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The impact of demographic, lifestyle, and seminal factors
on the sperm chromatin structure assay (SCSA) parameters
was evaluated in a population of 277 healthy Danish men.
This cohort was established within the framework of a
European Concerted Action on occupational hazards to
male reproductive capability in order to examine the
possible reproductive effects of exposure to styrene or
pesticides. The SCSA measures the susceptibility of
sperm DNA to in-situ acid-induced denaturation, by multi-
parameter flow cytometric analysis after staining with the
DNA-specific fluorescent dye acridine orange. The green
versus red bivariate cytogram patterns were quite variable
among donors, showing a wide heterogeneity of sperm
DNA denaturability. Nevertheless, in those cases where we
had the possibility to measure two semen samples from the
same donor, the cytogram pattern remained stable over
time (0.64 < r < 0.78). Analysis of variance demonstrated
that the SCSA results can be influenced by the age of the
donor (P < 0.0001), smoking habits (P < 0.05), the presence
of leukocytes and immature germ forms in the ejaculate
(P < 0.0001), and the duration of sexual abstinence (P <
0.0001). Furthermore, the relationship between the SCSA
data and sperm concentration, morphology, and vitality
was weak (–0.22< r < –0.46). Therefore, the SCSA provides
independent and complementary measurements of semen
quality and is thus a useful tool for epidemiological studies,
but the effects of some confounders should be accounted
for in the survey design and analysis.
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Introduction

Environmental risk factors to male reproductive function have
generated considerable interest since the reports on reduced
sperm counts in men exposed to the nematocide dibromochloro-
propane were published 20 years ago (Whortonet al., 1977).
More than 50 cross-sectional studies aimed at identifying
male reproductive toxicants have been undertaken in various
occupational settings (Bonde and Giwercman, 1995). Simple
seminal characteristics, such as sperm density, morphology,
viability and motility have been used as markers of male
reproductive function in the vast majority of these studies.
Semen analysis is a key component of any field study for
evaluating adverse effects on the male reproductive system,
with possible implications for fertility potential, embryonic
development and hereditary damage (Bondeet al., 1996;
Wyrobek et al., 1997). However, it is widely acknowledged
that conventional measures of semen quantity and quality
have several limitations. In particular, the huge variability of
microscopically-based sperm cell features (Schraderet al.,
1988) in the human population can hamper the detection of
detrimental effects on male reproductive capability ascribable
to a particular chemical insult. There is, therefore, a need
to develop supplementary objective, sensitive and feasible
indicators of male reproductive function and of its possible
impairment due to environmental exposure.

As the structural organization of sperm DNA seems vital
for the proper functioning of spermatozoa (Ward and Coffey,
1991), methods focusing on the characterization of sperm
chromatin condensation and stability have been receiving
increasing attention in recent times. The degree of sperm
chromatin condensation can be evaluated by: the abundance
of phosphotungstic acid deposits in transmission electron
microscopy (Francavillaet al., 1996); toluidine or aniline blue
staining (Krzanowska, 1982) in optical microscopy; the uptake
of DNA-specific fluorescent probes; and posterior analysis
using either fluorescence microscopy (Tejadaet al., 1984;
Bianchi et al., 1993) or flow cytometry (FCM). Precision,
objectivity, automation, speed of measurements, and statistical
robustness of the results are particular features of FCM, and
male germ cell analysis represents one of the most important
applications of this technique (Gledhillet al., 1990; Spano`
and Evenson, 1991, 1993). A variety of FCM methods have
been developed to measure precisely the degree of human
sperm condensation and stability by means of several DNA
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specific fluorochromes (Evensonet al., 1986), such as DAPI
(Otto et al., 1979; Spano` et al., 1984), ethidium bromide/
mithramycin (Enghet al., 1992), propidium iodide (Molina
et al., 1995), and acridine orange (Evensonet al., 1980).

The method that uses the DNA-specific fluorescent dye
acridine orange is known as the sperm chromatin structure
assay (SCSA). The SCSA exploits the metachromatic
properties of acridine orange to monitor the susceptibility of
sperm chromatin DNA to acid-induced denaturationin situ
(Evenson and Jost, 1994). Abnormal chromatin structure is
quantified by FCM measurement of the metachromatic shift
from green (native, double-stranded DNA) to red (denatured,
single-stranded DNA) fluorescence and displayed as green
versus red fluorescence cytogram patterns. The low pH treat-
ment apparently causes partial DNA denaturation only in
spermatozoa having altered chromatin structure, and a higher
proportion of single-stranded DNA (red fluorescence) is
expected in structurally altered chromatin than in normally
condensed chromatin. As the correlation between conventional
andrological parameters and SCSA data is weak (Evenson
et al., 1991; Fossået al., 1997), SCSA has been proposed as a
new descriptor of semen quality reflecting semen characteristics
complementary to and beyond those of light microscopy
assessment. In addition, in the only longitudinal study on a
population of normal men published so far, it was shown that
SCSA patterns, even though different among individuals, are
more stable than other classical semen measures over time for
each individual (Evensonet al., 1991). This consistency of
acridine orange staining patterns within individuals suggests
that SCSA data may provide a reference measurement of
semen quality for individuals involved in a longitudinal
epidemiological survey under the assumption that deviations
from that pattern may reflect the presence of testicular stress.

