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ABSTRACT

Computer-assisted sperm analysis (CASA) has become 
the predominant tool for assessing bull semen in AI pro-
grams. Despite such popularity CASA’s ability to predict 
fertility has been limited, especially when emphasis is 
based on single motion characteristics. Our hypothesis is 
that numerical sets of CASA measures provide a more ef-
fective method to differentiate the potential fertilization 
capacity of bulls and that bulls can be clustered based 
on sets of CASA measures. Therefore, we used CASA 
to evaluate frozen-thawed semen samples from 307 
Holstein and 152 Jersey bulls sourced from USDA Agri-
cultural Research Service’s National Animal Germplasm 
Program gene bank. Sperm was evaluated immediately 
after thawing and 30 min later. We evaluated sperm ki-
netic and morphometric means and variances to capture 
the structure of CASA data in relation to various sources 
of variation. These data were subjected to univariate and 
multivariate statistical methods to investigate animal 
and management factors affecting sperm characteristics 
measured by CASA. Clustering with K-means identified 
4 clusters of bulls based upon each cluster’s set of CASA 
parameters after thawing. There was little overlap among 
clusters for sets of CASA measures. At the extremes, bull 
cluster 1 (BC1, n = 180) and BC3 (n = 101) had dif-
ferent sire conception rates (SCR) −0.07 versus −1.29, 
respectively, and sets of CASA measures. Interestingly, 
bull cluster 2 (BC2) had CASA measures that could be 
perceived as negative, for example, cell size at 8.18 mm2 
versus 6.37 mm2 for bull cluster 4 (BC4) and total motil-
ity of 29.7% versus 48.7% for BC3, but SCR for BC2 
were higher (−0.79) than those for BC3 (−1.29). Despite 
such discrepancies for some BC2 CASA values it appears 
the potentially negative effects were offset by the levels 
of other CASA values. Our findings suggest improved 
approaches for using CASA could lie in evaluating mul-
tiple CASA measures as sets within specific numerical 
ranges rather than as independent measures.

Key words: cattle, cryopreserved semen, post-thaw 
evaluation

INTRODUCTION

Currently, there is no definitive method to assess 
post-thaw sperm fertility among mammalian species like 
cattle. In part, this is due to a lack of clarity in sperm vari-
ability but also insemination protocols, cow physical and 
reproductive condition, and the likelihood of successful 
fertilization. However, livestock gene bank managers 
need a better way of assessing the fertilizing potential of 
samples stored in repositories to adjust collection sizes 
and their potential use. In general, the low correlation 
between measures like motility and progressive motil-
ity and fertility, although widely used, lacks explanatory 
power, especially as methodologies for sperm viability 
and genetic structure have advanced.

The growing importance of computer-assisted sperm 
analysis (CASA) is evident in its role in quality control 
for semen used in cattle AI. However, it is not obvious 
that information generated by CASA is being used to 
its full potential and an overdependence on the motility 
and progressive motility parameters has been suggested, 
especially given their low capability to predict fertility 
(Amann and Waberski, 2014). The affordability of CASA 
is increasing and there is a need to move beyond using it 
as a tool for measuring motility and progressive motility 
and toward a more comprehensive package of analyses 
that includes flow cytometric and morphological analy-
ses. Such a shift requires more robust assessments to help 
foster the development of new tools (e.g., free software; 
Alquézar-Baeta et al., 2019), artificial intelligence en-
hancements (Ehlers et al., 2011), and smartphone appli-
cations (Park et al., 2021).

Computer-assisted sperm analysis has been used to 
identify some movement patterns of bull sperm with 
high versus low fertilization rates (Verstegen et al., 
2002). However, concerns have been raised about the 
ambiguity of CASA’s parameters to predict fertility 
(Silva et al., 2023) and their apparent lack of correlation 
when assessed separately (Kasimanickam et al., 2006). 
Therefore, debates exist regarding the correlation be-
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tween CASA-measured sperm kinetic and morphological 
parameters and in vivo fertility rates (Farrell et al., 1998; 
Li et al., 2016; Zoca et al., 2023).

In addition, many entities only scrutinize the average 
CASA values from analysis, resulting in a very limited 
interpretation of the results because the means mask vari-
ability among and within individuals, a key for assess-
ing fertility (Amann and Waberski, 2014). According to 
Jeong and Chong (2020), although mean and variance 
values summarize characteristics, their combined use is 
essential for understanding the magnitude of a dataset. 
Therefore, using the mean and variance from CASA anal-
yses will become more valuable when we understand the 
relationship of CASA parameters from a bull or a sample.

