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and integrity of nuclear chromatin. However, to date, no single
laboratory test can assess a man’s total fertility (Amann,
1989). Initially, many of these tests used light microscope
observations, but these suffered from labour intensiveness,
intra-observer variations and low numbers of spermatozoa
analysed, leading in turn to poor statistical power. These
difficulties helped spawn the development of computer-driven
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The sperm chromatin structure assay (SCSA) was used
to measure over 500 human semen samples from two
independent studies: Study |, 402 samples from 165
presumably fertile couples wishing to achieve pregnancy
over 12 menstrual cycles; Study IlI, samples from 115
patients seeking fertility counselling. The SCSA measures
susceptibility to DNA denaturation in situ in spermatozoa
exposed to acid for 30s, followed by acridine orange
staining. SCSA data from the male partners of 73 couples
(group 1) achieving pregnancy during months 1-3 of
Study | were used as the standard of ‘sperm chromatin
compatible with high fertility’ and were significantly
different from those of 40 couples (group 3) achieving
pregnancy in months 4-12 P < 0.01) and those of male
partners of 31 couples (group 4) not achieving pregnancyq
<0.001). Group 2 contained couples who had a miscarriage.
SCSA values for Study Il were almost twice that of the
Study | fertility standards. Within-couple repeatability
tended to be less for group 3 than for groups 1, 2 or 4.
Based on logistic regression, spermatozoa with denatured
DNA (cells outside the main population, COMRy,) were
the best predictor for whether a couple would not achieve
pregnancy. Some 84% of males in group 1 had COMé&,
<15%, while no couples achieved pregnancy in group 1
with >230% COMPq,, a threshold level considered not
compatible with good fertility. Using selected cut-off values
for chromatin integrity, the SCSA data predicted seven of
18 miscarriages (39%).
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Introduction

analysis (CASA) systems for motion analysis, elementary
morphometry and sperm concentration measures.

Computer-interfaced flow cytometry (FCM) provides a
powerful advantage over light microscopy techniques in terms
of speed, multiple parameters/cell measured, objectivity, lack
of bias in sample selection, and thousands of cells measured
per sample, and thus provides a very high degree of statistical
power (Shapiro, 1995). Additionally, FCM can potentially sort
out unique cells that compris€1% of the total population
for further study and/or use in assisted reproduction treatment,
e.g. sexing sperm (Johnset al, 1987, 1989).

This study utilized the sperm chromatin structure assay
(SCSA), first described by Evensat al. (1980), and since
refined for both animal and human spermatozoa (Evenson and
Jost, 1994; Spancet al, 1998). The SCSA utilizes the
metachromatic properties of acridine orange (AO) to distin-
guish between low pH- or heat-denatured (red fluorescence
single-stranded) and native (green fluorescercedouble-
stranded) DNA in sperm chromatin. As first discussed by
Evensonet al. (1980), human and bull sperm nuclear DNA
was more resistant in fertile than subfertile subjects. Data from
subsequent animal heterospermic insemination experiments
showed strong correlations between SCSA data and fertility
ranking in bulls (Ballachegt al,, 1988;r = —0.94,P < 0.01)
and boars (Evensoat al, 1994;r <0.93, P < 0.01), thus
providing strong evidence that mammalian sperm chromatin
structure was highly correlated with pregnancy outcome.

Other investigators (Tejads al., 1984) have used a modified
SCSA procedure by treating smears of human spermatozoa on
glass microscope slides with acid, staining with AO, and
observing sperm nuclei under fluorescence light microscopy.
The sperm nuclei were generally scored as fluorescing green
or red; in some cases, cells have also been scored as yellow,
being intermediate between the red and green [see cover of
SciencEvensoret al., 1980)]. Although this method provides
a general picture of the status of the sperm DNA denaturation
susceptibility, it is limited to two or three classifications rather