These premises made SCSA a novel and feasible measure
of semen quality and it was considered a good candidate for
inclusion in epidemiological and multidisciplinary field studies
aimed at evaluating the impact of environmental risk factors
to male reproductive function and at the identification of
potential reproductive hazards (Bondeet al., 1996; Wyrobek
et al., 1997). However, to weigh the role of possible con-
founding factors, a critical requirement was obviously to clarify
how the SCSA results can be influenced by some of the
variables contributing to the wide heterogeneity of the human
situation. In this paper, the impact on the SCSA parameters
of demographic and lifestyle factors as well as the correlation
of SCSA data with conventional semen characteristics are
described in a population of 277 normal healthy men enrolled
in Danish studies to test associations between occupational
exposure to pesticides or styrene and alterations of semen
quality.

Materials and methods

Population and semen sampling

As a part of a European Concerted Action on occupational hazards
to male reproductive capability (Bondeet al., 1996), Danish cohorts
of farmers (age range 18–55 years) and reinforced-plastic workers
(age range 19–54 years) were established to examine the possible
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effects of exposure to pesticides and styrene, respectively, in a
controlled longitudinal design. Among 789 eligible farmers, 249
(31.6%) were enrolled in this study: 167 farmers used spray pesticides
and 82 farmers used biological fertilizers only. The subjects agreed
to provide two semen samples, one before and one after the pesticide
spraying season, generally running from April to October, but 12
farmers dropped out of the second part. We measured the semen
samples twice only for 237 subjects (159 spraying and 78 non-spraying
farmers). Among 131 workers hired in four Danish reinforced-plastic
factories between October 1994 and February 1995, 28 (21.4%)
agreed to participate, were enrolled and provided 57 semen samples
(from 21 workers we have multiple samples). All of these
workers reported no previous employment in the industry or
previous welding exposure.

Altogether 277 men provided 531 semen samples for SCSA
analysis. Semen was collected by masturbation and we asked for 2
to 7 days of sexual abstinence prior to the day of collection. For each
sample, information on date, time, spillage, occurrence of fever
.38.5°C, and number of days since last ejaculation was recorded.
Information on the reproductive, medical, and occupational history
and lifestyle habits were collected using self-completed questionnaires.
In particular, the factors taken into consideration for the purposes of
this study were: age; body mass index; self-reported history of
venereal disease (yes/no), parotitis after puberty (yes/no), genital
virus infection (yes/no), fever during the past 3 months, tobacco
smoking (never, ex-smoker, smoker), marijuana smoking (yes/no),
alcohol consumption, and days of sexual abstinence before sample
collection; period of the year when the sample was collected; presence
of white blood cells (yes/no); immature germ cells (yes/no) in the
ejaculate; and sperm concentration, morphology and vitality.

Laboratory methods

The semen samples were examined in accordance with the guidelines
of the World Health Organization (WHO) (Roweet al., 1993) in a
mobile laboratory (Bondeet al., 1996) to determine semen volume,
sperm concentration, motility and morphology. Sperm motility was
assessed immediately by phase-contrast investigation on a fresh drop
of semen placed on a glass slide. Semen smears were prepared for
later analysis of sperm morphology and vital scoring. The sample
volume was measured in a graduated Falcon tube. The sperm
concentration was measured using a Neubauer haemocytometer.
Counting was performed using the phase-contrast technique at a
magnification of3200. The sample was counted twice and, if more
than 10% difference resulted between the two counts, the sample
dilution was remixed, and the counting procedure was repeated. The
slides for morphology scoring were air-dried, fixed in 96% ethanol
and stained using a modification of Papanicolaou’s stain. Morphology
scoring was carried out according to WHO criteria (all performed by
one technician) and included estimation of the proportion of white
blood cells and immature germ cells. Furthermore, the smears were
also classified according to strict criteria (WHO, 1992) (performed
by another technician). The eosin–negrosin colouring technique was
used for vital staining.

FCM analysis of SCSA

Aliquots (0.1 ml) of semen were diluted 10-fold with TNE buffer
(0.15 M NaCl, 0.01 M Tris–HCl, 1 mM EDTA, pH 7.4) containing
10% glycerol and frozen at –80°C in 1.5 ml microcentrifuge tubes.
At the end of the collection period, all samples were coded and
shipped on dry ice to the ENEA FCM facility. The SCSA was applied
following the procedure described by Evensonet al. (1991) and
Evenson and Jost (1994), with minor modifications. Individual
semen samples, stored at –80°C for several weeks before flow
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analysis, were thawed on crushed liquid ice. All samples were
properly diluted in TNE buffer in order to work with comparable
concentrations. A 0.2 ml aliquot was subjected to acidic denaturation
in 0.4 ml of a low pH detergent solution containing 0.1% Triton X-
100, 0.15 M NaCl and 0.08 N HCl, pH 1.4. After 30 s, 1.2 ml of a
staining solution containing 6 mg/l acridine orange (chromatographic-
ally purified; Molecular Probes, Eugene, OR, USA) in 0.2 M
Na2HPO4, 1 mM disodium EDTA, 0.15 M NaCl, 0.1 M citric acid
monohydrate (pH 6.0) was added, and the stained sample was placed
in the flow cytometer sample chamber. Semen samples used for
instrument calibration were from a single, normal human ejaculate
sample, not a part of the Danish samples, which was diluted in TNE–
glycerol buffer to a concentration of about 23106 spermatozoa/ml,
divided into several hundred 0.2 ml aliquots in 1 ml polycarbonate
snap-cap tubes, and immediately frozen at –80°C. Calibration aliquots
were thawed and measured at each start-up of the flow cytometer
and after every 10 samples to ensure standardization and stability of
the instrument from sample to sample and from day to day.