In this paper, we use univariate and multivariate sta-
tistical approaches to evaluate combining various CASA 
parameters as predictors of fertility. The cluster analysis 
used can reveal populations of sperm with similar fea-
tures and potentially improve the accuracy of fertility 
assessments by delving deeper into the complex data de-
rived from the analyses (Rodriguez et al., 2019). In addi-
tion, we depart from relatively small numbers of matings 
by using the dairy industry’s standard measure of bull 
fertility, sire conception rate (SCR), which is computed 
across hundreds if not thousands of matings per bull and 
adjusts for other factors related to the cow, bull, herd, 
management, season, nutrition, animal age, reproductive 
success, and environmental factors (CDCB, 2024), thus 
making this breeding value quite robust. Therefore, this 
study aimed to evaluate dairy bull sperm kinematic and 
morphometric CASA values, characterize, and stratify 
bulls into clusters, and then associate bull clusters with 
measures of sperm quality and bull fertility (SCR). The 
overarching goal was to develop a more robust model, 
using CASA parameters and SCR values, for assessing 
fertilizing potential.

MATERIALS AND METHODS

This work did not require ethical approval because it 
did not use animals but only semen doses from commer-
cial AI companies (studs) for its execution.

Animal and Semen Sample Information

We analyzed cryopreserved semen from 307 Holstein 
(HO) and 152 Jersey (JE) bulls, sourced from the USDA 
Agricultural Research Service’s National Animal Germ-
plasm Program. The birth years of the bulls ranged from 
1994 to 2016. All these bulls were originally sourced 
from commercial AI companies (studs) and it was their 
decision as to how many bulls to contribute. The bulls 
were managed under the collection strategies of each AI 

stud, resulting in each bull’s maximal sperm quality and 
production for marketing purposes.

Data obtained about each bull was combined into a 
common file and included: bull ID, breed, associated AI 
center (AI stud), and birth year, sourced from the Animal 
Germplasm Resources Information Network of the Na-
tional Animal Germplasm Program. The SCR for each 
bull was added, as were post-thaw CASA parameters.

Sire Conception Rates

The SCR of bulls was obtained from the Council on 
Dairy Cattle Breeding databases accessed between May 
and July 2023 (CDCB, 2024). The SCR is an evaluation 
of a bull’s fertility under normal management conditions. 
It is calculated using AI data and considers the probabil-
ity of a cow becoming pregnant from a single insemina-
tion. The SCR is calculated as the difference between 
the observed success rate and the expected success rate, 
adjusted for various sources of variation, such as cow 
age, reproductive history, herd conditions, reproductive 
management, cow health and nutrition, environmental 
conditions, and season of the year (CDCB, 2024). It also 
considers factors including inbreeding, the bull’s age, the 
AI organization, mating year, and the bull’s effect (Nor-
man et al., 2008). By using each bull’s SCR as the mea-
sure of fertility, these issues are accounted for, thereby 
reducing bias in the analysis.

Sperm Analysis (CASA)

Frozen semen samples were thawed at 37°C for 30 s 
and diluted in Tris-buffered medium (200 mM Tris, 65 
mM citric acid, 55 mM glucose; Purdy and Graham, 
2004). Because it has been suggested that sperm damage 
may not be fully visible immediately after thawing (Cas-
tro et al., 2016), we evaluated semen under incubation at 
37°C at 2 post-thaw time points: T1 immediately after 
thawing; and T2, 30 min after the first evaluation. The 
T1 time point corresponded to 7 min of incubation, which 
is within the recommended range (5–10 min.) for sperm 
motility to begin to be fully expressed (Barth, 1989).

Semen samples were analyzed using a Hamilton 
Thorne Motility Analyzer (Version 14 IVOS, Beverly, 
MA) referred to in this work as CASA. The CASA was 
configured with the following settings: 30 frames per 
second were captured at a frame, capture rate of 60 Hz; 
minimum contrast: 80; minimum cell size: 5 pixels; cut-
off for average path velocity (VAP): 30 µm/s; minimum 
cutoff for progressive motility: 50 µm/s of VAP; cutoff 
for straight-line velocity (VSL): 15 µm/s; threshold 
straightness (STR; VSL/VAP): 70%; static head size 
ranging from 0.53 to 4.45; enlargement factor: 1.89. A 
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minimum of 700 cells was analyzed in at least 5 fields 
(Purdy and Graham, 2004).

Spermatozoa were assessed for kinematic parameters: 
VAP (µm/s), VSL (µm/s), curvilinear velocity (VCL, 
µm/s), amplitude of lateral head displacement (ALH; 
µm), beat-cross frequency (BCF; Hz), STR (%), and 
linearity (LIN; VSL/VCL, %), and 2 morphometric pa-
rameters, elongation ratio (ELO; ratio of the sperm head 
width to the sperm head length, %) and head size (HSZ, 
µm2). The mean and variance of these parameters for 
each bull, as well as the overall sample motility param-
eters (motile sperm, MOT, %; progressive motile sperm, 
PMOT, %), were recorded.

Statistical Analysis

Descriptive Statistics. Data of descriptive statistics of 
sperm kinematic and morphometric, and sample motility 
parameters at T1 and T2 are in Supplemental Tables S1 
and S2 (see Notes).

Correlation Analysis. The complete dataset was used 
for Pearson and Spearman correlation analyses at T1 and 
T2.

Univariate Analysis. We used a reduced dataset for 
this analysis in which we removed bulls from AI studs 
with less than 5 animals (n = 4) or bulls with samples 
without a known evaluation date (n = 20). Thus, the bulls 
were distributed among the studs as described in Table 1.

