the BSE lies not in its ability to 
identify fertile bulls, but to identify subfertile and infertile 
bulls.2-4 The rationale behind having multiple non-satisfac-
tory categories is that some manifestations of subfertility are 
not permanent, and that a bull may return to a state of being 
a satisfactory potential breeder with time and/or treatment.2-4 
Inherent to this rationale is the recognition that the predictive 
value of a non-satisfactory diagnosis is imperfect.3,4 

Multiple studies have demonstrated the existence of bulls that 
produce relatively few calves, despite multiple breeding op-
portunities, demonstrating that fertility in bulls follows a gra-
dient and is not a binary matter of being able to impregnate 
females or not.5-8 Furthermore, many bulls that fail a BSE are 
still capable of impregnating healthy cycling females, espe-
cially if given enough time and mating opportunities.7,9

Perhaps a more useful way to define fertility as a binary out-
come would be to specify that a bull be able to impregnate a 
certain number of females within a defined time frame. The 
authors of a 2008 review stated that the standards of the BSE, 
as defined by the SFT, were intended to assess the likelihood 
of a bull establishing pregnancy in ≥ 25 healthy, cycling fe-
males in a 65-70-day breeding season.3 To the best of our knowl-
edge, the BSE being based on this standard is not the official po-
sition of the SFTa. Notwithstanding, this is a potentially useful 
definition of fertility, as a cow:bull ratio of approximately 25:1 is 
commonly used in pasture breeding systems.10,11

Based on this standard, a bull that successfully sires 25 calves 
within a breeding season would be considered fertile, and one 
that is incapable of doing so would be considered subfertile. 
Given this definition of bull fertility, the predictive value of 
the BSE can be assessed by first determining the test’s sensi-
tivity, the probability of the BSE correctly identifying truly 
subfertile bulls, and test specificity, the probability of the 
BSE correctly identifying truly fertile bulls; in essence deter-
mining the sensitivity and specificity of the BSE for detecting 
subfertile bulls. Once the sensitivity and specificity of the BSE 
have been determined, the predictive values of a positive or 
negative test result can be estimated based on pre-test prob-
ability of a bull being subfertile.
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Sensitivities and specificities have traditionally been calcu-
lated by creating 2 × 2 contingency tables that compare a test 
result to a known health condition. The known health condi-
tion is often determined by a theoretical “gold standard” test 
result. In the case of bull fertility, the gold standard is diffi-
cult to assess. While it is possible to determine the calf output 
from individual bulls, it is often impractical in multi-sire pas-
tures, and is only a useful for assessing the diagnostic perfor-
mance of the BSE if bulls are turned out with cows regardless of 
the test result. Furthermore, because there are multiple factors 
that affect calf output that are independent of a bull’s inher-
ent fertility, failure of a bull to sire 25 calves within a defined 
breeding season does not necessarily mean he was incapable of 
doing so, and therefore it cannot be used as a gold standard.

One approach to evaluating the performance of diagnostic 
tests in the absence of a true gold standard test is Bayesian 
latent class analysis (BLCA).12 Bayesian latent class analysis 
uses Bayes’ theorem to determine certain probabilities (e.g., 
sensitivity and specificity) that are latent within the compari-
son of results between at least 2 different diagnostic tests at-
tempting to categorize the same outcome. These tests may be 
independent of each other, or dependent. However, if results 
for both tests are known and informative prior distributions 
for the latent parameters exist, Bayes’ theorem can be used as 
a framework for determining the sensitivity and specificity of 
both tests, along with the prevalence of the condition. While 
the resulting values would only be an estimate for the latent 
parameters, taking thousands of random samples from the 
posterior distribution of the model (i.e., Markov Chain Monte 
Carlo simulation) will create a distribution of estimates that 
will center around the most likely estimates and also enable the 
calculation of credible intervals around these mode values.12-15

It is necessary to have results from at least 2 tests to complete 
a BLCA. In this case, BLCA could be conducted from the re-
sults of 2 different evaluators performing the BSE, or critical 
aspects of it, independently of each other. Because semen 
morphology is the factor that results in the vast majority of 
bulls being classified as non-satisfactory on their BSE, and be-
cause it is highly correlated with semen motility and scrotal 
circumference, this would seem like a reasonable candidate 
for independent evaluation.10,16 Therefore, the objective of 
this study was to use BLCA to estimate the test performance of 
the semen morphology evaluation portion of the BSE from 2 
independent evaluators using separate stained slides.