Cells were analysed by a Facstar Plus flow cytometer (Becton
Dickinson, San Jose`, CA, USA), equipped with a 6 W Argon ion
laser (Innova 306; Coherent, Santa Clara, CA, USA), tuned at
488 nm and operated at a power output of 300 mW, light mode.
Green (5306 30 nm) and red (.630 nm) fluorescence values,
corresponding to amounts of native and denatured DNA, respectively,
were obtained from 5000 cells per sample. The two fluorescences,
both processed in peak mode, were separated by a 560 nm dichroic
filter. Data were stored in list-mode at 10 bit resolution. All measure-
ments began 3 min after acridine orange staining with a flow rate of
approximately 200 cells/s. Scattergram analysis on raw data with
each point representing the coordinate of red and green fluorescence
intensity values for every individual spermatozoon was carried out
using Becton Dickinson standard software (Facstar Plus Research
and Lysis). Events accumulated in the lower left corner corresponded
to sample debris and were excluded from the analysis. The bivariate
data can be conveniently expressed by the function alpha T (αT)
which is the ratio of red to total (red plus green) fluorescence
intensity (Darzynkiewiczet al., 1975), thus representing the amount
of denatured, single-stranded DNA over the total cellular DNA.αT
is calculated (ListView; Phoenix Flow Systems, San Diego, CA,
USA) for each sperm cell in a sample and the results are expressed
as the mean (X̄ αT), the standard deviation (SDαT) of the αT
distribution, and as the frequency of cells with highαT values,
usually called cells outside the main population (COMPαT). αT can
range between 0 and 100 but, for practical considerations, it is
generally and conveniently reported with values spanning between 0
and 1024 channels of fluorescence. Additionally, another parameter
considered in the SCSA analysis is the mean (X̄ Green) of the green
fluorescence intensity distribution.

Statistical analysis

The between- and within-subject components of variance of SCSA
values were computed by conventional methods using the nested
procedure of the SAS statistical package (SAS Institute Inc., SAS/
STAT User’s Guide, Release 6.03; Cary, NC, USA: SAS Institute,
1988). Differences in average SCSA values between groups were
examined by analysis of variance (SAS GLM procedure) with
adjustment for the effects of age (six 5-year groups), body mass
index (high/low), smoking (yes/no), duration of sexual abstinence
(days), leukocytospermia (yes/no) and immature sperm cells (yes/
no). The analysis of personal characteristics only included the first
semen sample, while the analysis of characteristics related to the
ejaculate included all semen samples. Models based on repeated
semen samples also included a term to indicate the semen sample
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number. Positive associations which were unravelled by analysis of
the first sample were re-examined using the second semen sample.
To obtain equality of variance and normality of the residuals, we
transformed the dependent variables using the logarithmic function.
Violation of the model assumptions was examined by inspection of
residual plots and by the testing for normality of the residuals (SAS
Univariate procedure with the normal option). Correlation coefficients
of SCSA values and conventional measures of semen quality were
computed using the non-parametric Spearman’s statistics (SAS Corr
procedure).

Results

There was no consistent indication that semen quality was
altered because of the application of pesticides or by occupa-
tional exposure to styrene. Moreover, no difference in the SCSA
results emerged among the 167 farmers spraying pesticides, the
82 farmers not spraying pesticides, and the 28 reinforced-
plastic workers. Therefore, the SCSA analysis described in
this paper includes 277 individuals, irrespective of their
occupational exposure status.

Representative data from the SCSA of human sperm samples
are reported in Figure 1. The upper panel refers to a sample
characterized by a narrowαT distribution whereas the lower
panel shows a sample characterized by an increased red
fluorescence (denatured DNA) with concomitant loss of green
fluorescence (native DNA) describing the extent of denatura-
tion. We have observed that cytogram patterns are quite
variable among individuals. Figure 2 displays cytograms from
eight different donors selected to show the variety of the
different patterns observed. This cytogram variability can be
qualitatively classified in terms of the position and shape of
the main cell cluster (i.e. narrow red/normal green, narrow
red/high green, wide red/normal green, wide red/high green,
highly irregular, etc.). In this context,αT and green fluores-
cence parameters could constitute useful descriptors of the
observed inter-individual pattern heterogeneity. We obtained
the following mean values (6 SD) after SCSA analysis carried
out on the 277 subjects: (i)X̄ αT 5 224.9 6 23.2 (range:
194.5–381.6); (ii) SDαT 5 80.46 27.3 (range: 36.7–185.6);
(iii) COMP αT 5 15.0 6 10.6 (range: 2.7–71.1); and (iv)X̄
Green5 455.9 6 38.0 (range: 358.8–641.0). TheαT para-
meters are highly interdependent as demonstrated by the
correlation analysis: Spearman’s coefficients were 0.89 for
COMP αT versusX̄ αT; 0.81 for COMPαT versus SDαT;
and 0.86 forX̄ αT versus SDαT (P was always, 0.0001).
On the other hand,X̄ Green was not correlated with theαT
parameters.