To estimate the effect of genetic, management, and 
sperm analysis factors on sperm kinematic and morphol-
ogy and sample motility parameters we fit the following 
linear mixed model using the lme4 R package (Bates et 
al., 2015):

yijklmn = μ + Breedi + Studj + Breed × Studi:j  

+ ETk + BYl + EDm + IDn(i:j) + eijklmn,

where yijklmn is the response variable corresponding to a 
sperm parameter; μ is the overall mean (intercept); 
Breedi is the fixed effect of the ith level of breed (i = HO, 
JE); Studj is the fixed effect of the jth AI stud (j = StudA, 
StudB, StudC, StudD); Breed × Studi:j is the fixed inter-
action term of breed i in stud j; ETk is the fixed effect of 
the kth level of evaluation time point (k = T1, T2); BYl is 
the linear covariate of year of birth; EDm is the random 

effect of the mth sample evaluation day; IDn(i:j) is the 
random effect of the nth bull nested within breed i and 
stud j; and eijklmn is the random residual effect. Random 
effects were assumed to have normal distributions with 
means of 0 and variances equal to the estimated vari-
ances σED

2 , σID
2 , and σe2 for ED, ID, and e, respectively. 

An ANOVA was performed, and F-values and P-values 
were obtained for all effects. Additionally, to estimate 
the average value of sperm parameters at each level of 
fixed effects we obtained least squares means estimates 
using the emmeans R package (v.1.8.8; Lenth, 2023).

Multivariate Analysis. We hypothesized that bull fer-
tility (as measured by SCR) is dependent on more than 
one CASA parameter being in a viable range; further-
more, there is an interdependence of parameters upon 
one another. Due to the interdependence of observed 
variables, it should be possible to develop sets of vari-
ables with greater explanatory power for which principal 
component (PC) and exploratory factor analyses are well 
suited. Therefore, PC analysis (PCA) was performed 
on the complete dataset using the R “prcomp” function 
based on the sperm kinematic parameters at the 2 time 
points. Afterward, to reduce the number of PC to those of 
the biggest explanatory power for downstream analyses, 
we used the Kaiser criterion to only keep those with an 
eigenvalue greater than or equal to 1.00. The matrix of 
eigenvectors and the proportion of variance explained by 
each PC were obtained.

To identify groups of bulls with similar sperm charac-
teristics we obtained clusters based on the reduced set of 
PC. We performed a nonhierarchical clustering procedure 
using K-means on the Euclidean distance matrix built from 
the scores of the reduced set of PC. The optimal number 
of bull clusters (BC) was determined by visualization of 
the average silhouette width, the gap statistic, and the 
total sums of squares within each cluster (k), where k 
ranged from 1 to 10 clusters. Based on these statistics we 
selected 4 and 2 to be the appropriate number of BC for 
T1 and T2, respectively. Potential differences in sperm 
kinematic and morphometric parameters, sample motil-
ity parameters, and SCR between clusters were assessed 
using univariate models with cluster membership as the 
sole explanatory variable. Least squares means estimates 
and 95% CI were obtained for each bull cluster.

All statistical analyses were done using the R statis-
tical software (v.4.3.1; R Core Team, 2023). Statistical 
significance was considered at α = 0.05.

RESULTS

Factors Influencing CASA Parameters

Table 2 shows the ANOVA F-values for the effects of 
breed, AI stud, breed × AI stud, and evaluation time on 
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Table 1. Number of bulls by breed from each stud

Breed

Stud

A B C D

Holstein 254 11 19 20
Jersey 124 3 9 4
Total 378 14 28 24
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sperm parameters. Figure 1 and Figure 2 show the LSM 
estimates of sperm parameters by breed and AI stud and 
semen evaluation time, respectively.

Breed significantly affected the mean (m) of ALH-m, 
BCF-m, and LIN-m, and the variance (v) of BCF-v and 
LIN-v. The effect of the AI stud was significant (P < 
0.05) for all kinematic parameters, and we speculate that 
this may be caused by such things as differences in cryo-
preservation media components, initial sperm quality, or 
technician variability. The interaction between breed and 
AI stud was significant for ALH-m and all the variances 
of kinematic parameters except for STR-v. We found a 
significant effect of breed for all morphometric measures 
except for HSZ-v. Both the AI stud and the breed × AI 
stud significantly affected the mean and variance of all 
morphometric sperm parameters measured.