Materials and methods
Data collection 
The target population for this study was Bos taurus beef bulls. 
Our sampling frame was the population of beef bulls at the 
U.S. Meat Animal Research Center (USMARC) in Clay Center, 
Neb. The vast majority of bulls in this population are of Bos 
taurus lineage, though a few (5-10%) have some Bos indicus in-
fluence. The research described in this study was covered by 
USMARC Institutional Animal Care outline number 154.1. We 
chose this population of bulls because it represented our tar-
get population and had a sufficient number of bulls to provide 
a reasonable likelihood of model convergence.14,15 We col-
lected semen samples from these bulls in April, 2023 as part of 
their annual BSE testing program. Semen from bulls that met 
physical exam criteria were smeared onto microscope slides 
and stained with eosin-nigrosin stain; progressive sperm 

motility and scrotal circumference were also recorded.1,2 A 
registered veterinary technician with 40 years of experience 
evaluating semen morphology (Evaluator A) evaluated one set 
of smears on-site and recorded the number of normal sperma-
tozoa out of 100 counted.  A second set of semen smears from 
each bull was cover-slipped using a xylene-based mountant and 
evaluated in like fashion off-site by a veterinarian with 10 years 
of experience evaluating semen morphology (Evaluator B). The 
slides evaluated by Evaluator A were not cover-slipped at the 
time of evaluation.

Data analysis
The data from both evaluators were entered and categorized 
in spreadsheet softwareb. The agreement in percent morpho-
logically normal sperm recorded by both evaluators was as-
sessed using Spearman’s rank correlation. Semen morphology 
results from the 2 evaluators were categorized as satisfactory 
and non-satisfactory based on whether the samples had a 
minimum of 70% morphologically normal spermatozoa (i.e., 
semen samples with a percentage of morphologically normal 
spermatozoa below 70% were categorized as non-satisfactory). 
The categorical results from both evaluators were cross-tabu-
lated, and agreement between evaluators was calculated using 
Cohen’s kappa coefficient.17 Only the morphology assessment 
was used for categorizing the bulls (i.e., bull semen morphol-
ogy was categorized as satisfactory or non-satisfactory regard-
less of sperm motility and scrotal circumference). Bayesian 
latent class analysis was used to estimate the diagnostic per-
formance of the semen morphologic portion of the BSE (i.e., 
sensitivity to detect subfertile bulls, specificity to detect fer-
tile bulls, and prevalence of subfertility). The cross tabulated 
results were uploaded into an open-source statistical software 
programc. For purposes of the latent class analysis, the on-site 
evaluations were considered “Test A” and the off-site evalu-
ations were considered “Test B”. Because both sets of semen 
slides were prepared with semen from the same ejaculate, 
they were paired samples and the results of the morphology 
assessment were considered to be dependent. Beta distribu-
tions were selected as priors for the sensitivity and specific-
ity of the test and were generated from published data from a 
population of Bos indicus/Bos taurus cross bulls in Texas.7 In 
that study, bulls’ pre-breeding semen morphology and their 
calf-output as determined by DNA parentage verification 
were reported.7 To estimate the sensitivity and specificity of 
the test from this data, we categorized bulls as fertile if they 
sired a minimum of 25 calves during their breeding season, 
and as subfertile if they failed to sire 25 calves. Given that a 
bull was subfertile, sensitivity was defined as the probability 
that a bull had a pre-breeding percentage of normal semen 
< 70%. Given that a bull was fertile, specificity was defined 
as the probability a bull had a pre-breeding percentage of 
normal semen ≥ 70%. To estimate the prior distribution for 
prevalence of subfertile bulls, we used published data from a 
study performed in western Canada on Bos taurus bulls.16 In 
that study, bulls were categorized as subfertile if they failed 
a BSE. The shape hyperparameters for the prior distribution 
were obtained using a betabuster function within the statisti-
cal software packagec. A Gibbs sampler program (JAGS) was 
used to construct the Bayesian graphical model and estimate 
the latent parameters by performing 3 separate Markov chain 
Monte Carlo simulations with 101,000 iterations eachc. The 
JAGS model used a burn-in of 1,000 iterations. The modes of 
the distributions of estimates produced by the Markov chain 
Monte Carlo simulations were used as point estimates for the 
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latent parameters, and the credible intervals were the 2.5th 
and 97.5th percentiles of these distributions.