Numerous studies have sought a key factor(s) that would bthan the 1024 discrete channel levels of red and green

predictive for male fertility potential, including sperm count,

fluorescence/cell by FCM. Also, since the metachromatic

motility, acrosome status, cell membrane integrity, morphologystaining of AO is strictly dependent on exact equilibrium
and morphometry of whole spermatozoa and/or sperm heada®nditions (Darzynkiewiczt al, 1975), artefacts exist in the
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light microscopy method due to the unevenness of the surfade have intercourse centred on the predicted day of ovulation. Phase
on glass microscope slides providing differential micro-1 included the first three cycles in which women collected daily

environment staining conditions. Fluorescence fading presenfgorning urine samples, underwent mid-cycle post-coital tests and,
an additional problem, as well as varied time intervals betweefi 1ate for their menses, presented for serum human chorionic

staining and scoring (D.P.Evenson, unpublished observation§enadotrophin (HCG) testing. Phase 2 encompassed the next nine
Nevertheless, Tejadzt al. (1984) reported a strong correlation ©Y¢I€S In which the remaining women continued to attempt pregnancy
between human fertility and the percentage of spermatozo nd underwent serum HCG testing if menstruation was delayed.

. . . rine samples from phase 1 were used for sensitive HCG testing to
which fluoresced green. In addition, others (Stetilal, 1989) detect occult pregnancies. Clinically recognized pregnancies were

have reported. solid Correlatlons_ .between _the percenta_lg.e Allowed until delivery in order to ascertain outcome. During phase
green-fluorescing sperm _and fertility potential, thus prOVIdlngL semen samples were collected from the 200 male partners in the
support to our FCM studies. clinic early in each cycle until pregnancy was achieved. A minimum
In a study by Ibrahimet al. (1988), AO staining was the of two semen samples was obtained from each man. Some 82% of
most discriminatory testR = 0.0001) in a study of three the 200 couples followed for the entire study period conceived, the
groups (unexplained infertility, habitual abortions and normalmaximal fertility rate being ~ 30% per cycle in the first two cycles.
fertile donors) when compared with the zona-free hamsteThis rate rapidly tapered with subsequent cycles as the more fertile
egg penetration test and conventional semen analyses. Theuples were removed. Pregnancy loss occurred in 31% of the first
frequency of sperm chromatin heterogeneity as detected Wegnancies detected; 41% (15/36) of these losses were seen only by
AO red fluorescence was highest in habitual abortion (39.4%)rine HCG testing and were categorized as occult. Eleven of these
followed by unexplained infertility (16.4%) and fertile donors Same couples later achieved clinically recognized conceptions during
(9.4%). The percentage of penetration was highest in habituérpe study. Semen samples from the male partners. of only .165 couples
abortion (50.7%), followed by fertile donors (43.1%) and were measured by the SCSA due to a freezer failure which resulted

unexplained infertility (33.9%). Conventional semen tests" the loss of some samples.

(concentration, motility, morphology and vitality) were the National Hospital, Oslo, Norway, for fertility counselling provided a

least reliable in discriminating between the three 9roupSgemen sample by masturbation following an instructed abstinence
Human SCSA data are more constant over time than thgeiog of 3 days. One sample per patient was collected in the clinic,

classical measures of spermatozoa, as shown in a study of 434 analysed by routine criteria and the SCSA.

men who were unexposed to environmental insult and who

provided monthly semen samples over a 9-month perio%amlme handling

(SChfgdgrEt al, 1988, Eveljsoret al"_ 1_991)' The coefficient In both studies, 20@ul aliquots of semen were admixed with 3Q0

of variation of SCSA variables within a man were much \e puffer (0.15 M NaCl, 0.01 M Tris=HCl, 0.001 M EDTA, di-
lower than for the classical measures (Schragteal, 1988; sodium pH 7.4 and 10% glycerol) and frozen directly at —80°C. (N.B.

Evensonet al, 1991; Spancet al, 1998). Thus, for cross- cyrrent protocol freezes raw semen directly without cyroprotectants
sectional, or single sample analysis of a patient, SCSA datgith the same data resulting.) Study | samples were shipped on dry
can be considered to characterize one component of sem@f to South Dakota State University for SCSA analysis, while Study
quality with a higher degree of certainty than the classicall samples were measured in the flow cytometry laboratory in the
measures. Human spermatozoa obtained from cancer patiemtstitute for Pathology, the National Hospital, Oslo, Norway.
(Evensoret al, 1984) or those with high fever (D.P.Evenson,