The effect of breed on sperm parameters was most 
prominent for bulls in Stud A. The JE bulls had signifi-
cantly larger VCL-m, ALH-m, VAP-v, VCL-v, ALH-v, 
and STR-v and had significantly lower STR-m and LIN-
m estimates than HO bulls. We also observed significant 
differences for several kinematic and morphometric pa-
rameters between bulls in Stud D. HO bulls had signifi-
cantly larger ELO-m, HSZ-m, BCF-v, LIN-v, and ELO-v 
and nonsignificant LIN-m than JE bulls. Bulls within 
Stud A had higher estimates of the means of velocity pa-
rameters than other studs. For STR-m and LIN-m, we ob-
served significantly lower estimates in Stud D compared 

with the remaining studs. On the other hand, Stud D had 
significantly larger sperm (HSZ-m) than the other studs. 
Across all measures of sperm parameter variance, we 
observed the largest estimates for Stud D, significantly 
higher for ALH-v, BCF-v, STR-v, LIN-v, ELO-v, and 
HSZ-v. Figure 1 suggests that JE and HO samples change 
ranking especially when comparing studs B and D and 
therefore this reranking may have caused the interaction.

The semen post-thaw evaluation time point had a sig-
nificant effect on VAP-m, VSL-m, BCF-m, LIN-m and 
all measures of variance of kinematic parameters, and 
ELO-m (Table 2). We found a significantly lower vari-
ance estimate for STR-v and LIN-v when comparing T2 
and T1 (Figure 2).

Relationship Between CASA Parameters and SCR

The correlation analysis results between kinematic 
and morphometric sperm parameters and SCR at T1 and 
T2 are presented as heat maps in Supplemental Figures 
S1 and S2 (see Notes). In all instances, the correlations 
between CASA readings and SCR were less than +0.20. 
Motility showed the highest relationship with SCR in 
both time points and for both the Pearson and Spearman 
methods but was still less than 0.20. Parameters such as 
VAP-m, VCL-m, ALH-m, HSZ-m, VAP-v, VSL-v, VCL-
v, ELO-v had correlation coefficients with SCR of simi-
lar magnitudes but in the negative direction in at least 
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Table 2. ANOVA F-values for the main effects of breed, AI stud, the interaction effect between breed and AI stud, 
and sample evaluation time point on sperm kinematic and morphometric parameters

Sperm parameter1 Breed AI stud Breed × AI stud Evaluation time point

Kinematic (mean)        
  VAP-m 0.65 43.51* 1.58 4.23*
  VSL-m 0.00 53.03* 0.55 4.63*
  VCL-m 2.29 46.16* 2.14 2.54
  ALH-m 6.47* 34.52* 2.93* 0.78
  BCF-m 6.70* 8.84* 0.66 26.67*
  STR-m 2.51 22.35* 2.23 2.54
  LIN-m 5.94* 17.94* 1.85 5.72*
Kinematic (variance)        
  VAP-v 0.28 16.31* 6.75* 6.33*
  VSL-v 0.05 13.61* 3.26* 14.24*
  VCL-v 1.35 25.42* 7.79* 21.28*
  ALH-v 2.20 22.42* 6.50* 71.13*
  BCF-v 7.16* 23.54* 6.63* 18.92*
  STR-v 1.22 24.43* 1.44 105.90*
  LIN-v 5.32* 46.24* 7.14* 162.24*
Morphometric (mean)        
  ELO-m 36.72* 6.48* 8.14* 9.83*
  HSZ-m 7.01* 25.05* 4.25* 0.22
Morphometric (variance)        
  ELO-v 24.26* 4.88* 14.40* 1.82
  HSZ-v 1.40 23.75* 3.85* 0.07
1Sperm parameter: VAP = average path velocity, VSL = straight-line velocity, VCL = curvilinear velocity, ALH = 
amplitude of lateral head displacement, BCF = beat-cross frequency, STR = threshold straightness, LIN = linearity, 
ELO = elongation ratio, HSZ = head size.
*Denotes an estimate with a P-value smaller than 0.05.



Journal of Dairy Science Vol. 107 No. 12, 2024

11778

one of the tests and time points, while STR-m and LIN-m 
showed positive correlations.

Principal Components Analysis of CASA Parameters

Table 3 shows the variation explained and eigenvec-
tors of the PC evaluated at T1 and T2. At each time, 4 
PC largely explained the variation. Except for the mean 

and variance of ALH, all other kinematic parameters, as 
well as all morphological parameters, showed loadings 
on at least one of the specific PC. At both time points, we 
found that PC1 was mainly associated with variation in 
the mean and variance of sperm velocity parameters. The 
second PC (PC2) was associated with variation in the 
mean of velocity parameters in both time points, BCF-m 
in T2, STR-m in both time points, LIN-m in T2, STR-v 
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Figure 1. Least squares means and standard error (bars) estimates of the mean (A) and variance (B) of sperm kinematic and morphometric 
parameters of bulls by breed (HO = Holstein and JE = Jersey) and AI stud (A to D).
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in both time points, and LIN-v at T1. The sperm param-
eters associated with variation for PC3 were generally 
different between time points. At T1, PC3 was associ-
ated with variation for BCF-m, LIN-m, HSZ-m, BCF-v, 
and LIN-v. At T2, PC3 was also associated with BCF-v 
and LIN-v, in addition to VCL-m and HSZ-v. The fourth 
PC was strongly associated with variation in the mean 
and variance of sperm elongation at both time points 
(Supplemental Figure S3, see Notes).