For 258 individuals, we were able to measure at least two
semen samples. We have attempted to evaluate the within-
and between-variability of the SCSA parameters by pooling
the data from the 167 farmers used to spraying pesticides (318
semen samples), the 82 non-spraying farmers (156 semen
samples), and the 28 reinforced-plastic workers (57 samples).
A summary of the statistical analysis carried out on the SCSA
results is shown in Table I. For comparison, the data obtained
from the paper on US healthy volunteers (Evensonet al., 1991)
have also been reported and an impressive correspondence can
be appreciated. The within-subject variation from the first to
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Figure 1. Green versus red fluorescence bivariate cytograms together with correspondingαT and green fluorescence frequency histograms
of spermatozoa from two different donors measured by the flow cytometry sperm chromatin structure assay. The fraction of cells with
abnormal chromatin (COMPαT) is boxed off in the cytogram and in the corresponding frequency histograms. Upper panel: SDαT 5 48.1;
COMP αT 5 3.5%. Lower panel: SDαT: 104.6, COMPαT 5 43.1%.

the second sample was much lower than the between-subject
variation indicating that the SCSA values are, as expected,
more repeatable within a person than between persons. This
is also evident from the high intraclass linear correlation
coefficients. We obtained 0.64 forX̄ αT, 0.71 for SDαT, 0.77
for COMPαT, and 0.78 forX̄ Green (P was always, 0.0001).
It should be noted that the small differences between the various
Danish groups with respect toαT parameters disappeared when
adjusting for differences in age and abstinence period.

The relationships between the SCSA results and demo-
graphic and lifestyle factors are reported in Table II. A rather
strong relation was found between age and SCSA values. The
average COMPαT value almost doubled as age increased
from 18 to 55 years and the averageX̄ αT and SDαT values
also increased with age but not in a statistically significant
way. It is worthwhile noting that age is also associated with
the period of abstinence (see below) and, when the analysis
was repeated after adjusting for the abstinence period, the
SCSA parameters and age remained strongly associated in all
subgroups. Self-reported histories of parotitis, genital infection
(gonorrhoea,Chlamydia, syphilis, epididymitis), and viral
infection were not related to the SCSA results. We found no
indication thatαT values changed in current tobacco smokers
or in ex-smokers. On the other hand, it is worthwhile noting
that the parameterX̄ Green seems significantly elevated in
current smokers compared with that in the group of non-
smokers. Furthermore, the average number of cigarettes
smoked per day was not related to the SCSA values (data
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not shown). The same results have been obtained when a
cumulative lifetime dose, expressed by the product of years
smoking and cigarettes per day, was taken into consideration
(data not shown). Only seven men reported smoking
marijuana but the SCSA patterns in these men were not
unusual. Finally, alcohol drinking was categorized according
to the number of alcoholic drinks per week considering the
total bottles of beer (33 cl), glasses of wine, spirits and aperitifs.
Alcohol consumption was not related to the SCSA results.

For the following variables, the correlations have been tested
considering all the 531 semen samples from the 277 donors.
The results are illustrated in Table III. The SCSA values in
semen samples obtained after a febrile period did not differ
from the others even though they were slightly higher than
average. The presence of white blood cells in semen (neutro-
phils and/or lymphocytes) was significantly related to higher
SCSA values. Moreover, the presence of immature forms in
the ejaculate was significantly correlated with some SCSA
parameters, namely COMPαT and X̄ Green. A weak but
statistically significant association was also reported between
αT parameters and the season of sample collection. For
example, a higher fraction of COMPαT cells occurs in
October–December, while the lowest values were found in
January–March. Sexual abstinence periods were divided into
2-day groups.αT parameters showed a trend of deterioration
as the period of abstinence increased, at least until about 6
days had elapsed. On the other hand, the parameterX̄ Green was
unaffected. To further examine the apparent and unexpected
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Figure 2. Green versus red fluorescence cytograms of eight representative semen samples illustrating the heterogeneity of the sperm
chromatin structure assay patterns observed among donors.

relationship between abstinence andαT parameters, we also
outlined the within-person variations ofαT parameters in
relation to the change of the abstinence period from one sample
to the next. Also this longitudinal analysis indicated a highly
significant association (Table VI). When the abstinence time
increased by one day, theX̄ αT increased on average by 1.3
(95% confidence interval 0.6–2.0) and the COMPαT by
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0.45% (95% confidence interval 0.15–0.74). It should be noted
that, ideally, sexual abstinence period should be expressed in
hours in order to take account of diurnal variation. Since it
was not possible to do this here, these results should be
regarded as preliminary.