unpublished data) show increased SCSA values, followed bgperm quality measures

either a return to normal (D.P.Evenson, unpublished data) ofiudy | the semen quality measures of volume, sperm concentration,
continued abnormality (Evensoet al, 1984; Fosseet al,  motility by CASA and morphology by WHO and Kruger strict criteria
1997). Numerous animal toxicology studies have consistentlyere performed for all samples following liquefaction. These data
shown the same very high level of repeatability of SCSAwill be the subject of a separate manuscript (E.Cledgal, in
measures and convincing biological dose-response interpretpreparation).
tions (Evensoret al, 1989, 1993a,b). All human studies to  Study It following liquefaction at room temperature for 30 min,
date have indicated that SCSA data are poorly correlated witAn aliquot of spermatozoa was diluted and immobilized in 5%
the classical semen measures; thus, SCSA data are consideféépramine-T (1:10) and counted using a Makler chamber (Sefi
independent variables that are of diagnostic and prognostfdedical Instruments Ltd, Haifa, Israel). Additional aliquots (&t
value in the human andrology clinic, as shown in these studie® the samples were subjected to vital staining using eosin Y and
(Evensoret al, 1991; Spant al, 1998). nigrosin, as well as haematoxylin, .for tr_le assessment of morpho-
logy. Microcephalic, macrocephalic, bicephalous and bicaudal
spermatozoa, or cells possessing a coiled tail or a deformed or
abnormally small acrosome were all classified as abnormal
(WHO, 1987). The total numbers of spermatozoa with head and tail
Semen donors abnormalities in the ejaculate were computed. Sperm motility was
Study | this study design has been described previously (Zinamassessed using a Hamilton Thorn sperm motility analyser (Danvers,
and Katz, 1996) and abstracts have been presented on the SCSA dia, USA) which, in addition to other motility parameters, enabled
(Evensoret al., 1996; Evenson and Jost, 1998). This was a prospectivéhe percentage of spermatozoa exhibiting any form of movement
study of 200 presumably fertile couples wishing to achieve pregnancy>10 um/s) and the percentage of progressive spermatozoa with
and who were discontinuing contraception. Couples were counselleshovement (velocity>25 pm/s) to be computed.
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SCSA data are predictive of human infertility

SCSA The couple represented in cytograms Al and A2 conceived
Frozen aliquots of semen were placed in a 37°C water batiin month 2 of the study, and had a normal pregnancy. This
until just thawed, after which samples were diluted with TNE bufferwas an excellent quality sample with minimal cellular debris

to 1-2x10° sperm cells per ml. 0.20-ml aliquots of diluted samples and very low COMR; values of 8.7% (A1) and 7.2% (A2).

0.15 M NacCl, 0.1% Triton X-100, pH 1.2). After 30 s, the cells days of conception.

were stained by adding 1.2 ml acridine orange (AO) stain solution . .
containing 6ug AO (chromatographically purified; Cat. # 04539, The couple represented in cytograms B1 and B2 conceived

Polysciences Inc., Warrington, PA, USA) per ml buffer [0.037 M N month 1 of the study, and. also had a_ normal pregnancy.
citric acid, 0.126 M NaHPQ,, 0.0011 M EDTA (di-sodium), 0.15 M This exa_mple was an exception to the high month-to-month
NaCl, pH 6.0 (Darzynkiewicet al, 1976; Evensoret al, 1985)]. ~ repeatability of SCSA values (Evensenal, 1991). Sample

At 3 min after the staining procedure started, fluorescence measur@1, with-a COMRy; value of 13.3%, was obtained within
ments were collected on 5000 cells per sample. Both flow laboratorie$—3 days of conception. The COMPvalue for the following

used Cytofluorograf Il flow cytometers (Ortho Diagnostics Inc., month (B2) was 39.5%, which is considered not compatible
Westwood, MA, USA) equipped with ultrasense optics. The Oslowith fertility. This type of dramatic deterioration has previously
instrument used a Coherent, % W laser operated at 200 mW, and peen seen after exposure to high fever (D.Evenson, unpublished
the South Dakota instrument used a Lexel 100 mW argon ion laseghservations) or prescription drugs (Evensdral, 1991).
operated at 35 mW; both used an excitation wavelength of 488 nm. The couple represented in cytograms C1 and C2 experienced
Histogram files were trfinsferred via MULTLINK software (Phoen.ix a miscarriage after conceiving in month 1. The CQiiPalue

Flow Systems, San Diego, CA, USA) to a PC for analysis W'thof 34.0% (C1) was just over our current threshold of 30.0%,

MULTI2D software (Phoenix Flow Systems) which included the d idered il ith ful
calculation of alpha td;) parameters. The South Dakota State and considered not compatible with successtul pregnancy.