Clustering of Bulls

Based upon the PCA, bulls were clustered for T1 and 
T2 (Supplemental Figure S3). Least squares means and 
CI for CASA parameters and SCR by cluster at T1 and T2 
are shown in Tables 4 and 5, respectively.

The T1-BC1 cluster consisted of 180 bulls and had 
the highest SCR. In general, the bulls of this cluster also 
had the lowest values for CASA traits compared with 
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Figure 2. Least squares means and standard error (bars) estimates of the mean (A) and variance (B) of sperm kinematic and morphometric 
parameters of bulls by evaluation time point (0 and 30 min post-thawing).



Journal of Dairy Science Vol. 107 No. 12, 2024

11780

the other clusters. Bulls assigned to the T1-BC1 group 
had sperm with smaller size (HSZ-m) and less elongated 
shape (ELO-m), which varied less in these characteristics 
(HSZ-v and ELO-v) compared with bulls assigned to oth-
er clusters. The cluster with the lowest average SCR was 
T1-BC3. This cluster’s means for VAP, VSL, VCL, ALH, 
BCF, STR, LIN, and HSZ were larger or next to largest 
when compared with the other clusters. In particular, the 
percentage differences for T1-BC3 compared with T1-
BC1 for VCL, ALH, and HSZ were 50.3%, 39.4%, and 
16.8% larger, respectively. However, the within-cluster 
variances were not the largest, suggesting relative unifor-
mity among sperm cells in this cluster.

Clusters T1-BC2 and T1-BC4 were ranked intermedi-
ate for fertility. Their sperm speed had higher variances, 
higher than T1-BC1, and their means were substantially 
lower than T1-BC3. Interestingly, for HSZ, their means 
were the same (T1-BC4) as T1-BC1 or the largest (T1-
BC2) when compared with all clusters. The CASA 
variances for these 2 clusters were generally different. 
Cluster T1-BC2 had the highest variances among its 
CASA measures, suggesting within-group variability of 
sperm cells. Cluster T1-BC4 on the other hand had the 
second smallest variances of the majority of parameters 
(VAP, VSL, VCL, BCF, ELO, and HSZ), suggesting 
greater uniformity in this set of sperm cells. In part, 
the higher variances associated with T1-BC2 may have 
been due to the small number of bulls (n = 27 from 3 
different studs) in the cluster. Among the 4 clusters at T1 

T1-BC1, T1-BC3, and T1-BC4 had high levels of MOT 
and PMOT. However, T1-BC2 had the lowest MOT and 
PMOT and an intermediate SCR.

At T2 bulls were categorized into 2 clusters. It is pos-
sible to see in Supplemental Table S3 (see Notes) that, 
in general, T1-BC1 and T1-BC4 at T1 were combined 
to form T2-BC2, which was the cluster with the highest 
number of bulls at T2. In contrast, T1-BC2 and T1-BC3 
were generally merged to form T2-BC1 at T2 with a 
smaller number of bulls. As a set of CASA parameters, 
T2-BC2 had lower values, as with T1-BC1, along with 
the highest SCR.

DISCUSSION

The CASA analyses provide an objective measurement 
of sperm motility and morphology, but they do not pro-
vide estimates of the subjective values of quality or fer-
tilizing potential of a sperm sample. Consequently, when 
only CASA analyses are considered, total motility or pro-
gressive motility have been the sole means of estimating 
quality and fertility, and those relationships are not fully 
founded. For this reason, a model that can more fully 
and accurately explain the relationship between CASA 
values and fertilizing potential is needed. Although many 
studs also use flow cytometric and morphological evalu-
ations to provide a comprehensive assessment of sperm 
quality, the experiments described here focused exclu-
sively on the relationship of CASA and SCR. Therefore, 
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Table 3. Variation explained and eigenvectors of the first 4 principal components (PC) for bull sperm kinematic and morphometric parameters in 2 
sample evaluation time points (T1 and T2)

Item

T1

 

T2

1-PC1 1-PC2 1-PC3 1-PC4 2-PC1 2-PC2 2-PC3 2-PC4

Explained variation (%) 38.92 19.48 14.73 8.47 35.29 24.33 15.47 8.09
Sperm parameter1 (mean)
  VAP-m −0.30 −0.30        
  VSL-m   −0.43       −0.372    
  VCL-m −0.31       −0.312   −0.335  
  ALH-m                
  BCF-m     −0.44     −0.423    
  STR-m   −0.38       −0.435    
  LIN-m     −0.36     −0.434    
  ELO-m       −0.68       0.705
  HSZ-m     −0.33          
Sperm parameter1 (variance)
  VAP-v −0.33       −0.361    
  VSL-v −0.32       −0.335      
  VCL-v −0.33       −0.325      
  ALH-v                
  BCF-v     −0.36       0.34  
  STR-v   0.39       0.309    
  LIN-v   0.34 −0.35       0.461  
  ELO-v       −0.59       0.578
  HSZ-v             0.349  
1Sperm parameter: VAP = average path velocity, VSL = straight-line velocity, VCL = curvilinear velocity, ALH = amplitude of lateral head displace-
ment, BCF = beat-cross frequency, STR = threshold straightness, LIN = linearity, ELO = elongation ratio, HSZ = head size.
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this research intended to develop a method that coupled 
CASA results with multivariate statistical analyses to 
predict the fertilizing potential of dairy bulls based on 
SCR breeding values.

