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ABSTRACT

The aim of this study was to test the suitability of “pattern
analysis” for the exploration of data provided by computer-as-
sisted semen analysis methods. Data sets derived from the ex-
amination of boar sperm responses to bicarbonate and caffeine
(measurements on 3208 spermatozoa) and from studies of se-
men cryopreservation in Mohor gazelles (7278 spermatozoa)
were reanalyzed. A nonhierarchical classification method was
used to generate initial subgroups of spermatozoa (9 for boar,
13 for gazelle). The subgroup centroids were fused, yielding
three boar sperm subpopulations and four gazelle sperm sub-
populations distinguished by sperm behaviors. Bicarbonate and
caffeine both induced major transitions (p < 0.0001) of boar
sperm behavior, detected as shifts in group membership (from
group 2, i.e., active but nonlinear movement, into group 1, i.e.,
linear, rapid movement). Some spermatozoa (approximately
3%) were refractory to both caffeine and bicarbonate. The ga-
zelle sperm subpopulation structure was affected by the inclu-
sion of equex (sodium triethanolamine lauryl sulfate) in the
cryoprotective diluents. Equex suppressed the appearance of
spermatozoa with erratic behavior (p < 0.0001; high curvilinear
velocity, low linearity, low straight-line velocity) after cryopres-
ervation. The proportion of these erratic spermatozoa was pos-
itively correlated with animal age (r = 0.68, p = 0.029). Pattern
analysis revealed novel aspects of the data not seen in the orig-
inal investigations and usefully supplemented the more standard
data analysis approaches.

INTRODUCTION

Evidence from a number of sources strongly suggests
that different subpopulations of spermatozoa coexist within
any typical mammalian gjaculate (see, for example, [1, 2]).
These are thought to owe their origins to variations in the
assembly of individual spermatozoa during spermatogene-
sis as well as to differential maturational status and age
through mixing in the epididymis. Studying these subpop-
ulations by flow cytometry, through which different attri-
butes are detectable using fluorescent probes, has proved
useful in understanding processes such as capacitation [3].
Analogous approaches to the study of sperm motion in sep-
arate subpopulations have not, however, been widely adopt-
ed despite the obvious potential currently offered by com-
puterized motion analysis systems.

In theory, computer-assisted semen analysis (CASA)
systems permit the study of motion characteristicsin sperm
subpopulations to an unprecedented degree of sophistica-
tion. As the trgjectories of individual spermatozoa are de-
termined by their flagellar function, characteristics such as
sperm velocity, flagellar beat frequency, and amplitude
should faithfully reflect the physiological status of individ-
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ual cells. Large sets of data derived from hundreds or thou-
sands of individual sperm measurements are routinely pro-
vided by CASA systems, so the problem of dissecting them
should be amenable to established methods of multivariate
analysis. This valuable potential of CASA has, however,
been rather neglected.

Many publications aimed at identifying motion param-
eters that best correlate with fertility in both humans and
animals have reported average values with an indication of
variance [4-9]. This approach diminishes the informative
value of the data by making the tacit assumption of normal
distributions for al variables. Examination of distributions
often reveals highly skewed and bimodal population struc-
tures, and it is not surprising that results have often been
disappointing.

A few authors have, however, investigated multivariate
approaches to sperm motion analysis [10-12]. Davis et al.
[11] used a complex iterative multiple-regression technique
to analyze human sperm motion parameters, straight-line
velocity and linearity, prior to freezing, and suggested that,
with this information, they could predict the percentage of
sperm that remain viable after thawing. Their predictions
were based on knowledge of the difference in straight-line
velocity between the subpopulation with the highest value
and the subpopulation with the lowest value in each pre-
freeze specimen. This presents an interesting prospect, as
it implies arelationship between the vigor of sperm motion
and the cell’s resistance to cryoinjury.

Results of this nature [10-12] suggest that it would be
possible to use similar techniques for analyzing data from
cryopreservation experiments as an aternative or an ad-
junct to the more common approach of analysis of variance.
Indeed, the same principle could apply to any experiment
in which sperm motion characteristics are used as a mea-
surable end-point.

The present investigation was undertaken to explore the
information provided by pattern analysis of the heteroge-
neity of sperm motion, as a slightly different approach to
the multiparametric analysis of CASA-derived data. The
general aim of pattern analysis is data exploration. This is
achieved by simplifying the structure of complete data sets
obtained from CASA studies, thus reducing both the num-
ber of cases (individual observation) and measured descrip-
tors but without losing their information content. Using the
computer program PATN [13], the original observations are
classified into multidimensionally defined groups, where
the group characteristics distinguish different physiological
states. The relative sizes of the different groups in response
to experimental treatments or other sources of variation can
be used as inputs to hypothesis-testing statistics, such as
ANOVA or chi-sguare tests. The PATN program itself rep-
resents a collection of statistical modules that are based on
well-established statistical principles. Further information
about the specific procedures used in PATN can be found
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in the program manual [13] and in standard texts on mul-
tivariate statistics (for example, [14]).

To examine the benefits of using pattern analysis with
CASA data, we have reanalyzed data from two contrasting
experimental studies in which sperm motion measurement
was an important analytical component. The first study, of
boar spermatozoa, represents a preliminary investigation of
the stimulatory effects of bicarbonate and caffeine on sperm
movement. Subjective examination of the sperm trajectories
suggested that caffeine and bicarbonate elicited different
qualities of motion, best described as *‘ smooth and snaky’’
and “‘fast but jerky” for the two stimulators, respectively.
However, not al cells in the samples appeared to respond,
and this presented an ideal opportunity for comparing the
different types of analysis and determining the heteroge-
neity of the motility response.