A sensitivity analysis was performed to assess how changing 
the hyperparameters of the prior distribution affected the out-
come. The modes for the prior distribution of sensitivity and 
specificity were shifted 10 percentage points in either direc-
tion, and the 2.5th/97.5th percentiles were shifted away from 
the mode by up to 20 percentage points (depending on the 
skewness of the distribution and proximity to the extremes). 

The positive and negative predictive values for each evaluator 
were estimated over the full range of possible pre-test prob-
ability of subfertility.

Results
Out of 500 bulls evaluated, we obtained semen morphology 
observations from both evaluators on 478 bulls (96%). Bulls 
that had disqualifying physical defects, had below minimum 
scrotal circumference, or had very dilute semen were gener-
ally not evaluated for morphology. However, there was 1 year-
ling bull with a scrotal circumference of 30 cm that received 
a satisfactory morphologic evaluation by both evaluators. Out 
of the 488 bulls evaluated for semen motility by Evaluator A, 
14 had less than 30% progressive sperm motility. Of these, 13 
received semen morphology assessments by both evaluators. 
Out of these 13 samples, 2 were classified as having satisfac-
tory morphology by both evaluators, 1 was classified as hav-
ing satisfactory morphology by Evaluator A but not Evaluator 
B, and 1 was classified as having satisfactory morphology by 
Evaluator B but not Evaluator A. The remaining 9 were classi-
fied as non-satisfactory on morphology by both evaluators. 

Of 478 bulls evaluated for semen morphology by both evalua-
tors, 68 (14%) were classified as subfertile by Evaluator A and 
96 (20%) were classified as subfertile by Evaluator B. Figure 1 
shows the contingency table of semen classifications from 
both evaluators based solely on morphology. The Spearman 
rank correlation coefficient for both evaluators was 0.56, and 
the Cohen’s kappa coefficient for inter-evaluator agreement 
was 0.5. The estimated true prevalence of subfertile bulls 
in the population studied was 16% (95% C.I. 6-32%). The es-
timated sensitivity and specificity for Evaluator A were 52% 
(95% C.I. 22-84%) and 93% (95% C.I. 86-99%), and for Evalua-
tor B were 62% (95% C.I. 31-89%) and 88% (95% C.I. 80-97%), 
respectively. Figures 2, 3 and 4 show the informative prior 
distributions and conditional posterior distributions for the 
model’s prevalence, sensitivity and specificity parameters, re-
spectively. Sensitivity analysis of the results showed that the 
modes for the latent parameters (i.e., prevalence, sensitivity, 
and specificity) did not change meaningfully when the modes 
of the prior distributions were changed by 10% in either direc-
tion. Table 1 shows the values obtained for each latent param-
eter during the sensitivity analysis. The plots for the positive 
and negative predictive values for each evaluator are presented 
in Figure 5. At the prevalence of subfertility estimated by BLCA 
(~16%), the positive predictive value of a subfertile classification 
based on semen morphology was ~45-55% depending on the 
evaluator, and the negative predictive value was ~90-95%.