University (SDSU) Ortho Cytofluorograf is currently interfaced to a Otherwise, this sample had a low amount of debris and a high
Cicero System (Cytomation, Inc., Fort Collins, CO, USA). repeatability between the two months.

The extent of DNA denaturation was quantified by the calculated Cytograms D1, D2 and D3 were obtained from a couple
parameter; [o; = red/(red+ green) fluorescence; Darzynkiewicz who conceived in month 3. There was a dramatic change in
et al, 1975]. Normal, native chromatin remains structurally soundsample quality, as shown by COMPvalues from months 1
and produces a narrow; distribution. DNA in spermatozoa with to 3, as very poor (64.4%), improved (34.4%) and excellent
abnormal chromatin structure has increased red fluorescence (Evens@09s). The month 3 sample would have been a full spermato-
et al, 1980, _1985) \_Nhich yields ao; distribution which is usually genic cycle away from a possible biostress event that may
broader, having a higher mean channeti(Xand a larger percentage have caused the very low quality in month 1. Note that the

of cells outside the main population of cells (COMp Standard main population had essentially the same level of quality, the
deviation ofa; (SDa;) describes the extent of chromatin structure Pop y q Y

abnormality within a population. Mean green fluorescence reflect§Jnly difference between the samples being the percentage of
DNA content and/or degree of sperm chromatin condensation, th€€lls with denatured DNA. Note also that the average COMP

latter because it excludes DNA stainability. was 35.5%, a mean value not considered compatible with good
fertility, though SCSA data obtained near the conception date
Statistical analysis were highly compatible with our fertility threshold.

Statistical tests used are described in the corresponding results section.The couple represented in cytograms E did not conceive
throughout the 12 months of the study. Note the high month-
to-month repeatability in cluster arrangements, with moderately

Results high COMRYy; values of 19.7, 22.7 and 20.0% for months 1,

Representative examples of cytograms of AO-stained spern and 3 respectively.

atozoa from couples in different pregnancy outcome categories Cytograms F1 to F3 represent a couple who became

are shown in Figure 1. Individual cells were represented byregnant in month 5. Samples from months 1-3 would be

dots for a total of 5000 per sample. The position of each dotharacterized as of good quality, with respective C@iP
was relative to the amount of green and red fluorescenceralues of 13.1, 18.8 and 15.0%. There was a high degree of

Cellular debris was demarcated by the computer-gated area mepeatability, i.e. the COMR region had two populations of

the lower left hand corner, and was excluded from datacells with approximately the same number of cells in each and

analysis. Cytogram E1 provided an example of gating betweewhose positions were essentially identical. This implied that
the main population without denatured DNA, and the cellsthese abnormal cells were produced at a steady rate, and were
outside the main population (COMP which had decreased the likely progeny of the same stem cells.

green fluorescence and increased red fluorescence, i.e. cellsCouple G did not conceive. Monthly COMRP values

with denatured DNA. Cytogram G1 is an example of the highbetween months 1 and 3 were 25.4, 22.5 and 19.0% respec-

green fluorescence (HGRN) threshold, dictated by the uppeively, with an overall mean of 22.3%, considered of

edge of the main population of the reference sample. Thesmoderate quality on that characteristic alone. However, a

cells had an increased DNA stainability, probably due to asecond abnormality was present, namely, a population with

lack of chromatin condensation. Cytogram I3 showed thehigh DNA stainability (HGRN). These two characteristics are
presence of bacteria (arrow) in the sample. The extended lingften seen to be mutually exclusive; however, this is an
was due to the random number of clumps of individual, AO-example where both were present and repeatable over time.
stained bacteria in the semen. Couple H experienced an occult pregnancy which was
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Figure 1. Legend on facing page.