The second study was part of an investigation of semen
cryopreservation in the Mohor gazelle (Gazella dama
mhorr) that examined egg yolk and detergent effects on the
cryosurvival of spermatozoa. Information from this study
was published previously [15], but the CASA data were
examined only through comparisons of the summarized
treatment means derived from individual data sets. These
data have been reassessed for the treatment effects. How-
ever, as 10 animals were used in the study, it was possible
also to examine sperm heterogeneity in different individu-
als, relating the responses to variables such as age, body
weight, and inbreeding coefficient.

MATERIAL AND METHODS
Boar Semen: Treatments and Experimental Procedures

Semen samples from four boars (one gaculate per boar)
were used in this experiment. Two of the boars, a Landrace
and a Large White, were from a commercial artificia in-
semination (Al) center (JSR Healthbred Ltd., Thorpe Wil-
loughby, UK) and were thus from lines selected for their
high fertility as well as other genetic traits. The two other
boars, Large Whites, were used as semen donors at the
Babraham Institute (Babraham, Cambridge, UK); both pro-
duced normal semen and were presumed fertile, although
they were not used for matings.

Spermatozoa were received from both the pig breeding
center and Babraham after 24-h storage at ambient temper-
ature (20—24°C) in a holding medium (Beltsville Thawing
Solution; BTS, 37 g/L glucose monohydrate anhydrous, 6
g/L sodium citrate, 1.25 g/L sodium hydrogen carbonate,
1.25 g/LL EDTA-disodium, 0.75 g/L KClI, pH 7.2). The sam-
ples were recovered from the BTS medium prior to exper-
imentation using a Percoll (Sigma-Aldrich Company Ltd.,
Poole, UK) washing technique developed for boar sper-
matozoa [16]. This step was included as a standard proce-
dure designed to ensure removal of gel particles and other
debris that encourage sperm agglutination during subse-
quent incubations. Samples were resuspended in a bicar-
bonate-free, modified Tyrode's-based medium [17] buffered
with Hepes (Sigma-Aldrich) and containing 5 mg/ml BSA
(Sigma-Aldrich).

To examine sperm motility under different incubation
conditions, the spermatozoa were further diluted to a con-
centration of approximately 20 X 10%/ml in modified Ty-
rode’s medium supplemented with @) no additional com-
ponents, b) 15 mM NaHCOg, or ¢) 1 mM caffeine. Tubes
were incubated for 10 min at 39°C before sampling for
CASA analysis. To maintain osmolarity, NaCl was suitably
reduced in the supplemented media; to maintain pH at 7.4,

the bicarbonate-containing medium was kept in equilibra-
tion with 5% CO, in air throughout incubation [18]. Sub-
samples of sperm suspension (25 wl) were placed on agar-
coated glass dlides for motility assessment and video re-
cording. (See Holt et a. [19] for details of the video re-
cording method.)

Gazelle Semen: Treatments and Experimental Procedures

The study was conducted using adult Mohor gazelles
(Gazella dama mhorr) from the breeding herd maintained
and closely managed by the Estacion Experimental de Zo-
nas Aridas (see [15] for details of the semen collection and
freezing procedures). In brief, semen samples (one gjaculate
from each animal) from 10 gazelles (replicates) had been
frozen during the course of an investigation into semen
cryopreservation in this species. For motility assessment
the spermatozoa were not selected using *‘ swim-up’ or any
similar procedure.

The main objectives of this study were to compare the
effects of three concentrations of egg yolk (5%, 10%, and
20%), in the presence or absence of 0.5% equex (sodium
triethanolamine lauryl sulfate), as components of cryopres-
ervation media. These were tested by measuring sperm mo-
tion characteristics of the frozen semen. Straws of semen
(0.25 ml) were thawed for 30 sec at 37°C in a water bath
and diluted with 0.75 ml of the modified Tyrode’'s medium
described above (lacking bicarbonate). Aliquots (5 wl) were
removed for motility assessment and placed in a chamber
approximately 30 wm in depth. Video recordings (3 min in
length) of each sample were made using an Olympus (To-
kyo, Japan) BH2 microscope fitted with a positive phase-
contrast objective (X10) and heated stage (37°C). (Details
of the recording procedure have been reported previously
[15].)

Sperm Motion Analysis

The quantitative sperm motion descriptors were mea-
sured using a Hobson Sperm Tracker (Hobson Tracking
Systems, Sheffield, UK). Detailed information, including
the setup parameters for gazelle spermatozoa, has been pub-
lished previously [15]. The *“ search radius’ and ‘* minimum
track points’ settings for boar spermatozoa were 5.9 pm
and 50 frames, respectively. The gazelle spermatozoa were
examined using a 25-Hz sampling frequency, and the boar
spermatozoa were examined using a 50-Hz sampling fre-
quency.

The measured descriptors of sperm motion were curvi-
linear velocity (VCL), average path velocity (VAP),
straight-line velocity (VSL), amplitude of lateral head dis-
placement (ALH), beat cross frequency (BCF), linearity
(LIN), straightness (STR), and time (TIME). Definitions of
all these descriptors except TIME can be found in previous
publications [20, 21]. The parameter TIME is the duration
of anindividua sperm track measured in tenths of a second.