The association between the parameters from SCSA and
from conventional semen analysis is described in Table V. In
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Table I. Descriptive statistics for sperm chromatin structure assay (SCSA) measurements in 277 Danish men

Mean SD between SD within CV total CV within

X αT
Pesticide-spraying farmers 222.7 16.2 14.1 9.6 3.9
Non-spraying farmers 228.1 20.8 13.0 10.8 3.7
Plastic workers 219.5 13.6 5.7 6.7 2.0
US studya 222.3 38.9 21.8 20 7
SD αT
Pesticide-spraying farmers 76.8 20.1 15.7 33.2 15.4
Non-spraying farmers 82.5 24.7 12.9 33.7 12.5
Plastic workers 63.2 14.4 10.0 27.6 12.7
US studya 155.3 38.7 18.0 28 10
COMP αT
Pesticide-spraying farmers 14.2 7.6 5.3 65.6 23.8
Non-spraying farmers 16.8 12.1 4.8 78.0 18.7
Plastic workers 11.3 5.5 6.2 73.2 25.3
US studya 16.8 7.2 5.0 52 23
X Green
Pesticide-spraying farmers 456.1 30.5 16.2 7.6 2.7
Non-spraying farmers 452.1 24.7 12.9 33.7 2.7
Plastic workers 456.2 36.9 13.6 8.6 2.1
US studya 506.2 29.8 18.5 7 3

aData from Evensonet al. (1991) referring to a cohort of 45 American healthy volunteers who participated
in a longitudinal study including monthly SCSA measurements for 8 consecutive months.
SD between5 between-subject standard deviation; SD within5 within-subject variation; CV total5 total
coefficient of variation as percentage of total variation; CV within5 average within-donor coefficient of
variation as percentage of individual mean.

all cases, low but significant negative (P always , 0.0001)
correlations were found. The highest level of correlation, as
described by Spearman’s correlation coefficients, was observed
with the proportion of normal spermatozoa (scored according
to the WHO criteria), and very little correlation was found
with cell vitality, morphology (scored according to the strict
criteria), and sperm count.

Discussion

The purpose of this paper was to describe the variability of
the FCM SCSA results across a relatively large normal
population and how they could be affected by demographic
and lifestyle factors. We think that this information would be
useful in future environmental and epidemiological studies
aimed at the characterization of a variety of detrimental effects
on male reproductive capability. In this study, the assessment
of sperm and semen quality has been performed by conven-
tional microscopy scoring and by the FCM SCSA. Notable
parameters of the SCSA analysis areX̄ Green, which reflects
native DNA stainability, and those ofαT, which are assumed
to reflect abnormalities in mature sperm chromatin structure.
We have demonstrated a high level of correlation among the
αT parameters which, on the other hand, show no significant
associations withX̄ Green. Therefore, they can reflect a variety
of anomalies that could occur during the complex spermiogenic
pathway, eventually leading to incorrect chromatin packaging
in the sperm nucleus.

The sperm nuclear condensation process involves a dramatic
sequence of events including topological rearrangements, trans-
ition of DNA-binding proteins, alteration in transcription, loss
of nucleosomal structure, and acquisition of a chromosomal
organization consisting almost entirely of condensed chromatin
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(Ward, 1994; Kramer and Krawetz, 1997). Major participants
in this event are protamines, and it has been demonstrated that
protamine abnormalities are associated with male sterility
(Balhornet al., 1988; De Yebraet al., 1993). The progressive
chromatin packaging normally produces a reduction in DNA
stainability relative to round spermatids, and a marked decrease
in binding of acridine orange to DNA has also been observed
as human spermatozoa traverse the epididymis (Golanet al.,
1996). An increased intensity of green fluorescence is perhaps
the result of an abnormal exchange of histones for transition
proteins and protamines. Lack of appropriate sperm maturation
results in an increased DNA stainability (Evenson and Jost,
1994) and an increased number of cells with abnormal staining
characteristics have often been reported in semen samples
from certain infertility patients (Evenson and Melamed, 1983;
Golanet al., 1997). It appeared from our results that samples
containing abnormally high fractions of immature germ cells
were characterized by higher values of green fluorescence.

The precise timing of chromatin packaging and the events
governing and controlling this process in mammalian sperm-
atozoa are, however, not completely understood (Kramer
and Krawetz, 1997). It is suspected that progressive sperm
chromatin packaging is linked to a complex process of DNA
cutting and ligating (McPherson and Longo, 1993; Sakkas
et al., 1995), carried out with the participation of endogenous
endonucleases. The presence of naturally occurring DNA
strand breaks in mature human spermatozoa has been measured
by in-situ nick translation (Bianchiet al., 1993), in-situ terminal
deoxynucleotidyl transferase driven UTP nick end labelling
(TUNEL assay) (Gorczykaet al., 1993; Saileret al., 1995b;
Aravindan et al., 1997), and single-cell gel electrophoresis
(COMET assay) (Hugheset al., 1996; Aravindanet al., 1997).
A correlation between abnormal sperm chromatin packaging
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Table II. Distribution of sperm chromatin structure assay values among 277 Danish men (mean6 SD).
Correlation with demographic and lifestyle factors