Each mating is a binary trait, however, as the number 
of matings per bull increases this can be represented by 
some distribution (normal or otherwise) and individual 
animals can be combined into a distribution for all ani-
mals and their matings. The point is that an infertile bull 
will be a rare occurrence in such a distribution and lo-
cated within the distribution’s left tail. As such, assessing 
bull fertility involves measuring degrees or proportional 
differences, rather than making a binary assessment. Fur-
thermore, as infertile bulls are culled through artificial or 
natural selection, most males evaluated will have fertility 
at some level. To determine whether CASA values can 
predict fertilizing potential, we integrated the outcomes 
of the CASA-derived data with AI data via SCR.

Although it has been reported that there may be a dif-
ference of more than 10% in conception rates between 
bulls of higher and lower fertility, as measured by SCR 
(Peñagaricano et al., 2012), greater than 93% of all 
bulls on the April 2024 SCR list are between +3 and −3 

(CDCB, 2024). Clustering bulls by similarity of CASA 
parameters was shown to result in different average SCR 
levels within the distribution of this dataset, suggest-
ing its utility in projecting bull fertility and illustrating 
fertility differences. The various CASA parameters for 
each cluster had relatively unique ranges, suggesting as a 
group that they might be used in further work on fertility 
prediction.

Reporting only a single motility value may lead to an 
emphasis on high motility, potentially causing improper 
prioritization of bulls with the highest motility or other 
CASA parameters (Blackburn et al., 2022). Therefore, it 
was crucial to analyze the CASA parameters from the 
perspective of their average but also through the lens of 
their variance. Furthermore, a more holistic view of the 
results was needed, interpreting them not from just one or 
a few characteristics, but rather by considering all CASA 
values as potential indicators of quality in combination 
with all the effects used to determine the SCR for a bull.

Least squares means and CI were computed for each 
bull cluster at T1 and T2. Exploring CASA LSM by bull 
cluster indicated that CASA parameters and SCR differed 
by cluster and this was also influenced by breed, stud, 
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Table 4. Least squares means estimates (95% CI) for sperm kinematic and morphometric parameters, sample motility parameters, and sire conception 
rate (SCR) of bull clusters (BC) for sample evaluation time point 1 (T1)

Parameter2

T1 bull cluster1

T1-BC1 (n = 180) T1-BC2 (n = 27) T1-BC3 (n = 101) T1-BC4 (n = 151)