Classification, Ordination, and Identification of
Sperm Subpopulations

The multivariate analyses were carried out in a number
of sequential steps (see Table 1 for a summary of the meth-
od). First a non-hierarchical classification of spermatozoa
(step 1; Table 1) was undertaken using the ALOC (*‘dlo-
cation’) algorithm [13, 22]. In this procedure the objects
(spermatozoa) are allocated to groups according to the mag-
nitudes of their descriptors. The resultant number of groups
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TABLE 1. Summary of the statistical strategy used in the PATN analysis.

Step Process PATN module or other method* Main aim of step
1 Nonhierarchical classification ~ ALOC (Apply Bray and Curtis asso- Reduce the number of original objects to produce subgroups. Analysis
ciation threshold, 0.3) uses untransformed data.

2 Hierarchical classification Flexible UPGMA Cluster the subgroup centroids and arrange as a dendrogram.

3 Hierarchical classification FUSE Further simplify the data structure by fusing components of the den-
drogram. Provides an objective means of cutting the dendrogram.

4 Ordination (1) PCoA Reduce the number of descriptors needed to identify the data struc-
ture. Typically 2 or 3 resultant variables (x, y, z axes).

5 Ordination (2) PCC Check correlation of the new x, y, and z axes with the original de-
scriptors.

6 Hypothesis testing ANOVA and chi-square tests Compare means of derived subsets of spermatozoa (log-transformed

data) and frequencies of subsets, in relation to original experimental
designs.

* The PATN modules are described in more detail within the text.

depends upon the value of an initial association threshold
(Bray and Curtis association index) that must be chosen at
the beginning of the analysis. The value chosen defines the
resolution at which the multidimensiona space defined by
the descriptors is sampled. In the present study, the thresh-
old association index was set at 0.3 to yield relatively small
numbers of subgroups: 9 and 13 for the boar and gazelle
data, respectively. These subgroups were then expressed
mathematically as centroids, and the centroids were pro-
gressively fused into fewer groups using the Sequential Ag-
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FIG. 1. Dendrograms derived from boar (A) and gazelle (B) data. Num-
bers to the left of the plots represent group centroids formed by the fusion
of cases (individual spermatozoa). Final reduction of the number of clus-
ters was achieved by cutting the dendrograms at the positions shown
along the association distance axis. See Materials and Methods for expla-
nation of association distance.

glomerative Hierarchical-Combinatorial (SAHN) flexible
unweighted pair groups median average (UPGMA) algo-
rithm (step 2; Table 1). Figure 1 shows the dendrograms
resulting from the fusion process. Final groups were ob-
tained by cutting the dendrogram at the appropriate distance
recommended by the PATN program using the FUSE pro-
cedure (step 3; Table 1). In genera, the final number of
groups is set to the higher integer nearest to the square root
of the respective number of subgroups. However, the user
retains the option to specify a larger or smaller number of
subgroups if so desired.

At this point the reduced data sets defined from that
hierarchy till referred to groups of centroids rather than
individual observations. The characteristics of the individ-
ual spermatozoa represented by the centroids were therefore
used to calculate new characteristics describing the newly
formed sperm groups.

The groups of spermatozoa thus defined were then ex-
amined by Principal Coordinates Analysis (PCoA) (step 4;
Table 1), which reduced the number of variables (descrip-
tors) defining the groups of observations to a small number
of ““vectors’ (combinations of the original motion descrip-
tors). The groups were now expressed in terms of the newly
derived vector variables. Principal Axis Correlation (PCC)
(step 5; Table 1), a multiple linear regression program de-
signed to see how well a set of attributes can be fitted to
an ordination space, was now applied in order to see how
well the original groupings (based upon the original de-
scriptors) fitted into the space formed by the vector axes
derived from the PCoA [23].

Untransformed data were used for all the steps of the
multivariate analysis (steps 1-5; Table 1).

Hypothesis Testing

The final outcome of the pattern analysis was the defi-
nition of various subpopulations of spermatozoa within any
given sample, distinguished by their multidimensional mo-
tion characteristics. The summary statistics of the finally
derived groups of spermatozoa were calculated and exam-
ined for their physiological relevance, and the log-trans-
formed values [24] were compared using one-way ANO-
VAsS (step 6; Table 1).

Within different samples, the relative frequencies of
spermatozoa belonging to each group provided a new var-
iable for the examination of experimental effects and dif-
ferences between individuals. These untransformed relative
frequencies were examined by chi-square (step 6; Table 1)
tests and ANOVA using Statistica for Windows (Statsoft
UK, Letchworth, UK). To complement the statistical anal-
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FIG. 2. Plot showing the positions of boar sperm subpopulations in the

multidimensional ordination space defined by the first two ordination vec-
tors. Open symbols correspond to the individual centroids shown in Fig-
ure 1A, and their allocation to groups is as indicated. Arrows indicate
vectors representing individual sperm motion descriptors; these values
can be considered as increasing as they tend away from coordinate 0,0
(spatial center).

yses, the effects of treatments within the experimental de-
signs upon individual sperm motion descriptors were ex-
amined in standard one- or two-way ANOVAS. For the lat-
ter ANOVAS, values were logarithmically transformed pri-
or to analysis [24].