detected 13 days before the semen sampling in month 3, the Each of 402 semen samples from 165 men were thawed
month with the highest COMR value near the end of month independently and sequentially measured twice (total of 804
2. No later pregnancies occurred during months 3 to 12. Thermeasurements). The number of monthly samples contributed
was a high month-to-month repeatability, and CQijiPalues by each man depended on pregnancy outcome. Throughout
were 13.0, 14.5 and 19.1% in months 1, 2 and 3 respectivelyhe course of these sample measurements, 136 separately
Couple | did not conceive. This series of cytogramsfrozen and thawed aliquots of a single reference sample were
showed an increasing relative proportion of bacteria (arrowmeasured in duplicate = 272 independent measurements) for
to spermatozoa from month to month. quality control. This reference sample was not characterized as
fertile or infertile, but was used only for quality control. As
Study | shown previously (Evenscet al, 1991), sonication of random
SCSA data were collected from duplicate measurements osamples produced the same data as on whole cells (data
semen samples collected monthly. Of the 165 couples witmot shown).
initial semen samples, 163 contributed a second sample one The descriptive statistics for SCSA measurements for
month later, and 84 provided a sample in month 3; only 402verall means are shown in Table |, which also includes
of these 412 samples were available for SCSA measurementeference sample data. Table Il shows data for within-couple
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Figure 1 (continued). Sperm chromatin structure assay (SCSA)-derived cytograms, showing green (normal double-stranded DNA) versus
red (denatured single-stranded DNA) fluorescence of 5000 acridine orange-stained spermatozoa from semen obtained from nine
representative couples from Study |. Each couple shows a specific fertility/infertility characteristic or trait as measured by the SCSA. A
pregnancy, excellent quality, highly repeatable=Bpregnancy month 1, uncharacteristically unrepeatable; @iscarriage, highly

repeatable; D= pregnancy month 3, improved quality; € not pregnant, highly repeatable;=F pregnancy month 5, highly repeatable;

G = not pregnant, moderate quality, increased HGRN, highly repeatabte;ddcult pregnancy, repeatable=l not pregnant, repeatable.
COMP = cells outside the main population. Arrows: E1, indicates COMP; G1, indicates HGRN threshold; 13, indicates presence of
bacteria.

Table I. Descriptive statistics of sperm chromatin structure assay (SCSA) variables for reference seml8q) and Study | overall within-couple means
(n = 165 couples)

Descriptive statistic ). SDoy COMPo; Red (mean) Green (mean) Total (mean) HGRN
Reference

Mean 252.1 142.6 12.7 127.28 390.2 257.7 8.4
SD 6.3 7.8 1.0 3.7 6.3 3.7 1.8
Study |

Mean 2475 150.8 13.7 118.2 382.3 248.6 9.9
SD 39.0 40.5 7.2 17.8 25.7 15.5 7.2
Coeff. of variation (%) 15.7 26.9 52.3 15.1 6.7 6.2 71.9

SDa, = variation of the alphadistribution; Xo; = mean of then; distribution; COMRI; = percentage of cells outside the main population of the alpha
distribution; HGRN= percentage of cells with high green fluorescence.

means. Each observation was assigned to one of foyregnancy in months 4-12; and group=4no pregnancy in
pregnancy outcome groups: group=lnormal preghancy in months 1-12. SCSA values obtained by measuring the 148
months 1-3; group 2= miscarriage; group 3= normal semen samples from the 73 couples achieving pregnancy
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Table Il. Least-squares means and SE by pregnancy outcome group for selected SCSA measurements from Studies=+ dréb)l (

Group Pregnancy outcome n2 nP Xog SDa COMPo HGRN
Study F
165 402
1 PG 3 months 73 148 234.6 137.9 11.2 8.95
SE 4.6 4.6 0.85 0.80
2 Miscarriage 18 39 246.9 151.4 134 9.20
SE 9.2 9.1 1.69 1.61
3 PG 4-12 months 40 118 255.1 157.9" 15.5" 8.78
SE 5.9 6.0 1.09 1.07
Increase (%) 8.7 14.7 38.3 -1.9
4 No pregnancy 31 89 27073 173.7" 17.2" 15.03™
SE 6.7 6.8 1.24 1.22
Increase (%) 15.2 30.0 53.6 68.0
Study 11 115 115 308% 194.2™ 24.0™ NA
Increase (%) 315 40.8 114.2 -

ek

aCouples;°SamplescOccult group not shownn? = 3; n° = 8): P < 0.01;™ P < 0.001.

PG = pregnancy; NA= not applicable. For abbreviations, see Table I.

