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SUMMARY Human sperm heads were detected and tracked using semiautomatic image analysis.
Measurements of size and shape on two specimens from each of 26 men showed that the major
component of variability both within and between subjects was the number of small elongated sperm
heads. Variability of the computed features between subjects was greater than that between samples
from the same subject.

The male component of infertile partnerships is often
unexplained. After the history and physical exam-
ination semen is routinely examined for motility,
density, and morphology. Modern techniques of time
exposure photomicrography' and the sperm pene-
tration assay2 provide additional quantitative infor-
mation of sperm function but these tests are not
widely available at present. The value of sperm mor-
phology has been acknowledged for more than 50
years3- 5 and was shown by Aitken6 to be the most
statistically predictive test of the routine semen analy-
ses in male infertility. There are also data to suggest
that change in sperm morphology may be an early
sign of damage to testicular function by toxic environ-
mental substances or drugs.7 8
From six to 60 morphological forms have been

described,349 but because of observer variation in
the differential counts made with the light
microscope10 11 routine investigations are limited to
the percentage of all abnormal forms. Abnormalities
of the sperm head are the most common and of rela-
tively greater prognostic importance than abnormal-
ities of the body and tail.3 ' The relative effectiveness
of each head type cannot be measured objectively in
terms of fertility, but computed image processing
should provide a more consistent and objective analy-
sis of sperm morphology than the subjective assess-
ment in current use.
At present there are insufficient data on the distri-

bution of shape and size of sperm heads in normal
semen with which to compare infertile samples. We
have used a semiautomatic method to detect and track
sperm head boundaries to measure the features of
head size and shape. The ranges and interrelations of
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these computed measurements were used to describe
intrasubject and intersubject variations.

Material and methods

SEMEN SPECIMENS
Slides prepared for morphological assessment of sper-
matozoa as part of routine semen analysis were taken
from the laboratory files for this study. The samples
had been obtained by masturbation after at least 48
hours' abstinence from intercourse. Motility and
density estimations were made within two hours of
ejaculation. The slide preparations were dried in
air before fixation in methanol and staining by the
Papanicolaou method. All the subjects had been
investigated because they had infertile marriages.

Measurements were made on two specimens
obtained on separate occasions from each of 26 sub-
jects. Twenty subjects had at least two specimens with
normal sperm count (>40 x 106/cm3) and mor-
phology (< 30% abnormal forms) and no record of
abnormal semen indices. These results indicate poten-
tial fertility within the limitations of routine labora-
tory analysis. Two subjects had normal counts but
abnormal morphology, two subjects had subnormal
counts and abnormal morphology, and two subjects
had subnormal counts and normal morphology for
both specimens.

COMPUTER METHODS
The slides were placed under a Leitz Ortholux II
microscope on which was mounted a standard 625
line monochrome TV camera connected to a Magi-
scan (Joyce-Loebl) image analysis system. The central
area of the field of view was scanned and digitised to
a 512 x 512 square matrix of six bit pixels (picture
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Fig 1 Six features computedfor each head.

elements represented by discrete grey level values
between 0 and 63 inclusive). Each sample was scanned
using a x 100 oil immersion objective with a 1 5
magnifying stage, giving a resolution of 0 092 gm per
pixel. A typical sperm head occupied an area of about
1000 pixels.
An area of the slide which showed well spread

spermatozoa was selected for commencement of the
measurements, and adjacent fields were scanned so
that spermatozoa were not measured more than once.
All heads, apart from those that overlapped were
measured in each field. The sampling on each speci-
men ended when 400 heads had been located, with the
exception of two low count specimens where only 200
heads were measured.
Most of the heads were detected automatically.

Unsuccessful detections were traced manually by the
operator using a light pen system. Partially successful
detections were patched using an edit facility. The
boundary information on each head was stored on
disc file for subsequent size and shape analysis.