% X αT SD αT COMP αT X̄ Green

Age, years
18–24 3.0 209.46 4.6 59.56 5.2 8.76 2.6 446.66 22.2
25–29 7.5 217.66 11.1 73.86 19.6 10.06 3.8 459.86 37.9
30–34 24.8 224.26 23.8 81.76 30.2 14.06 10.2 464.26 43.1
35–39 26.7 224.76 22.0 81.76 28.4 14.86 10.0 453.06 34.4
40–44 18.1 226.06 28.7 80.56 28.6 16.46 11.1 446.06 28.6
45–55 19.9 227.76 23.3 82.36 27.3 18.06 12.4 450.36 38.0
P-valuea , 0.0001 , 0.05
Body mass index, kg/m2

, 25 51.9 227.86 27.4 84.36 31.2 16.36 12.4 458.86 42.1
ù 25 48.1 220.76 17.3 76.16 21.8 13.66 7.8 449.76 29.7
P-value , 0.05 , 0.05
Self-reported venereal disease
Yes 7.9 226.16 20.8 79.96 28.2 15.16 9.1 455.36 40.5
No 92.1 224.36 23.5 85.96 27.9 15.06 10.6 454.36 36.7
P-value
Self-reported parotitis after puberty
Yes 7.1 232.46 25.3 90.76 31.1 18.86 10.1 452.06 33.4
No 92.9 223.86 23.1 79.56 27.2 14.76 10.5 454.66 37.2
P-value , 0.05
Genital virus infection
Yes 1.5 214.66 15.2 64.56 24.2 11.36 8.4 426.86 25.5
No 98.5 224.06 23.4 80.66 28.0 15.06 10.6 454.86 36.9
P-value
Tobacco smoking
Current smoker 24.4 226.36 18.4 76.16 27.8 12.36 6.7 464.46 40.8
Ex-smoker 22.6 224.46 23.6 79.66 29.2 16.56 13.6 446.56 34.0
Never smoker 53.0 220.46 25.0 82.66 26.6 15.66 10.3 453.26 35.4
P-value , 0.05
Alcoholic beverages
Not drinking alcohol 9.4 224.16 18.3 80.26 26.0 14.16 7.9 449.96 32.1
1–7 53.6 225.46 26.6 80.06 30.3 15.36 11.1 455.06 37.3
8–14 20.8 221.66 19.2 78.16 23.6 13.86 8.8 452.36 37.1
ù15 16.2 225.26 18.9 84.86 24.1 16.36 11.9 458.66 38.9
P-value

aThe P-value is reported only if, 0.05. All P-values according to multiple regression adjusted for the
effects of age, body mass index, smoking, season, period of sexual abstinence, leukocytospermia, presence of
immature sperm cells.

and the presence of DNA strand breaks has been shown to
exist and these anomalies may arise due to flaws in the
mechanisms that package and protect the sperm chromatin
during spermiogenesis (Bianchiet al., 1993; Gorczykaet al.,
1993; Manicardiet al., 1995; Saileret al., 1995b; Sakkas
et al., 1995). In particular, it has been demonstrated recently
that DNA strand breaks identified by the COMET assay are
strongly correlated with the frequency of COMPαT cells
(Aravindanet al., 1997). In addition, it should be mentioned
that chromatin alterations, measured by the SCSA, have been
found to parallel the pattern of induction of dominant lethal
mutations which are most likely a consequence of chromosomal
breaks (Estopet al., 1993). Thus, the SCSA appears to detect
early stages of chromatin alterations that most likely lead to
chromosome breaks.

Our SCSA values from the 277 Danish men were completely
within the same range as the data from a series of 45 US men
volunteering for a longitudinal study (Evensonet al., 1991),
both in the case of inter- and intra-subject variability (Table
I) and with respect to the correlation coefficients between
SCSA and conventional microscopy-based assessment (Table
V). The general agreement between the SCSA values from
the two studies is an important aspect for future trials aiming
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at standardizing the SCSA procedure in different laboratories
worldwide, as it seems that sperm DNA denaturation may be
much more directly comparable across different populations.
This is particularly true for the COMPαT cell fraction. It can
be easily and unequivocally identifiable both on theαT
frequency histogram and on the bivariate red versus green
fluorescence cytogram, making its evaluation quite straight-
forward. Because of the reciprocal association among theαT
parameters and their independence fromX̄ Green, we propose
that essential SCSA variables descriptive of the flow cytometric
cytogram relative to a human semen sample should include,
at least, COMPαT and X̄ Green.