Discussion
An important tenet of practicing evidence-based medicine 
is understanding how well a diagnostic test predicts an out-
come of interest. In this study, the diagnostic test was the 

morphology portion of the BSE; the condition being tested was 
evidence for subfertility due to abnormal sperm morphology. 
Many studies have evaluated the statistical association of se-
men morphology with calf output. However, few, if any, at-
tempt to estimate the discrete probability of the BSE predicting 
subfertility.7-9,18-20 

Furthermore, some of these studies demonstrate that the 
semen morphology portion of the BSE may misclassify the 
fertility status of some bulls.7-9,18 This is relevant because 
BSE misclassification can have far reaching financial implica-
tions for cow-calf producers. The largest potential cost of BSE 
misclassification is failure of a bull to impregnate cows, even 
though he was classified as a satisfactory potential breeder. 
However, the opportunity cost of replacing bulls that are 
culled due to BSE misclassification is another significant fi-
nancial burden for cow-calf producers that far exceeds the 
explicit cost of paying an evaluator to perform the test.21 Ad-
ditionally, the culling of potentially valuable sale bulls that 
were misclassified as subfertile constitutes a particularly 
frustrating loss for bull breeders. Conversely, buyers who pur-
chase sale bulls that were misclassified as satisfactory may 
also incur large losses. For these reasons, it is important that 
evaluators have some understanding of the probability for the 
morphological portion of the BSE to misclassify bulls as either 
subfertile or fertile.

To help achieve this goal, this study estimated the diagnostic 
parameters of sensitivity and specificity of the semen mor-
phology portion of the BSE for detecting subfertile bulls, as 
well as the prevalence of subfertile bulls within the study pop-
ulation. The point estimates for the sensitivity and specificity 
of the morphology portion of the BSE for detecting subfertil-
ity are unique to the individual evaluators that participated 
in this study, and may not be perfectly generalizable to other 
evaluators. However, the results of a 2011 study suggest that 
when practitioners perform the morphology portion of the 
BSE according to SFT standards, their classifications largely 
agreed with those of a reference lab.22 It should be noted that 
this study assessed crude agreement, and did not account for 
agreement that may have occurred by chance. A more recent 
study compared the classification of bulls between 3 differ-
ent expert evaluators based on the morphology portion of the 
BSE. Using Cohen’s Kappa coefficient, this study revealed sub-
stantial variability in inter-evaluator agreement.23 Notwith-
standing, the current analysis suggests that, in general, the 
morphology portion of the BSE is more specific than it is sen-
sitive for detecting subfertile bulls and that these parameters 
did not differ substantially between evaluators.

There are studies that attempt to estimate the prevalence of 
subfertility in bull populations, but in these studies, preva-
lence of subfertility was defined as either the proportion of 
bulls that fail a BSE, or the proportion of bulls that fail to sire 
a certain number of calves.5,7,9,16,22 The point estimate for 
prevalence of subfertile bulls in the present analysis suggests 
that the proportion of bulls that fail the BSE may overestimate 
the true prevalence of subfertile bulls in a population, while 
the proportion of bulls that pass the morphological exam may 
underestimate the prevalence of potentially fertile bulls in a 
population.

It has been long held that the BSE may not be able to predict a 
bull’s ability to sire calves as well as it can predict a bull’s lack 
of ability. One way to assess the ability of a bull to sire calves, 
or lack of ability, is known pregnancy status of cows exposed 
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Figure 2: Prevalence of subfertile breeders in 478 predominately Bos taurus bulls from the U.S. Meat Animal Research 
Center in Nebraska based on Bayesian latent class analysis. The solid, black line represents the posterior distribution, 
with the peak representing the estimated prevalence. The red, dashed line represents the prior distribution used for 
Bayesian latent class analysis.
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Figure 1: Contingency table comparing results from 2 separate evaluators who classified 478 bulls from the U.S. Meat Animal 
Research Center in Nebraska as satisfactory or non-satisfactory based on percentage of morphologically normal sperm.