Six size and shape dependent features were com-
puted from these boundary coordinates (fig 1). They
were: Size (the area contained by the boundary); P2A
(the perimeter squared divided by 4 x X x size);
MinD (the minimum head diameter); MaxD (the
maximum head diameter); MaxD:MinD (the ratio of
the two diameters); Askew (the ratio of the larger to
the smaller head areas obtained by bisecting the head
at right angles to the maximum diameter).

STATISTICAL METHODS
The values ofthe computed size and shape features for
each head were transmitted via a data link to a DEC-
20 computer for analysis using the BMDP'2 statistical
package.
The distributions of the measured features within

any sample were generally non-normal in a statistical
sense. Techniques exist to transform skewed data to
normality, but often a transform that normalises a
distribution from one sample will not do so for
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another-that is, no single transform is likely to pro-
duce normality for the values of a given feature for all
samples. Thus the information cannot be completely
summarised by the two measures of mean and stan-
dard deviation. As an alternative the information was
summarised approximately using the nine decile cut
point values (the values of the 10th to 90th centiles).

Results

SEMIAUTOMATIC DETECTION AND TRACKING
The program automatically located and tracked
60 4% of all 20 400 sperm heads. The success rate was
variable between samples. Thirty per cent of heads
were partially tracked and manually edited, while only
9 2% needed to be traced entirely manually. In 46 of
the 52 samples the mean Size of the manually traced
heads was larger than in those automatically tracked.
The average value of this difference was 7 5%. The
difference between the number of manually traced
heads below and above the median size of all heads,
however, was very small (955 and 925, respectively),
indicating that the size differences within samples
reflected operator characteristics, rather than the
failure of the autotracking procedure more often on
larger heads. The Wilcoxon two sampled signed ranks
test showed no significant difference between manual
and autotracked head shape as measured by
MaxD:MinD.

RANGES OF THE MEASURED FEATURES
Fig 2 shows the variability of the sample distributions.
This shows the 52 samples in order of median values
for all six features. The upper and lower indicators on
each vertical line represent the 10th and 90th centile
values in each sample. The largest median sperm head
size was 9-78pym, which was 73% larger than the
smallest median head size (5-65 gm). The largest
median diameter ratio was 2 2, which was 50% larger
than the smallest median ratio (1 48). Specimens from
the six subjects identified as having abnormal indices
were scattered throughout the ranges.

RELATIONS BETWEEN THE COMPUTED FEATURES
Within all samples
For each sample the 15 interfeature rank correlation
coefficients (Kendall's T) were computed. Table I
shows the mean value of these coefficients and their
standard deviations using all 52 samples. The cor-
relation between Size and shape, as measured by
MaxD:MinD, was not significant, but this only
implies lack of a monotonic relation between Size and
shape. A table of the number of heads in each of the
Size tenths against each of the MaxD:MinD tenths
(using cut points specific to each sample) should have
roughly equal counts (204) in each category if there is
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Fig2 Tenth, 50th, and 90th centile values for 52 samples arranged in ascending order of median values.

no relation of any kind. Table 2 shows the difference
between observed category sizes and their expected
sizes. Grouped in this way there is a negative rank
correlation of -0 36 between size and shape. The
most noticeable feature is the large excess of small
elongated heads (top right hand corner). There was
also an excess of small round heads in the lowest 10th
intervals of Size and MaxD:MinD. The larger heads
tended to be rounder. In this context the descriptions

small, large, round and elongated are applied relative
to a sample. Intermediate head sizes are most likely to
be oval. This is regarded as the normal shape in
subjective assessment.