RESULTS
Interpretation of the Multivariate Analyses

The boar sperm data matrix consisted of 3208 observa-
tions (individual spermatozoa) and 4 variables (motion de-
scriptors VCL, VSL, BCF and ALH); these descriptors
were chosen as they were not highly intercorrelated. The
gazelle data consisted of a matrix of 7278 observations (in-
dividual spermatozoa) and 8 variables (all 8 motion param-
eters measured). In this case there was no a priori selection
of descriptors.

Nine group centroids were initially obtained from the
nonhierarchical classification of boar spermatozoa by the
ALOC algorithm. These group centroids were reduced to
three using the SAHN-UPGMA procedure by cutting the
dendrogram at an appropriate point on the association dis-
tance axis (Fig. 1). Three groups emerged if the cut was
placed anywhere between about 0.18 and 0.3 along the hor-
izontal axis of the dendrogram. By the same procedure, 13
group centroids were obtained after the nonhierarchical
classification of the gazelle sperm data. These group cen-
troids were further reduced to 4 by cutting the dendrogram
at the appropriate level.

Figures 2, 3A, and 3B show the locations of the resultant
sperm subpopulations in ordination space. Each symbol
represents one of the initial 13 (gazelle) or 9 (boar) groups,
and membership of the combined groups is indicated. The
arrows represent vectors indicating the contribution of in-
dividual descriptors to the position of each centroid in or-
dination space. For clarity of presentation not all of these
vectors are represented as arrows,; some are shown as filled
symbols plotted at the appropriate coordinates. For the boar
data (Fig. 2), vector 1 provided very good discrimination
between the groups, accounting for 83.5% of the variance.
Those points with negative scores, situated on the left of
the plot, are associated with high VCL and BCF. Relatively
little extra discrimination, only 9.7% of the variance, is
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FIG. 3. Plots showing the positions of gazelle sperm subpopulations in

the multidimensional ordination space defined by A) the first two ordi-
nation vectors and B) vectors 1 and 3. Open symbols correspond to the
individual centroids shown in Figure 1B, and their allocation to groups is
as indicated. Arrows indicate vectors representing the sperm motion de-
scriptors; these values can be considered as increasing as they tend away
from the spatial center (coordinate 0,0). For the purposes of clarity not all
descriptors are represented by arrows; appropriately labeled closed sym-
bols indicate the other vector coordinates.

provided by vector 2; but negative scores indicate increas-
ing ALH values, and probably erratic movement.

For the gazelle sperm there was clearly discrimination
between the groups on the first two ordination vectors (Fig.
3A), athough some overlap occurred. The first two ordi-
nation vectors accounted for 80.2% of the variance. Points
with positive scores on vector 1, and located on the right
of the plot, were dominated by high values of ALH, VSL,
and BCEF i.e, by spermatozoa showing high straight-line
velocity and high beat frequency. Those scoring negatively
on vector 1 were characterized by high values of TIME and
thus represented slow-moving spermatozoa. High positive
scores on vector 2 indicate high curvilinear velocity (VAR
VCL). Vector 3 accounted for another 15.7% of the vari-
ance but did not provide good discrimination between the
groups. This axis mainly discriminates on the basis of speed
and linearity; points with high positive TIME and ALH
scores are contrasted against high VAP and LIN values,
which score negatively.

Group Characteristics

Tables 2 and 3 show the mean (= SD) values for motion
parameters of the groups thus defined by the multivariate
analyses of the boar and gazelle data, respectively. To ex-
plore the differences between the groups, conventional AN-
OVA analyses were undertaken. Significant differences (p
< 0.05) between groups were found for all parameters. Ta-
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TABLE 2. Means (+ SD) of subsets of the boar data arranged by treatment, assigned group, and origin (n = 4 boars, 1 ejaculate per animal).*

No. of sperm VCL VSL BCF ALH
Source of variation in subset (m/sec) (m/sec) (Hz) (pm)
By treatments
Control 936 139.0 £ 50.42 44.6 = 40.62 12579 10.0 £ 10.02
Bicarbonate 1095 140.7 £ 37.7¢ 91.4 = 44.5b 149 =+ 6.8 6.4 = 5.4b
Caffeine 1177 178.4 + 40.9b 104.5 = 44.1b 17.3 £ 6.6 7.8 £ 5.3¢
By assigned groups
Group 1 2354 174.7 £ 31.72 106.3 = 34.62 17.9 = 5.5 7.1 £3.92
Group 2 622 112.3 + 24.5b 20.1 = 15.7> 8.9 = 5.5b 12.9 = 12.7>
Group 3 232 58.6 = 12.5¢ 8.7 £ 6.2¢ 2.4 = 3.3¢ 4.2 * 6.6¢
By animal origin
Al Center 1895 162.5 £ 44.32 90.0 + 46.42 16.4 £ 6.92 7.4 £ 574
Research Institute 1313 142.2 + 47.4b 71.8 = 52.9 13.1 = 7.5b 8.8 = 8.8b

* While the raw data are shown, treatment comparisons were evaluated by ANOVA after logarithmic transformation of the data.
2= Different superscripts indicate significant differences within subsets within columns (p < 0.05).

bles 2 and 3 also show comparisons between data variously
partitioned into subsets and examined by conventional AN-
OVAs for experimental treatment effects.