A wide heterogeneity of the SCSA results emerged among
the various donors in our study. The same variety of acridine
orange staining patterns was also observed in the US study
quoted above, especially in terms of the shape and position of
the main cell cluster in the bivariate cytograms. Interestingly,
a wide variability both in chromatin condensation, evaluated
by chromomycin A3 fluorescence, and in the abundance of
endogenous nicks in the DNA has also been reported (Sakkas
et al., 1995). It should be noted that the human heterogeneity
contrasts with the minimal variability of SCSA parameters
observed in experimental reproductive experiments carried out
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Table III. Distribution of sperm chromatin structure assay (SCSA) values among 277 Danish mena (mean6
SD). Correlation with fever, presence of immature and white blood cells in the ejaculate, season, and
abstinence time

% X̄ αT SD αT COMP αT X̄ Green

Recent fever
Yes 8.6 227.86 25.5 82.86 31.8 15.26 11.0 468.76 47.8
No 91.4 223.66 21.6 76.56 25.2 14.66 10.5 453.66 33.7
bP-value
Leukocytospermia
Yes 9.4 238.86 34.2 94.46 31.8 21.36 13.2 480.96 40.7
No 90.6 222.46 19.7 75.36 25.1 14.06 10.0 452.26 33.6
P-value , 0.0001 , 0.001 , 0.0001 , 0.0001
Immature sperm forms
Yes 9.2 233.76 34.8 88.86 32.9 19.26 12.8 481.86 41.4
No 90.8 222.96 20.0 75.96 25.3 14.66 10.2 452.26 33.5
P-value , 0.05 , 0.0001
Season
Jan.–March 20.7 223.46 22.6 78.36 25.3 13.56 8.7 456.36 35.2
April–June 31.4 224.66 23.0 80.46 28.7 15.76 11.7 455.06 39.3
July–Sept. 42.9 222.56 19.7 73.36 24.2 13.96 9.1 454.86 31.9
Oct.–Dec. 5.0 234.36 28.9 83.86 25.8 19.36 17.9 448.76 38.3
P-value , 0.01 , 0.01 , 0.05
Sexual abstinence, days
0.0–2.0 28.1 218.96 17.2 71.66 23.2 12.56 10.0 453.96 29.7
.2.0–4.0 46.7 222.76 17.8 76.56 24.0 14.06 8.3 456.46 37.7
.4.0–6.0 14.0 233.26 34.6 84.66 30.8 19.26 16.1 451.96 36.1
.6.0 11.2 230.36 23.8 83.86 31.1 17.36 9.8 454.76 37.3
P-value , 0.0001 , 0.01 , 0.0001

aValues derived from SCSA measurements on 531 semen samples.
bThe P-value is reported only if, 0.05. All P-values according to multiple regression adjusted for the
effects of age, body mass index, smoking, season, period of sexual abstinence, leukocytospermia, presence of
immature sperm cells.

Table IV. The within-person variation ofX̄ αT and COMPαT relative to changes of the sexual abstinence
period from first to second sample

Change in abstinence % X̄ αT COMP αT
period, days

Change SD Change SD

ø 23 9.8 22.02 5.8 26.74 15
22 9.4 20.31 3.9 23.54 11
21 16.6 20.07 5.6 0.49 13

0 29.4 0.47 4.7 1.53 11
11 12.3 20.29 5.2 22.43 14
12 7.2 2.33 4.7 2.75 13

ù 13 15.3 2.03 5.2 4.91 12
aP-value 0.0036 0.0006

aP-value after linear regression of change inαT values as a function of change of the abstinence period.

Table V. Spearman’s correlation coefficients between some sperm chromatin structure assay (SCSA) values
and other semen parameters

X̄ αT COMP αT X̄ Green

Sperm concentration 20.29 (20.26) 20.31 (20.29) 20.37 (0.07)
% normal forms, WHO criteria 20.38 (20.29) 20.38 (20.36) 20.46 (20.03)
% normal forms, strict criteria 20.22 20.38 20.31
% vital sperm 20.25 (20.25) 20.23 (20.26) 20.14 (20.01)

All correlations:P , 0.0001.
Data reported in parentheses are from Evensonet al. (1991) on 45 US healthy volunteers undergoing
monthly SCSA analysis for 8 consecutive months.
WHO 5 World Health Organization

mainly with inbred strains of rodents. The constancy observed
in animal studies was fundamental for the application of SCSA
in the field of experimental reproductive toxicology. Damage
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to the male germ line has been detected after exposure to a
variety of environmentally relevant agents (Spano` et al.,
1996a,b) and, in many instances, the superior sensitivity of
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SCSA, compared with other end-points, has been demonstrated
(Saileret al., 1995a; Fosteret al., 1996). Another aspect that
came out of our data is the very high degree of repeatability
of SCSA data for the same subject. The SCSA cytogram
patterns are generally distinctive of a particular donor and
consistent within a donor over time, representing a sort of
sperm fingerprint, as demonstrated by the high intraclass linear
correlation coefficients. This contrasts with other conventional
semen parameters and adds to the value of this semen assay
in studies of the male reproductive function, corroborating and
extending the earlier findings reported by Evensonet al.(1991).

This study gave us the possibility to compare the SCSA-
derived variables with a number of parameters related to the
subject habits and characteristics. We have observed that the
average COMPαT value almost doubled as age increased
from about 25 years to 55 years. The same trend was also
observed in ageing laboratory mice (E. Cordelli, personal
communication). The issue of the deterioration of sperm quality
with age is quite important in order to verify the alleged link
between paternal effects and increase of reproductive failures
and birth defects. We have noted that sperm concentration also
increased with the age in our population (data not shown). It
has been postulated that this unexpected result might reflect a
birth cohort effect rather than a real age effect. We can
speculate that a birth cohort effect could result from changing
pre- or perinatal exposures with implications for fetal testicular
development (Sharpe and Skakkebaek, 1993). On the contrary,
the deterioration ofαT values is, most likely, a genuine age
effect not related to prenatal development. This further supports
the view that SCSA values and sperm concentration are
reflecting different biological phenomena. As far as the relation
between the load of genetically abnormal sperm cells and
ageing is concerned, controversial results have been obtained
so far. FISH analysis has demonstrated that ageing was
associated with an increased number of chromosome
aneuploidies (Griffinet al., 1995; Robbinset al., 1997) while
other studies (La¨hdetieet al., 1996) have failed to demonstrate
such an association.