Table Ill. Least-squares means and SE by pregnancy outcome group for log of selected SCSA
measurements from Studies | and il € 165)

Fertility group nd nP Xay SDo COMPo; % HGRN
Study F 165 402

1 PG in 3 months 73 148 5.45 4.90 2.36 2.06
SE 0.016 0.029 0.052 0.064
2 Miscarriage 18 39 5.50 4.97 2.49 2.08
SE 0.032 0.059 0.105 0.129
3 PG 4-12 months 40 118 552 5.03" 2.60" 1.99

SE 0.021 0.039 0.068 0.086
4 No pregnancy 31 89 5.58 517" 2.69" 2.46"

SE 0.024 0.044 0.077 0.098

aCouples;Psamplesfoccult group not shownnf = 3; nP = 8); P < 0.01.
PG = pregnancy. For abbreviations, see Table I.

within months 1-3 (group 1) are shown in row 1; these value®f a given couple (Table V). Components of variance (between
serve as the ‘fertile’ reference standard for the other data igouples, between months within couple, and between duplicates
both Studies | and II. within month) used in the calculation of repeatability were
In the first three months of study, 10 couples experiencedomputed by restricted maximum likelihood (REML) methods
an occult pregnancy. Seven of these subsequently achieveduaing the VARCOMP procedure of the SAS® system software
successful pregnancy while on study and were analysed i(BAS Institute Inc., 1985). Duplicate measurements from an
that latter outcome group rather than as occult. With only threéndividual semen sample were highly repeatable (97.3% to
remaining couples in the occult group, statistical comparison89.1% across all pregnancy outcome groups), indicating a
were not feasible and are not shown. high degree of consistency for flow cytometer measurements.
Least-squares means by pregnancy outcome group weRepeatability of measurements taken in different months from
calculated for selected flow cytometry parameters by mixedhe same man varied somewhat across the different flow
linear model methods using the MIXED procedure of thecytometer parameters, as seen in Figure 1. For several para-
SAS® system software (Littekt al, 1996). This procedure meters, month-to-month measurements tended to be somewhat
takes into account the covariance structure among repeatéess repeatable among couples becoming pregnant in months
measurements from a given subject. Observations for thig—12 (group 3) than among couples in group 1 (pregnancy in
analysis were the within-couple means (averaged acroswonths 1-3) or group 4 (not pregnant). This was consistent
duplicates and months). The least-squares mean for pregnaneyth the observation that several couples in group 3 had
outcome group 1 was compared with the means of each of thelatively poor flow cytometer values in the first sample month,
other groups, using the MIXED procedure. The MIXED modelfollowed by improved values in the following two months
least-squares analysis was repeated using the log of flogFigure 1, cytograms D1-3). Compared with group 3, a greater
cytometer values, as the data had non-normal distributioproportion of couples in all other groups tended to have
(Table 111). consistently good or poor readings across months (Table V).
Repeatability (intraclass correlation) of flow cytometer Due to previous (Evenson and Jost, 1994) SCSA analysis
measurements was calculated between duplicate measuremeots: variety of semen samples from couples having experienced
of an individual semen sample and between monthly samplespontaneous abortions, we postulated that the SCSA data from
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Table IV. Repeatability (%) of SCSA measurements by pregnancy outcome&roup

Pregnancy outcome 0.4 SDoy COMPo, Red (mean) Green (mean) Total (mean) HGRN
group?
All groups® REPmM 74.8 84.3 73.7 80.5 77.6 90.4 94.2
REPd 98.4 99.1 98.8 98.2 97.3 98.4 98.5
1 PG month 1-3 REPmM 76.7 80.4 71.8 86.5 82.4 88.8 89.9
REPd 95.7 98.3 97.4 96.4 95.4 97.4 98.1
2 Miscarriage REPmM 87.2 90.8 84.2 86.1 88.6 89.2 88.1
REPd 98.0 99.2 98.2 98.1 97.3 98.5 98.5
3 PG month 4-12 REPmM 64.4 80.9 65.4 68.6 74.3 92.4 95.7
REPd 98.8 99.1 99.2 98.7 98.4 98.7 99.2
4 No pregnancy REPmM 85.8 86.8 84.0 90.8 79.6 89.8 95.2
REPd 98.8 99.4 99.0 98.3 97.4 98.7 98.2

3REPm= between-month repeatability (within couple); RERcbetween-duplicate repeatability (within couple and monftagcult group not showrfn =
165 couples.
PG = pregnancy. For abbreviations, see Table I.