Boar Data

The CASA system is capable of tracking nearly all sper-
matozoa in the field of view; however, if spermatozoa are
completely immotile (i.e., no flagellar movement whatever)
they will not be detected and consequently are excluded
from the measurements. In the boar sperm experiments re-
ported here, very few immotile sperm were present, and
therefore the sperm groups defined by the multivariate anal-
ysis represented genuine motility subpopul ations within the
overal populations (i.e., the Percoll-washed samples).
Within the data set, three types of sperm motion were rec-
ognizable by pattern analysis. Group 1 represented those
sperm with highly progressive movement (high VSL) and
with vigorous flagellar action (high BCF); group 2 repre-
sented spermatozoa showing an active type of movement
(high VCL) but with considerably reduced forward pro-
gression (lower VSL and higher ALH). Group 3 appeared
to represent a slow and possibly degenerate class of cells,
for which all motion parameters were significantly lower
than in either group 1 or 2.

Examination of the experimental treatment effects upon
the alocation frequencies of individual spermatozoa to
groups 1, 2, or 3 (Fig. 4) revealed that both caffeine and

bicarbonate induced a major shift of spermatozoa out of
group 2 and into group 1 (x2 = 496.5, 4 df, p < 0.0001).
A small proportion of group 2 spermatozoa remained un-
affected by the stimulatory treatments. Although group 3
was relatively small in the control treatment (3.6% of the
total measured sperm population), even this was reduced in
response to caffeine and bicarbonate (to 1.3% and 2.4% of
the total data set, respectively). Nearly half of the control
spermatozoa were classified as group 1. This effect was
mainly attributable to the highly asymmetric partitioning of
group 1 spermatozoa, the most progressive, between gac-
ulates from the Al center and the research institute (x2 =
157.6, 2 df, p < 0.0001). Overall, approximately twice as
many group 1 spermatozoa originated from the Al center
boars as from the research institute boars (Fig. 5).
Conventional ANOVA confirmed that spermatozoa re-
sponded to bicarbonate and to caffeine by showing consid-
erably increased velocity (Table 2). Average values for
VCL and VSL were both increased (p < 0.001), with si-
multaneous reductions in ALH. Caffeine stimulation pro-
duced significantly higher VCL and ALH (p < 0.001), but
not VSL, than bicarbonate. These results indicate that the
cells adopted a more progressive type of movement when
exposed to these effectors; but while bicarbonate induced
smooth forward progression, caffeine produced more lateral
deviation from the average path, resulting in a jagged tra-
jectory. Subjective examination of the video recordings

TABLE 3. Means (= SD) of subsets of the gazelle data arranged by treatment and assigned group (n = 10 gazelles, 1 ejaculate per animal).*

No. of
sperm
Source of in VCL VAP VSL BCF ALH LIN STR Time
variation subset (rm/sec) (m/sec) (rm/sec) (Hz) (rm) (%) (%) (0.1 sec)
By assigned group
Group 1 2630 127.8 = 48.7*  53.0 =21.8* 41.3 = 19.92 1.51 = 1.0 31.5 *21.32 358 * 1832 78.4 2222 99 * 74
Group 2 3446 87.9 £ 21.1° 873 £20.9> 23.0 = 11.9> 0.02 + 0.24> 0.15 = 1.79> 27.6 = 15.1> 27.8 = 152> 7.6 = 3.3b
Group 3 732 160.0 = 26.2¢ 158.9 = 27.1¢ 22.0 = 14.4c 0.03 = 0.32> 0.20 = 1.94> 13.8 £ 9.3¢  13.9 + 9.3¢ 7.1 = 3.0¢
Group 4 470  61.0 £ 15.19 519 = 11.74 46 =299 0.08 = 0.46"> 0.63 =3.55> 82 =507 10.0=* 659 199 =219
By egg-yolk concentration
5% 2530 108.3 = 42.7¢ 80.5 =39.3* 27.8 = 18.5* 0.57 £0.95* 11.5 = 19.4c 27.3 £ 173> 433 =32.1¢ 9.2 = 8.0°
10% 2242 98.1 £ 36.9> 76.1 =33.9> 26.2 = 18.6> 0.49 = 0.90° 9.1 = 17.4> 278 +18.6" 41.3 £32.0> 109 = 11.5°
20% 2506 116.0 = 47.92 82,5 = 39.22 30.7 = 18.52 0.62 = 1.01*> 13.7 £21.9° 28.6 + 16.6° 45.8 = 3142 75 =* 212
By presence of equex
Present 3554 114.6 = 45.6° 84.6 £ 39.4> 30.2 =18.9* 0.59 £ 098 12.7 +20.8* 284 = 17.4> 443 = 32.0 7.4 *+ 1792
Absent 3724 101.4 = 40.4> 753 = 35.6> 26.5 = 182> 0.54 £ 094 103 =£18.7> 275+ 176> 42.8 £31.7 109 = 10.9°

* While the raw data are shown, treatment comparisons were evaluated by ANOVA after logarithmic transformation of the data.
a-d Different superscripts indicate significant differences within subsets within columns (p < 0.05).
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FIG. 4. Relative proportions (%) of boar spermatozoa in the whole data
set classified as groups 1, 2, or 3 in relation to treatment with A) no added
effectors, B) caffeine, or C) bicarbonate. Group 1 was significantly in-
creased, and group 2 decreased, by caffeine and bicarbonate (x> = 496.6,
4 df, p < 0.0001).

confirmed this interpretation. The source of boar semen also
had a significant impact upon the mean sperm motion pa-
rameters; sperm samples from the Al center showed sig-
nificantly higher values for VCL, VSL, and BCF (p <
0.001).