Besides the expected correlation of COMPαT andX̄ Green
with the presence of immature germ cells in the ejaculate, our
results demonstrate that the presence of leukocytes in the
semen significantly affected both theαT parameters andX̄
Green. This observation has also been noticed by other authors
(Enghet al., 1992) where the presence of white blood cells in
the ejaculate was associated with a general increase in the
prevalence of hypocondensed subpopulations of spermatozoa
both in men with oligoasthenoteratozoospermia as well as in
normozoospermic subjects, emphasizing the effect of inflam-
matory conditions in the reproductive tract on sperm quality.
The results from the analysis of the abstinence period are
surprising. We found that the higher the period of abstinence
the higher the COMPαT fraction. It seems that, the longer
the period the mature spermatozoa stay in the epididymis, the
higher is the probability of undergoing a sort of deteriorating
process leading to an increased susceptibility of chromatin
to acid denaturation. Thus, additional studies specifically
addressing this problem would be needed to clarify this
observation. In this respect our results do not agree with
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those obtained by Evensonet al. (1991), where, for a single
individual, abstinence times from 0.5 to 7 days had no
significant effect onαT parameters, COMPαT included.

Among the lifestyle variables considered, while alcohol
consumption did not alter any of the SCSA parameters, we
have observed thatX̄ Green increased, weakly but significantly,
according to the smoking habits of the subjects. It has been
demonstrated that smoking is associated with decreased sperm
density, count, and motility but not with nuclear morphometric
parameters (Vineet al., 1997). Moreover, in another study
carried out by FISH analysis, while alcohol consumption was
significantly associated with an increased frequency of sperm
aneuploidy and diploidy, only a suggestive association was
found between smoking and X aneuploidy (Robbinset al.,
1997). It is worthwhile to note that, in order to allocate the
donor in the corresponding smoking group, we relied on the
answers provided by the questionnaires, and no measurement
of cotinine levels, which may provide an objective assessment
of tobacco smoke exposure, was attempted.

The weak and negative correlations between the SCSA
variables and sperm concentration, per cent sperm head
abnormality, and per cent sperm viability are indicative of the
fact that SCSA parameters are not necessarily associated with
conventional semen measures and may provide additional and
independent descriptors of semen quality. SCSA measurements
reflect the heterogeneity of the nuclear chromatin conforma-
tional organization in the different sperm cells in the ejaculate.
Unresolved yet is the degree of heterogeneity that is compatible
with fertility. Our results are in agreement with other authors
that have demonstrated the independence of the SCSA analysis
from the conventional microscopy-based semen assessment
(Evensonet al., 1991; Fossået al., 1997). Thus, the SCSA
can complement the results of other analyses carried out in a
multidisciplinary context, offering new insights into semen
quality assessment and an increased sensitivity to germ cell
damage detection, at least at the supra-chromosomal level.

It should not be overlooked that the SCSA is also suited to
toxicological field studies as it requires as little as 0.1 ml of
semen, the sample can be frozen for several months, and FCM
analysis can be carried out in a site geographically distant
from the place of sample collection. However, age, period of
sexual abstinence, inflammatory status, presence of immature
forms in the ejaculate, and smoking habits can affect the SCSA
results and should be accounted for in the design and analysis
of the epidemiological surveys. Promisingly, the FCM SCSA,
like the FISH approach, could constitute an example of a
bridging biomarker between human and animal studies and
therefore have applications for human genetic risk assessment
and for investigations of the reproductive and toxico-
logical factors leading to abnormal reproductive outcomes
of paternal origin (Wyrobek, 1993). Associations between
increased sperm chromatin defects and decreased fertilization
rates have been reported in the context of assisted fertilization
techniques (Bianchiet al., 1996; Hoshiet al., 1996; Sakkas
et al., 1996). In addition, prior experiments have shown the
SCSA to be correlated with fertility rate in domestic animals
(Ballacheyet al., 1988; Dobriskiet al., 1994; Saileret al.,
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1996). Therefore, poor quality sperm chromatin structure can
be considered highly indicative of male subfertility.

We can envisage that these new types of semen-based tests
will be available very soon as tools for the rapid screening of
certain conditions of subfertility and infertility in man, as they
seem to allow an indirect visualization of sperm cells with
protamine-deficient, nicked and partially denatured DNA,
regardless of sperm morphology, motility and number. This
aspect should be of particular significance in identifying
defective samples that appear normal by other semen quality
criteria. The importance of the FCM SCSA as a predictor of
human fertility will be another issue to be addressed soon,
and studies are in progress in our institutions to test the validity
of this hypothesis.
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