Table V. Frequency (%) of observations with low, moderate, or high Table VI. Frequency (%) of observations with normal or high % high green
COMPy; values for each pregnancy outcome groop=( 165 couples) (HGRN) fluorescence values for each pregnancy outcome groep 165
couples)
Pregnancy outcome COMiRvalue
groug Pregnancy outcome groip HGRN value
Low (=<15) Moderate (15-30) High
(=30) Normal (<15) High =15)
1 = PG month 1-3 83.6 16.4 0.0 1 PG month 1-3 89.0 11.0
2 = Miscarriage 61.1 38.9 0.0 2 Miscarriage 94.4 5.6
3 = PG month 4-12 57.7 32.5 10.0 3 PG month 4-12 92.5 7.5
4 = No pregnancy 51.6 29.0 19.4 4 No pregnancy 67.7 32.3

@ccult group not shown. PG pregnancy. For abbreviations, see Table I.  @ccult group not shown. PG pregnancy. For abbreviations, see Table I.

group 1 (Table VI). The frequency percentage of observations

the miscarriages would have overall statistically significantof COMPx, and HGRN for each group are shown in Table VII.
values. Although this was not the case for mean values (Table one or more diagnostic tests could be developed to identify
1), using cut-off values for both levels of DNA denaturation couples likely to experience reproductive problems due to poor
and increased DNA stainability, SCSA data predicted seveBperm chromatin. A positive test result could be defined as a
of 18 miscarriages (Tables VI and VII), consistent with aprediction of possible reproductive failure (pregnancy outcome
theoretical but unproven 1:1 ratio for male:female cause@roups 2 and 4), whereas a negative test would indicate likely
miscarriages. reproductive success (groups 1 or 3). Using only SCSA

Of the variables evaluated, COMPappeared to be the best gata presented here, about 46% [24 of 52 (including three
indicator to predict whether a couple would not becomecoyples failing to become pregnant after experiencing occult
pregnant based on logistic regression results. All couples withregnancy)] of couples who actually experienced reproductive
abnormally high values of COMR (>30) experienced either proplems in this study would have been predicted to have a
delayed pregnancy or no pregnancy (Table V). About 84% Oproblem (i.e. tested positive), assuming cut-off values d5%
couples in group 1 had relatively low values of COMP (negative) versus>15% (positive) for mean COMR (Table
(<15%). Of importance, none of the men in group 1 had ay)jj). If it were to be assumed, for example, that a test result
COMPu; value above 30% (with one explainable exception).for possible reproductive success was positive if the value of
which is the cut-off value currently adopted as beingejther HGRN £15%) or COMR, (>15%) was above a cut-
categorized as not compatible with good fertility. A low off point, then about 52% (27 of 52) of couples who actually
COMPu, value for natural fertility obviously does not guarantee experienced reproductive problems in this study would have
conception because of the many other factors involved in thgeen predicted to have a problem (Table 1X). These predicted
control of fertilization. As seen in Table V, 52% of the COUplesVa|ueS may have been h|gher if the values of HGRN and
in group 4 (no pregnancy) also had low COMRalues; thus, COMPu, near the time of conception had been used rather
the chromatin was normal at the time of measurement, buhan the mean value over several months (Figure 1, cytograms
other reasons prevailed for lack of fertility. In our other animaIDl_g)_ The sensitivity of the test may have been affected by

and human fertility experiments, a COMP>30% and good  changing cut-off values, or by adding additional criteria.
fertility have not been seen together. Similarly, with regard

to the HGRN staining samples, of which we have little Study I
understanding at this point, group 4 included a much greateéBemen samples obtained from 115 consecutive men arriving
proportion (32.3%) of abnormally high HGRN values than didat the Andrology Laboratory, the National Hospital, Oslo,
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Table VII. Frequency (%) of observations by combination of CGlyiend HGRN levels for each pregnancy

outcome groupr( = 165 couples)

Pregnancy outcome Normal HGRN:15)

High HGRN &15)

group
Low Moderate High Low Moderate High
COMPu COMPu; COMPu¢ COMPo, COMPo, COMPu;
1 PG month 1-3 76.7 12.3 0.0 6.9 4.1 0.0
2 Miscarriage 61.1 33.3 0.0 0.0 5.6 0.0
3 PG month 4-12 55.0 30.0 7.5 25 25 25
4 No pregnancy 41.9 19.4 6.5 9.7 9.7 12.9

@0ccult group not shown. PG pregnancy. For abbreviations, see Table I.