Graphical support for the PATN analysis results was ob-
tained by examining two-dimensional scatterplots of LIN
vs. VAP (Fig. 6, A—C). These plots confirmed that both
bicarbonate and caffeine elicited a major, but variable, shift
of points from the bottom left of the graphs (slow, nonlinear
motion) toward the top right (rapid, linear motion). The two
research institute boars (Babraham 1 and 2) showed this
effect much more markedly than did those from the Al
center (Landrace and Large White).

Gazelle Data

As the gazelle spermatozoa were frozen and thawed, and
not subjected to methods for selecting motile cells, there
were variable proportions of immotile cells in the samples
(overall mean = SD, 31.7 = 22.2%). The percentage mo-
tility data have been reported previously [15]; in essence,
increasing egg yolk concentrations resulted in decreasing
proportions of motile cells.

Interpreting the differences between pattern-derived
groups of spermatozoa was less straightforward than for the
boar data, presumably reflecting the poorer resolution
achieved by the analysis. Groups 1 and 4, being farthest
apart in ordination space (Fig. 3A), were easily distin-
guished. Group 1 spermatozoa (36% of the data set) had
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FIG. 5. Relative proportions (%) of boar spermatozoa in the whole data
set classified as group 1, 2, or 3 in relation to source of semen. Group 1
was significantly higher, and group 2 lower, in boars from the Al center
compared to the research institute (x> = 157.6, 2 df, p < 0.0001).

extremely high, but also highly variable, mean ALH values
(31.5 = 21.3 wm). This indicates nonlinear but rapid mo-
tion, an interpretation supported by the high VCL/VSL ratio
and the relatively low mean LIN value (35.8%). Group 4,
being associated with the highest TIME and extremely low
VSL values, made slow progress, staying in the measure-
ment window for the longest duration. Groups 2 and 3
(47% and 10% of the data set, respectively) seem somewhat
similar, except that group 3 showed higher VCL and VAP
values than group 2. Combined with the lower LIN values,
this suggests that spermatozoa in group 3 were less pro-
gressive, and more erratic, than those in group 2.

Whereas the pattern analysis produced evidence for a
complex subpopulation structure within the data, conven-
tional ANOVA, while valuable in its own right, missed this
point completely. Thus, when the data were partitioned with
respect to egg yolk concentration (Table 3), there was little
indication that egg yolk affected motion parameters. Where
stetistically significant differences were detectable, they
were rather small. Nevertheless, significant differences due
to egg yolk concentration were observed in the distribution
of sperm subpopulations (x2 = 127.2, 6 df, p < 0.0001;
Fig. 7). Most spermatozoa were classified as groups 1 or 2,
with group 2 being most frequently observed in every treat-
ment. Group 4 slow-moving spermatozoa were more fre-
quently observed in the 10% egg yolk diluent than either
the 20% or 5%. In contrast, group 3, which denoted sper-
matozoa with the highest values of VCL, were more abun-
dant in diluents with 20% and 5% egg yolk. This pattern
of response is difficult to explain, but it may be due to the
detrimental effects of egg yolk on the overall percentage
motility of gazelle spermatozoa [15].

Significant differences in sperm group alocation fre-
guencies due to the inclusion of equex were observed (x2
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FIG. 6. Two-dimensional scatterplots
showing changes in VAP and LIN of boar
spermatozoa in response to caffeine and
bicarbonate. Each plotted point represents
a single spermatozoon, and each plot rep-
resents within-boar data. Landrace and
Large White refer to boars from the Al

center, while Babraham 1 and Babraham 2 (B)
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= 116.8, 3 df, p < 0.0001). Approximately equal propor-
tions of groups 1 and 2 spermatozoa were present regard-
less of equex. However, the inclusion of equex strongly
suppressed the appearance of group 3 spermatozoa within
the samples. The characteristics of group 3 would be most
consistent with erratic behavior, i.e., high VCL, low VSL,
and low LIN, indicating that the detergent exerted a subtle
protective effect on the swimming behavior of a sizable
proportion of spermatozoa. This difference in subpopula-
tion structure resulted in significantly higher sperm velocity
parameters due to equex when the data were examined by

VAP {um / sec)

conventional ANOVA (VCL, VAR and VSL; p < 0.001);
significantly higher ALH and LIN values were also detect-
ed (p < 0.05). The underlying explanation for these dif-
ferences is, however, by no means clear from the ANOVA
aone.

Significant differences in the distributions of the 4
groups of spermatozoa between the various individual se-
men samples (x2 = 1086.3, 27 df, p < 0.0001) were ob-
served. To analyze the factors responsible for this inter-
gaculate variation, we examined attributes of the 10 ani-
mals represented in the study (i.e., age, weight, inbreeding
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FIG. 7. Numbers of gazelle spermatozoa classified as groups 1-4, par-
titioned in relation to the concentration of egg yolk. Group 3 was least
numerous, and group 4 most numerous, in the presence of 10% egg yolk
(x> = 116.8, 3 df, p < 0.0001).

coefficient, and herd management condition [i.e., whether
maintained with females, other males, or individualy]).
Further details of these factors have been published previ-
ously [15]. The proportion of group 3 spermatozoa in €ac-
ulates (erratic movement) was positively correlated with an-
imal age (F(1,8) = 7.03, p = 0.029, r = 0.68). There was
some evidence that the proportion of group 4 spermatozoa
(lowest quality) was positively correlated with inbreeding
coefficient, but this was due mainly to a single data point.
No significant effects due to weight and herd management
condition of the animals were found. It is important not to
overinterpret these findings in terms of interanimal vari-
ability, as only one gjaculate was studied from each animal;
however, repeated sampling of the same animals was not
possible or practical within the design of the current ex-
periment.