Between samples from different subjects
Using a single sample from each subject the median
values of each feature in a sample were used to com-
pute the 15 rank correlation coefficients between the

Table I Mean (SD) values of between feature rank correlation coefficients within samples

Size P2A MinD MaxD MaxD:MinD

P2A -010(0-14)
MinD 0-63 (0-07) 0-44 (0-08)
MaxD 0 50(0 06) 0 41 (012) 0-14(0-08)
MaxD:MinD -0-12(0-12) 0-79 (0-03) -0-51(0-07) 0.39(0-10)
Askew 0-02(0 15) 0-26(0-07) -0-04(0-11) 0-16(0 15) 0-017(0 06)
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Table 2 Observed minus expected numbers of heads in each of Size tenth and MaxD:MinD tenth intervals

Size tenths

MaxD:MinD tenths 1 2 3 4 5 6 7 8 9 10

1 61 -79 -96 -85 -77 -65 -36 3 78 309
2 -14 -46 -63 -50 -19 3 14 12 52 119
3 -35 -34 -23 2 -11 -10 37 34 38 7
4 -41 -16 21 -12 - 2 -11 3 39 27 - 5
5 -17 - 8 2 - 2 5 - 8 20 23 12 -37
6 -17 32 10 42 9 10 10 -14 6 -77
7 - 8 24 36 17 33 39 - 4 -21 -35 -75
8 -10 21 33 24 21 31 9 -11 -62 -71
9 23 50 40 59 21 4 -16 -38 -68 -86
10 53 73 25 15 12 5 -21 -36 -51 -85

Table 3 Between sample rank correlation coefficients of measuredfeatures

Size P2A MinD MaxD MaxD:MinD

P2A 0-13
MinD 0 54 -0 36
MaxD 056 059 007
MaxD:MinD 0 10 0 92 -0 38 0s56
Askew 0 25 0 74 -0 20 0 60 0 71

features (table 3). There was no significant correlation BETWEEN SUBJECTS
between median Size and median MaxD:MinD An analysis of variance on the median head Size val-
(n = 26). ues showed that the mean square variation between

subjects was four times greater than that within sub-
VARIATION WITHIN AND BETWEEN SUBJECTS
Within subjects
The nine decile cut points for the features Size and 30 0 Max D: Mi D
MaxD:MinD were estimated for each subject by aver- O PZA
aging the two sets of values for each sample. Ten x o Askew
10 tables of the number of heads in each of the Size A Size
and MaxD:MinD lOths were computed for each sam- A Min D
ple using the estimated cut points for the subject.
Subtracting the two tables for each subject gave a
difference table. The absolute values of the differences 20-
were used and the variance of each entry in the 26
difference tables was computed. For a reference com-
parison the same process was applied five times to\
pseudo samples generated by a random selection of a
two equal sized groups from the combined samples of tZ
each subject. The mean values of the variances of the
difference tables was computed. The values of the
variances of the difference table entries derived from 10-
between subject samples was divided by their corre-
sponding entries in the variance table derived from the
pseudo samples. The largest variance ratio was 12-0
(DF = 25 25; p < 0.001), which corresponded to
values derived from heads in the smallest 10% Size
group and the largest 90% MaxD:MinD group. The
next largest variance ratio was 8 3 (p < 0 001) for
heads in the smallest 10% Size group and the 80-90% 0 10 2
MaxD:MinD group. Thus the major component of Centik cut points
between samples variation within subjects was found Fig 3 Between subject discriminating power of each of
in the numbers of small elongated sperm heads. measuredfeatures at each decile cut point.
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Morphometry of spermatozoa using semiautomatic image analysis
jects. A similar analysis for the shape feature
MaxD:MinD showed that the mean square variation
between subjects was 14 times greater than within
subjects-that is, head shape was more characteristic
of a subject than size.

Fig 3 shows how well each of the measured features
at each decile cut point performs as a discriminator
between subjects. The vertical axis (F value) indicates
the between to within sample variance ratio. These
results fit well with the finding that the greatest source
of variation between samples from the same subject is
the number of small elongated heads. Increasing cut
points of MaxD:MinD are more likely to be
influenced by this variation and therefore less likely to
be good discriminators between subjects. P2A, which
is strongly related to MaxD:MinD, also follows this
trend. Increasing cut points for Size, MinD, and
MaxD are less influenced by this variation and there-
fore likely to be increasingly better at between subject
discrimination. The feature Askew does not show any
consistent trend except that the lower and upper cut
points are less useful between subject separators than
the intermediate cut points.
A more complete analysis using a stepwise linear

discriminant program (BMDP7M12) showed that a
function based on the two 90% cut points of MaxD
and MinD (2 x MaxD9o-3 x MinD90) gave the best
between subject separation. Using this function the
mean square variation between subjects was 67 times
the within subject variation.