Non-satisfactory
Evaluator A

Satisfactory
Evaluator A

Non-satisfactory
Evaluator B 48 48     96

Satisfactory
Evaluator B 20 362     382

68 410     478
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Figure 3: Sensitivity of the BSE to detect subfertile breeders for Evaluator A and Evaluator B based on Bayesian latent 
class analysis of semen morphology results from a population of 478 predominately Bos taurus bulls from the U.S. 
Meat Animal Research  Center in Nebraska. The solid, black lines represent the posterior distributions, with the peaks 
representing the estimated sensitivity. The red, dashed lines represent the prior distribution used for Bayesian latent 
class analysis.
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Figure 4: Specificity of the BSE to detect subfertile breeders for Evaluator A and Evaluator B based on Bayesian latent 
class analysis of semen morphology results from a population of 478 predominately Bos taurus bulls from the U.S. 
Meat Animal Research Center in Nebraska. The solid, black lines represent the posterior distributions, with the peaks 
representing the estimated sensitivity. The red, dashed lines represent the prior distributions used for Bayesian latent 
class analysis.
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Table 1: Sensitivity analysis of the results of Bayesian latent class analysis to determine the diagnostic performance 
of the morphology portion of bull breeding soundness evaluations of 478 predominately Bos taurus bulls from the U.S. 
Meat Animal Research Center in Nebraska. The baseline diagnostic parameters represent the estimated prevalence of 
subfertile bulls in the population, as well as sensitivity and specificity of the semen morphology assessment of two 
separate evaluators for detecting subfertile bulls. Each column represents a separate sensitivity analysis wherein the 
mode of a prior distribution was changed by 10 percentage points and the 2.5th/97.5th percentiles were changed by up to 
20 percentage points from the mode. Point estimates within columns represent the modes of the posterior distributions 
for each analysis, with the corresponding 95% credible intervals in parentheses.

Latent 
parameter Baseline

Increase 
prior sn 
by 10%

Decrease 
prior sn 
by 10%

Increase 
prior sp 
by 10%

Decrease 
prior sp 
by 10%

Increase 
prevalence 

by 10%

Decrease 
prevalence 

by 10%

Prevalence 16%  
(6-32%)

16% 
(5-33%)

16% 
(5-35%)

19% 
(7-34%)

16% 
(5-31%)

19% 
(6-38%)

14% 
(2-30%)

Sensitivity of 
Evaluator A

52%  
(22-84%)

52% 
(13-93%)

48% 
(5-95%)

54% 
(24-85%)

51% 
(20-85%)

51% 
(21-84%)

54% 
(21-87%)

Sensitivity of 
Evaluator B

62%  
(31-89%)

65% 
(23-96%)

63% 
(15-98%)

63% 
(33-89%)

60% 
(28-88%)

60% 
(28-88%)

61% 
(27-89%)

Specificity of 
Evaluator A

93%  
(86-99%)

92% 
(85-99%)

91% 
(83-99%)

94% 
(86-100%)

92% 
(85-98%)

93% 
(86-99%)

92% 
(85-99%)

Specificity of 
Evaluator B

88% 
(80-97%) 

88% 
(79-97%)

88% 
(78-97%)

90% 
(81-99%)

87% 
(79-96%)

88% 
(80-98%)

86% 
(79-96%)