DISCUSSION
Statistical Issues

Although many CASA studies have now been published,
the results have in many cases been disappointing or un-
informative. To some extent this is probably due to inap-
propriate analysis of the multivariate data sets, most reports
having presented mean values (+ standard deviations or
standard errors), with analyses based on parametric statis-
tics. Examination of typical CASA data shows, however,
that the ““normal’”’ statistical distribution is rarely encoun-
tered; bimodal and skewed distributions often occur, to-
gether with remarkably wide ranges that reflect different
sperm subpopulations within a sample. Such ranges tend to
mask treatment effects if parameters are examined individ-
ually, because the standard deviations are too high to permit
their detection by variance-based statistical tests. This prob-
lem is caused partly by the existence of sperm subpopula-

tions; even if some sperm subpopulations are affected by a
treatment, other nonresponding subpopulations may con-
found attempts to analyze for increased or decreased pop-
ulation means. One solution to this problem is to evaluate
the subpopulation structure of the semen samples before
undertaking hypothesis testing, using the multivariate na-
ture of the CASA data to aid in recognition of different
types of spermatozoa within the overall sample. The ad-
vantage of undertaking this type of analysis has been rec-
ognized previously; however, the few authors who have ex-
amined ways to characterize the subpopulations have main-
ly relied on the K-means cluster analysis approach. In the
present study an aternative method of subpopulation anal-
ysis was explored, and the results of two different types of
investigation have been presented. These analyses were of
interest both for their new insights into the experimental
results themselves and also for the general demonstration
of the statistical approach.

The nonhierarchical classification of objects followed by
a SAHN-UPGMA has several advantages over the K-means
cluster analysis approach. As a nonparametric procedure, it
does not require transformation of data prior to analysis
because the outcome is independent of the variable distri-
bution. Furthermore, differences in scale between different
variables do not cause unequal weighting of the analysis.
These two aspects are important, as changes of relation-
ships and dependencies within the data are thereby avoided.
In K-means cluster anaysis, parameters such as VCL
(which typically range from tens to hundreds of microme-
ters per second) heavily outweigh the influence of param-
eters such as ALH (where the scales are measured in tens
and units). In K-means cluster analysis, the choice of
““seeds’ (cases chosen to form the initial groupings) can
influence the allocation of subsequent casesto clusters. This
problem is avoided using the ALOC approach because the
resultant group structure will always be the same regardless
of the seed chosen. Both types of analysis suffer from a
certain amount of subjectivity in deciding upon the appro-
priate number of clusters that best suit the data. A number
of procedures have been developed to guide this decision,
e.g., examining the gains or losses in between-groups and
within-groups sums of sguares as each new cluster is suc-
cessively added (for techniques, see Sharma [25]). The
principle behind such procedures is that groups should be
as homogeneous as possible (i.e., low ‘“‘within-groups”’
sums of squares), but as different as possible (i.e., high
““between-groups’ sums of squares). The pattern analysis
algorithms also have a major computational advantage over
techniques such as nonhierarchical (K-means) cluster anal-
ysis that have been used previoudy; it is unnecessary to
build a similarity matrix—which, if seven thousand cases
are involved as in the gazelle study, requires over 100 000
megabytes of computer memory.

There was a fundamental difference between the data
sets examined in this study. The boar sperm samples had
not been damaged by cryopreservation and thus contained
a very high proportion of motile cells. In contrast, the fro-
zen-thawed gazelle samples contained variable proportions
of immotile cells, which were excluded from the subse-
quent analysis but which could be considered as a valid
group of their own (all descriptors set at zero). This short-
coming suggests that some advantage may be gained in
future if data sets of thistype are expanded prior to analysis
by inclusion of the appropriate proportions of immotile
spermatozoa.
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Conclusions from the Analysis of Boar Data

The boar sperm experiment was originally performed to
see whether bicarbonate and caffeine stimulated sperma-
tozoa into quantitatively different types of motion, given
that it was possible to detect the difference by subjective
assessment. Conventional analysis of treatment means (Tea-
ble 2) revealed that this was indeed possible, the increased
lateral motion after caffeine stimulation being translated
into higher VCL and ALH values.

Use of the multivariate approach, however, threw entire-
ly new light on the responses to caffeine and bicarbonate.
It was not apparent from the mean values alone that the
control preparations contained a sizable proportion of group
1 (highly active and progressive) spermatozoa prior to stim-
ulation. It was equally difficult to see that the stimulated
samples still retained a small number of group 3 sperma-
tozoa. This difference was more obvious from the two-di-
mensional scatterplots, and this graphical approach to data
presentation has much to recommend it. The reasons behind
the heterogenic response to stimulation cannot be explained
within the present study, but the response is consistent with
previous flow cytometric and biochemica data. Subpopu-
lations of spermatozoa showing different merocyanine 540
responses to bicarbonate stimulation were noted by Harri-
son et al. [17]. Bicarbonate caused a rapid increase in the
merocyanine 540 binding of many, but not all, boar sper-
matozoa while also causing elevation of intracellular cAMP
concentration [26]. Cyclic AMP has long been recognized
as an effector of sperm motility [27, 28], and it is therefore
likely that motility stimulation is correlated with the mer-
ocyanine response. As merocyanine-binding ability is
thought to be positively correlated with membrane fluidity
[29], these results suggest that bicarbonate may be stimu-
lating cAMPB membrane fluidity, and motility in rapid suc-
cession. Caffeine, a phosphodiesterase inhibitor, also ele-
vates intracellular sperm cAMP concentrations [30]. It
seems reasonable to conclude, therefore, that the motility
responses seen in the present study are brought about via
higher cAMP concentrations. If this is indeed the case, two
interesting questions emerge. Why do some motile cells not
respond to the stimulus? And why did many spermatozoa
from the Al center sustain progressive motility in the ab-
sence of CAMP-inducing stimuli, even though the samples
till showed significant responses to both bicarbonate and
caffeine? Considerable further work will be needed to pro-
vide explanations for these questions.