Kinematic (mean)
  VAP-m (µm/s) 81.95 (80.69, 83.22) 94.12 (90.86, 97.37) 115.82 (114.14, 117.5) 89.98 (88.61, 91.36)
  VSL-m (µm/s) 67.5 (66.47, 68.53) 67.45 (64.8, 70.1) 94.69 (93.32, 96.06) 66.37 (65.24, 67.49)
  VCL-m (µm/s) 144.36 (141.6, 147.12) 168 (160.88, 175.11) 216.99 (213.31, 220.67) 170.13 (167.12, 173.14)
  ALH-m (µm) 6.57 (6.45, 6.69) 7.41 (7.1, 7.72) 9.15 (8.99, 9.31) 7.86 (7.73, 7.99)
  BCF-m (Hz) 28.56 (28.15, 28.98) 30.53 (29.46, 31.6) 30.47 (29.92, 31.02) 25.23 (24.77, 25.68)
  STR-m (%) 82.29 (81.84, 82.74) 71.67 (70.5, 72.84) 80.96 (80.36, 81.57) 74.97 (74.47, 75.46)
  LIN-m (%) 48.9 (48.43, 49.37) 42.41 (41.18, 43.63) 45.06 (44.43, 45.69) 41.55 (41.03, 42.07)
Kinematic (variance)
  VAP-v 885.47 (833.9, 937.05) 2,168.62 (2,035.46, 2,301.78) 1,578.58 (1,509.74, 1,647.43) 1,316.08 (1,259.77, 1,372.38)
  VSL-v 766.37 (725.07, 807.67) 1,708.3 (1,601.67, 1,814.94) 1,492.49 (1,437.35, 1,547.62) 946.74 (901.65, 991.83)
  VCL-v 3,149.91 (2,984.11, 3,315.71) 5,881.49 (5,453.41, 6,309.58) 5,779.05 (5,557.72, 6,000.38) 4,734.18 (4,553.16, 4,915.2)
  ALH-v 7.2 (6.9, 7.5) 12.75 (11.98, 13.52) 10 (9.6, 10.4) 10.09 (9.76, 10.41)
  BCF-v 125.33 (121.11, 129.56) 257.39 (246.48, 268.3) 148.82 (143.18, 154.46) 137.05 (132.44, 141.67)
  STR-v 255.91 (247.76, 264.07) 426.85 (405.79, 447.91) 265.57 (254.69, 276.46) 355.83 (346.92, 364.73)
  LIN-v 232.33 (226.39, 238.27) 358 (342.66, 373.34) 203.36 (195.43, 211.29) 237.28 (230.8, 243.77)
Morphometric (mean)
  ELO-m (%) 43.7 (43.32, 44.08) 46.81 (45.83, 47.8) 44.06 (43.55, 44.57) 44.13 (43.71, 44.54)
  HSZ-m (µm2) 6.42 (6.37, 6.48) 8.18 (8.03, 8.33) 7.5 (7.43, 7.58) 6.37 (6.3, 6.43)
Morphometric (variance)
  ELO-v 149.15 (143.37, 154.92) 248.73 (233.82, 263.64) 183.48 (175.77, 191.18) 170.19 (163.88, 176.49)
  HSZ-v 7.56 (6.47, 8.64) 22.56 (19.76, 25.37) 10.05 (8.6, 11.5) 8.42 (7.24, 9.61)
Sample motility (mean)
  MOT (%) 54.21 (52.47, 55.95) 29.7 (25.22, 34.19) 48.75 (46.43, 51.07) 54.1 (52.2, 56)
  PMOT (%) 37.95 (36.68, 39.22) 15.19 (11.9, 18.47) 37.12 (35.42, 38.82) 31.66 (30.27, 33.04)
Realized fertility (mean)
  SCR (−0+) −0.07 (−0.39, 0.25) −0.79 (−1.66, 0.08) −1.29 (−1.73, −0.85) −0.8 (−1.15, −0.44)
1T1-BC = bull cluster at T1.
2Parameters: VAP = average path velocity, VSL = straight-line velocity, VCL = curvilinear velocity, ALH = amplitude of lateral head displacement, 
BCF = beat-cross frequency, STR = threshold straightness, LIN = linearity, ELO = elongation ratio, HSZ = head size, MOT = percentage of motility 
sperm, PMOT = percentage of progressive motility sperm.
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their interactions, and the evaluation time. Our results 
indicated that having the highest average values for most 
kinetic parameters is not an indication of high fertility. 
Instead, higher fertility was observed with many lower 
CASA measures (T1-BC1 and T2-BC2) and the inverse 
was also true with bulls in the T1-BC3 cluster, which 
had the lowest fertility and tended to have the highest 
CASA measurements. This suggests that the dogma that 
the fastest speeds or the highest percentages of motile 
(total and progressive) sperm, for example, do not 
translate into greater fertility. This perspective revealed 
that lower variation in sperm kinetic and morphometric 
parameters, along with higher percentages of total and 
progressively motility sperm, may have a stronger rela-
tionship with bull AI fertility than any single CASA mea-
surement. Furthermore, we observed that higher sperm 
velocity averages do not increase fertilization chances, 
which contradicts several findings that state that faster 
bull sperm have greater fertilization potential (Nagy et 
al., 2015; Ibanescu et al., 2020; Donnellan et al., 2022).

It is also critical to observe that the dataset that was 
used was substantially different from most other analyses. 

Often studies used between 10 and 24 males to identify 
the relationship between sperm characteristics and fertil-
ity (Nagy et al., 2015; Ibanescu et al., 2020; Donnellan et 
al., 2022), while our work used 459 bulls, likely increas-
ing the diversity of the population studied. Furthermore, 
the bulls used in this study exhibited a greater range of 
CASA values than those in other research. We believe the 
dataset used in this study initiates exploration into the 
dynamics of CASA parameters, for example, VCL. Our 
results suggest an optimal range of values for each trait 
can yield acceptable fertility, but once outside that range 
of values (either higher or lower) fertility decreases. Fur-
thermore, the optimal range for a trait could be affected 
by the value of other traits.

In general, what can be observed in our work was that 
bulls that possessed sperm exhibiting lower velocity, size 
(Gravance et al., 1998; Guthauser et al., 2011), and ALH 
(Gogol and Trzcińska, 2022), BCF, greater straightness 
and linearity, and lower variability in terms of kinematic 
and morphometric parameters may have an advantage in 
terms of fertility. These characteristics were all observed 
in the bulls of group T1-BC1 and partially observed in 
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Table 5. Least squares means estimates (95% CI) for sperm kinematic and morphometric parameters, sample 
motility parameters, and sire conception rate (SCR) of bull clusters (BC) for sample evaluation time point 2 (T2)

Parameter2

T2 bull cluster1

T2-BC1 (n = 129) T2-BC2 (n = 330)