 

to the bull. There are several ways to detect pregnancy, and in 
a single-sire pasture, this might be an effective way to evalu-
ate the fertility of a bull, assuming that the cows were fertile 
prior to breeding. However, in multi-sire pastures it is not fea-
sible to determine the parentage of each fetus at pregnancy di-
agnosis. Therefore, in this setting, which is common to many 
cow-calf production models, it is difficult to assess the fertility 
of individual bulls. Waiting until the calf is born and deter-
mining parentage either from a DNA sample or a blood type, 
is one way to address this problem. This method for assess-
ing fertility has been used by other studies, and has also been 
used to show associations between pre-breeding assessment 
of bulls and future calf-output.7-9 However, none of these stud-
ies evaluated the BSE in terms of its sensitivity and specificity 
for identifying subfertile, or fertile, bulls. Furthermore, one 
of the issues with making a comparison between pre-breeding 
BSE classification and calf output is that there are many other 
factors that influence calf output aside from bull fertility. This 
is why bulls that meet the requirements of the BSE are classi-
fied as satisfactory potential breeders. In other words, whereas 
calf output is a useful way to assess fertility, it is not in the 
strictest sense a gold standard, and making a contingency 
table that compares BSE classification to being able to sire at 
least 25 calves is not the most accurate way to estimate the 
ability of the BSE to identify subfertile bulls.

Furthermore, in order for such a comparison to be made, the 
bulls would need to be categorized prior to breeding, then 
turned out to breed cows regardless of BSE classification. Ob-
taining the necessary data from a sufficient sample of bulls 
that are bred to cows regardless of their BSE classification 
would be challenging to say the least. Operations that are 
willing to incur the expense and difficulty of hiring a veteri-
narian to perform BSEs on their bulls are less likely to use 
bulls that are categorized as non-satisfactory, otherwise why 
perform the test? This was an issue in a large study in western 
Canada that sought to evaluate the association between vari-
ous aspects of the BSE and pregnancy outcomes in cows bred 

to bulls that were evaluated by participating veterinarians.10 
While the study did not find an association between BSE clas-
sification and pregnancy outcomes, only ~5% of the bulls that 
were exposed to cows in the study were categorized as non-
satisfactory, resulting in relatively low statistical power to 
detect differences in outcomes between bulls that passed the 
BSE and those that did not. In summary, because there are 
other factors that determine calf-output that are not assessed 
as part of the standard BSE, and there may be extraneous fac-
tors that result in an otherwise fertile bull failing to impreg-
nate an allotted number of cows, neither pregnancy diagnosis 
nor calf parentage can be considered true gold standards for 
the inherent subfertility of a bull.

Bayesian latent class analysis provides a means for overcom-
ing these challenges in determining the true diagnostic per-
formance of the BSE. To identify the latent parameters, this 
method compared the results of 2 dependent tests that evalu-
ated separate diagnostic samples collected from the same 
ejaculate. This may partially explain why the Spearman rank-
correlation and Cohen’s kappa coefficient showed only mod-
erate agreement between evaluators. Even if both evaluators 
had identical criteria for classification of individual spermato-
zoa, because their respective slides came from different sam-
ples of the ejaculate, we would expect there to be some varia-
tion in each evaluator’s classification of normal vs. abnormal 
cells. Notwithstanding, because classification of spermatozoa 
is subjective, we expect some of this disagreement to come 
from differences in the methods of evaluation between evalu-
ators. For example, a previously mentioned study assessed the 
inter-evaluator agreement of 3 board certified theriogenolo-
gists evaluating the same stained slides of smeared bull se-
men and classifying bulls as satisfactory or non-satisfactory 
using the same cut-off for abnormal sperm morphology as the 
present study. The Cohen’s kappa coefficients for agreement 
between these 3 evaluators ranged from 0.32 to 0.64.23 It should 
be noted that, while the evaluators in the aforementioned study 
examined the same slides, they did not necessarily evaluate the 



THE BOVINE PRACTITIONER  |  VOL. 60  |  NO. 1  |  2026 19© COPYRIGHT AMERICAN ASSOCIATION OF BOVINE PRACTITIONERS; OPEN ACCESS DISTRIBUTION.