Conclusions from Analysis of the Gazelle Data

In the gazelle study, four sperm subpopulations were dis-
tinguishable in the frozen-thawed ejaculates. The simplest
interpretation of the subpopulation structure is that groups
1-4, respectively, represented declining levels of sperm
quality as reflected by decreasing VSL values. However,
contrasting values of the other associated variables indicate
that the spermatozoa in each group showed different types
of swimming behavior. Group 4, the smallest group but the
one with the lowest velocity values, could represent a sub-
group of metabolically compromised sperm, shortly des-
tined to lose their motility altogether. This would be con-
sistent with the relatively high proportions of immotile
spermatozoa in these cryopreserved samples. Group 3 ex-
hibited particularly high VCL and VAP values; the low LIN
indicates that these cells could have been either hyperacti-
vated or showing erratic and uncoordinated movement, but
subjective assessment of the samples did not seem consis-

tent with high frequencies of hyperactivation. Groups 1 and
2 seemed to represent progressive spermatozoa, the main
difference being that while group 1 had high VSL and ALH
values, group 2 showed lower values for both variables.
Although there might have been merit in combining groups
2 and 3, the definition of four sperm groups served to sim-
plify and enhance the interpretation of the treatment effects.

Analyzing the effects of egg yolk concentration in terms
of the group structures revealed that most of the sperma-
tozoa in the samples were categorized as groups 1 or 2 and
that egg yolk concentration made little difference. Groups
3 and 4 were considerably less abundant in all egg yolk
concentrations tested but showed reversal of frequency in
the 10% yolk. Realistically this effect may be considered
relatively insignificant. However, this observation is at var-
iance with conclusions reached through examination of the
data as raw means, according to which egg yolk concen-
tration significantly affected each variable for reasons that
are by no means obvious. Similar considerations also apply
when the effects of equex are examined; again the frequen-
cies of groups 3 and 4 spermatozoa were reversed by the
presence of equex—~hbut since these groups represented only
a minority of cells in the samples, this may mean little. In
this case, however, all of the velocity parameters were sig-
nificantly higher when equex was present, which may in-
dicate that equex had a beneficial effect in maintaining the
physiological integrity of the flagellum. Thiswould be con-
sistent with results of other studies showing cryoprotective
effects of equex on ungulate spermatozoa, athough most
reports concern acrosomal integrity [31-33]. No beneficial
effect of equex on the subjectively estimated percentage
motility scores was detected in the origina data analysis
[15]; the current results suggest, however, that this may
have been due to poor sensitivity of the subjective analysis
technique.

The significant correlation between age and the inci-
dence of the highly active group 3 spermatozoa is of inter-
est, albeit rather difficult to interpret. Group 3 probably
represents an uncoordinated type of motion, rather than hy-
peractivation, suggesting that these cells are dysfunctional
or a least unusually cryosensitive. Moreover, the correla-
tion suggests that production of poor-quality spermatozoa
increases with advancing age. Such a hypothesis implies
that semen cryopreservation will be more successful in
younger animals.

General Conclusions

The nature and origin of sperm subpopulations remain a
matter for speculation. Nevertheless, there is considerable
interest in the possibility that the variability reflects discrete
functional, and possibly adaptive, differences. If so, the
sperm subpopulations are likely to originate during sper-
matogenesis, when heterogeneous genotypic effects are il
capable of affecting the quality of individua cells. This
view is supported by extensive studies on the t-haplotype
in mice [34, 35] showing that the phenotypic characteristics
(impaired motility and sperm transport) of some, but not
al, spermatozoa of heterozygotes are attributable to specific
mutations affecting the individual spermatozoa. Similarly,
observations that the frequency of morphologically abnor-
mal spermatozoa is increased by inbreeding [36] suggest
that the process of sperm modeling is directly affected dur-
ing spermatogenesis in some, but not al, cells.

The use of pattern analysis appears to be a relatively
simple approach to the investigation of sperm subpopula-
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tion structures, supplementing rather than replacing the
more established types of data analysis. For sperm motility
analysis it has a distinct advantage over some other ap-
proaches, such as neural net-based methods [37], which re-
quire the operator to ‘‘teach’” the computer how to recog-
nize different sperm types. Such approaches are more ap-
plicable where the different types of spermatozoa are al-
ready recognizable, such asin morphology assessment. The
advantage of pattern analysis is that it requires no such
preconceptions about sperm classification and can suggest
new and unsuspected data structures. The enhanced infor-
mation thereby obtained may generate new hypotheses in
topics such as sperm competition theory, as well as in the
more diagnostic aspects of andrology.
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