Discussion

TECHNIQUES
The limitations of the traditional method of assessing
sperm morphology have been shown by Jequier and
Ukombe" who asked 26 professional observers to
assess the morphology of one semen specimen. They
rated the abnormal forms between 5% and 85%, and
three technicians who were highly experienced in this
field made assessments between 25% and 40%.
Measurement has been applied to the morphology

of spermatozoa by several techniques, but so far these
have not shown sufficient speed and accuracy for wide
application. Sperm size and density measurements
have been made rapidly using a Coulter counter but
the accuracy is poor when sperm counts are low,13
and these may be the samples which require most
exact evaluation. Measurements of sperm have also
been made using a digitising tablet'4 and from scan-
ning electron microscope photographs.'5 - 1 7
Our semiautomatic method is relatively rapid and

objective. The performance can be improved by
alternative methods of preparation and staining. Sub-
sequent experience using gallocyanin,'8 which gives
better contrast between the sperm heads and the back-

ground, increased the success rate of the automatic
method. A technique'9 of making smears, which
avoids clumping and overlapping of spermatozoa,
should also improve the detection rate and reduce
manual editing with the light pen. The larger average
size noted for the manually traced heads corre-
sponded to a radial difference of about 1-5 pixels. This
can probably be accounted for by the tendency of an
operator to trace around the outside of an edge
whereas the automatic tracking program detects and
follows points ofmaximum gradient that generally lie
inside the outer edge. The difference, however, is small
compared with the differences both within and
between samples. It is worth noting that the features
which turned out to be most informative could be
estimated by manually digitising the four points
delineating the maximum and minimum diameters.

RESULTS
It would be expected for objects like sperm heads that
the three shape measurements P2A, MaxD:MinD,
and Askew might be highly related. In the case ofP2A
and MaxD:MinD this is true, but within samples
Askew is comparativly unrelated to either. Askew
does not seem to be an important measure in its ability
to characterise subjects.
The most notable finding is that on average more

than twice as many of the heads in the smallest tenth
category of a sample are likely to fall into the largest
MaxD:MinD tenth of that sample than if they were
uniformly distributed within the shape range. The
variation between samples from the same subject is
also mainly due to this small elongated type of head.
The difference between the numbers of this type of cell
in samples from the same subject over an interval of
time could possibly be related to the interval since last
emission; this was not known in this study. Freund,20
however, using subjective assessment, found that fre-
quency of emission had no effect on morphology,
although numbers of sperm decreased. If mor-
phological abnormality is related to the number of
these forms it could mean that male fertility is not
constant over time.
The sperm with the small elongated head is

described as the commonest abnormal morphological
form where subjective differential counts have been
done on semen from subfertile males.34 It is possible
that this form, which we have identified in this study
by size and the MaxD:MinD ratio, is mainly
responsible for the relation between subjective assess-
ment of abnormal morphology and fertility.

Differences within and between subjects are most
pronounced at the extreme ends of the size and shape
ranges. If these features are also the most sensitive to
adverse effects due-for example, to treatment with
drugs2 '-the implication is that a large number of
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heads must be measured to obtain satisfactory esti-
mates of these values.
We have shown that computed image processing

can be applied usefully to measurements of sperm
morphology using slide preparations and light
microscopy. It has a potential for both study of male
infertility and for routine laboratory semen analysis.

We thank Mr D Altman and Dr ID Hill for their
advice on the statistical analysis, Mr L Pratsis for
technical assistance and MrAM Fisher for permission
to study material from his patients. NPW was
financially supported by the North West Thames
Regional Health Authority.
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