Figure 5: The positive and negative predictive value of the morphology portion of the BSE over the full range of possible 
prevalence of subfertility in a theoretical population of predominately Bos taurus bulls. Dashed lines represent the 95% 
confidence intervals for the estimates. Vertical gray lines represent the estimated true prevalence of subfertile breeders 
in the population studied. Horizontal gray lines represent the estimated post-test probability for a positive (i.e., bull 
diagnosed as subfertile) and negative (i.e., bull diagnosed as not subfertile) test result in the population studied.
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same regions of the slide and so some of this variation still may 
have come from sampling. It is also worth noting that this same 
study evaluated whether increasing the number of spermato-
zoa evaluated per slide from 100 to 400 had any effect on the 
classification of bulls, and did not find an effect.

A potential weakness of the current study was a lack of iden-
tifiability in the model. In BLCA, identifiability occurs when 
the analysis has at least as many independent combinations 
of observable outcomes as latent parameters being estimated. 
Our analysis compared data from 2 dependent tests. A 2 × 2 
contingency table comparing the results of these 2 diagnostic 
tests produced 4 combinations of observable outcomes. How-
ever, because any one of these combinations of outcomes is 
constrained by the total number of observations, only 3 of the 
combinations may be considered independent. Our model es-
timated 7 latent parameters including prevalence of subfertile 
bulls in our population, sensitivity of evaluators A and B for 
classifying bulls as subfertile, specificity of evaluators A and B 
for classifying non-subfertile bulls, and positive and negative 
covariation between tests that had to be accounted for due to 
the assumption of dependence between the 2 tests. Because the 
model lacked identifiability, to develop a converging model we 
had to use informative priors for 5 of these latent parameters. 

Lack of identifiability is a common issue in BLCA, and creates 
some level of uncertainty in the accuracy of the model.12,13,24 
However, there are various ways to deal with a lack of identifi-
ability; this study used 2 different methods. The first was the 
use of non-uniform, informative prior distributions that were 
based on published estimates for calf output as a function of 
pre-breeding results of the semen morphology portion of the 
BSE.7 These distributions provided estimates for sensitivity 
and specificity that were reasonable and consistent with a 
similar study.9 The second was to perform a sensitivity analy-
sis to determine how influential changes in these informative 
priors were on the posterior distributions. The sensitivity 
analysis performed on this model showed that a shift of 10 per-
centage points in the mode of the prior distributions produced 
shifts in the mode of the posterior distributions of at most 4 
percentage points, and usually only 2-3 percentage points. In 
many cases, no shift in the mode of the posterior distribution 
was observed (Table 1). There are few, if any, objective guide-
lines for how much of a shift in posterior distributions is ac-
ceptable relative to shifts in prior distributions, but in general 
it is recommended that the shifts be relatively small.12,25 The 
changes seen in the posterior distributions of this model dur-
ing sensitivity analysis were no more than half as large as the 
shifts in the prior distributions, and in most cases were much 
smaller than half.  In no case were they large enough to sub-
stantially affect the interpretation of the results.

Conclusions
The estimated sensitivity and specificity of the semen mor-
phology portion of the BSE did not differ meaningfully be-
tween evaluators. In general, the morphologic examination 
portion of the BSE appears to have high specificity and low 
sensitivity for identifying subfertile bulls. Across the range of 
pre-test probability for subfertility, the morphologic examina-
tion of semen slightly improved what was known before the 
test was conducted. Therefore, the diagnostic parameters of 
the morphologic portion of the BSE can be used to improve 
the accuracy of a practitioner’s assessment of a bull’s inherent 
ability, or lack of ability, to sire his quota of calves.

Endnotes
a Personal communication, Kastelic JP, Koziol JH, & Barth AD, 
  September 2023
b Microsoft Excel, Microsoft Corporation, Redmond, WA
c R version 4.1.2, R Foundation for Statistical Computing, 
  Vienna, Austria; R packages used in the model were epiR, 
  R2jags, coda, mcmcplots, ggplot2
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