Kinematic (mean)    
  VAP-m (µm/s) 107.35 (105.63, 109.06) 85.22 (84.15, 86.29)
  VSL-m (µm/s) 87.14 (85.36, 88.92) 66.29 (65.18, 67.4)
  VCL-m (µm/s) 192.93 (189.42, 196.44) 157.39 (155.2, 159.59)
  ALH-m (µm) 8.09 (7.93, 8.25) 7.29 (7.19, 7.39)
  BCF-m (Hz) 31.2 (30.52, 31.88) 25.42 (25, 25.85)
  STR-m (%) 79.99 (79.01, 80.97) 78.19 (77.58, 78.81)
  LIN-m (%) 46.19 (45.19, 47.2) 44.18 (43.55, 44.81)
Kinematic (variance)    
  VAP-v 1,614.89 (1,562.14, 1,667.63) 1,038.93 (1,005.95, 1,071.9)
  VSL-v 1,463.68 (1,421.38, 1,505.98) 790.13 (763.69, 816.58)
  VCL-v 5,169.54 (4,973.86, 5,365.22) 3,681.42 (3,559.07, 3,803.77)
  ALH-v 9.74 (9.33, 10.15) 7.4 (7.15, 7.66)
  BCF-v 173.15 (166.49, 179.8) 119.02 (114.86, 123.18)
  STR-v 279.09 (268.15, 290.02) 259.29 (252.46, 266.13)
  LIN-v 223.63 (215.12, 232.14) 197.93 (192.61, 203.25)
Morphometric (mean)    
  ELO-m (%) 45.9 (45.32, 46.48) 44.05 (43.69, 44.42)
  HSZ-m (µm2) 7.55 (7.45, 7.66) 6.41 (6.34, 6.48)
Morphometric (variance)    
  ELO-v 205.51 (197.02, 214.01) 159.64 (154.33, 164.95)
  HSZ-v 14.18 (12.49, 15.88) 7.35 (6.3, 8.41)
Sample motility (mean)    
  MOT (%) 45.02 (42.64, 47.39) 52.92 (51.43, 54.41)
  PMOT (%) 32.57 (30.75, 34.39) 33.84 (32.7, 34.98)
Realized fertility (mean)    
  SCR (−0+) −0.99 (−1.38, −0.59) −0.46 (−0.7, −0.22)
1T2-BC = bull cluster at T2.
2Parameters: VAP = average path velocity, VSL = straight-line velocity, VCL = curvilinear velocity, ALH = 
amplitude of lateral head displacement, BCF = beat-cross frequency, STR = threshold straightness, LIN = linearity, 
ELO = elongation ratio, HSZ = head size, MOT = percentage of motility sperm, PMOT = percentage of progressive 
motility sperm.
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the bulls of group T2-BC2, which presented higher SCR 
in T1 and T2, respectively. However, for these bulls to ef-
fectively have higher fertility, these characteristics need 
to be accompanied by an acceptable percentage of motile 
sperm with progressive movement, as exemplified in T1-
BC1 (54.21% and 37.95%) and T2-BC-2 (52.92% and 
33.84%). Conversely, the other groups of bulls in T1 or 
T2 that presented higher values of velocity, ALH, BCF, 
and HSZ of the spermatozoa, and greater variances in 
the kinematic and morphometric parameters, in addition 
to lower percentages of total and progressive motility 
in semen, showed lower SCR. High values of these pa-
rameters can characterize a hyperactive movement of the 
spermatozoa (Yanagimachi, 1994), which ideally should 
not be present immediately after thawing when a bull 
sperm sample is intended for AI. Instead, sperm hyperac-
tivation should only manifest in the uterine environment 
(Ho and Suarez, 2001). Thus, the bulls from the groups 
with lower SCR likely had semen with hyperactivated 
spermatozoa and with a lower probability of fertilization. 
The results confirm that the evaluation of bull fertility 
via frozen-thawed sperm must consider multiple CASA 
values, rather than single CASA values, to make the 
model more robust. Moreover, it is known that these are 
not the only characteristics that define healthy and fertile 
sperm function and therefore future analyses must con-
sider cell physiology, evaluated via flow cytometry, and 
morphological characteristics. In doing so, we may be 
able to account for a greater proportion of the variance 
when predicting fertility.

CONCLUSIONS

This study used statistical approaches to evaluate 
CASA-generated sperm parameters. Clustering individu-
als based upon CASA parameters could result in clusters 
comprised of unique sets (where each set has specific 
ranges of values) of CASA parameters and differences 
between the clusters and their sets of CASA parameters 
corresponded to different SCR. This suggests to effec-
tively evaluate sperm for fertilizing potential, unique 
sets of parameters should be used, with each set leading 
to different fertility levels. The range of CASA param-
eters within a set can influence the males’ fertility level. 
This suggests clustering could accommodate the kind of 
distributional properties observed in comparing fertility 
levels of bulls. This is a departure from past approaches 
used with CASA in the hopes of building prediction 
equations for fertility. Although BC1-T1 had the high-
est SCR, the other clusters are not infertile, but simply 
had lower levels of fertility. This suggests a plasticity 
among combinations of CASA parameters. We speculate 
this plasticity has made fertility prediction difficult when 
using CASA. The formation of clusters, each containing 

limited ranges for CASA parameters, is suggestive that 
sets of parameters exist that, when combined, result in 
varying levels of SCR for the respective cluster. Fur-
ther exploration of this question is needed to define the 
properties of identified clusters and their sets of CASA 
parameters.
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