Table VIIl. Numbers of couples experiencing reproductive failure or
success by COM prediction groups

Prediction Actual reproductive outcome
Failure Success
(groups 2 or 4) (groups 1 or 3)
Failure (COMR; >15%) 24 29
Success (COM&; <15%) 28 84

For abbreviations, see Table I.

all with abnormal morphology. Note in Table Xl that there
were no biologically meaningful correlations between classical
criteria of sperm quality and SCSA parameters; for example,
a correlation ofr = —-0.23,P < 0.05 between percentage of
cells showing DNA denaturation (COMR) and progressive
motility practically stated that dead cells were not synonymous
with cells having abnormal chromatin structure; these data
agree with other studies with human spermatozoa (Schrader
et al, 1988; Evensoret al, 1991).

Comparison of SCSA values within Study |, and between
Studies | and Il

Table IX. Numbers of couples experiencing reproductive failure or success by € SCSA data variables in Study | had increased values

COMPo/HGRN cut-off groups

Prediction Actual reproductive outcome
Failure Success
(groups 2 or 4) (groups 1or 3)

Failure (COMR >15 or HGRN=15) 27 35

Success (COM& <15 or HGRN<15) 25 78

For abbreviations, see Table I.

Table X. Norway infertility clinic data

Fertility variable n Mean Minimum Maximum

Xag 115 302.1 213.3 492.0

SDa 115 181.8 77.9 283.5

COMPu, (%) 115 24.4 5.3 68.9

Volume (ml) 115 3.8 0.5 115

Concentration X 10°) 115 33.4 0.0 270.0

Motility (%) 109 55.3 4.0 98.0

Progressive motility (%) 110 25.1 1.0 60.0

Abnormal (%) 113 60.7 32.0 95.0

For abbreviations, see Table I.

(lower quality) related to increased time to pregnancy and
no pregnancy. These increases were shown as significant
percentage increases relative to the fertile standard values
(pregnancy in 3 months) for two of the other three groups in
Study I, as well as the mean of the values for Study Il (see
Table Il). The SCSA values from 118 semen samples from 40
couples achieving pregnancy in months 4-12 were significantly
(P < 0.01) higher, representing 9, 15 and 38% increased
values for Xx;, SDo; and COMRY, respectively. The 89 semen
samples obtained from 31 couples not achieving pregnancy
by month 12 had highly significanP(< 0.001) increases in
SCSA values, representing 15, 30, 54 and 68% increased
values for X1, SDa;, COMPRy; and % immature (HGRN)
respectively. The 115 samples from Study Il had mean values
for Xa;, SDa; and COMPR, that were 32, 41 and 114% greater
respectively, than the fertile reference group in Study I.

Discussion

Sperm chromatin integrity, measured by the SCSA, and defined
as the susceptibility to DNA denaturatiamsitu, is predictive

of time to conception or, primarily, failure to conceive. The
SCSA provides an easily and rapidly obtained diagnostic and

Norway were measured for the classical parameters of semeamognostic evaluation of one measure of semen quality as
volume, sperm concentration, and percentage motility, proshown in three animal studies (Ballacheyal., 1987, 1988;
gressive motility and normal morphology by WHO criteria. Evensonet al, 1994), a preliminary human study (Evenson
An aliquot of all samples was frozen, thawed and analysed byt al, 1980), and the present study.

the SCSA.

In Study |, using the SCSA values from the couples

The range of sperm quality criteria was much broader tharonceiving during the first 3 months as a ‘standard’ for ‘highly
observed in Study |, where the couples were selected for nfertile’ individuals, the increased SCSA values obtained from
known risk of infertility. As shown in Table X, these samples individuals conceiving during the next 9 months were signi-
ranged from near-azoospermic to very low motility to nearlyficantly different £ < 0.01). More dramatically, those indi-
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Table XI. Norway infertility clinic semen variable correlations

SDa; COMPo; Volume Concentration  Motility Progressive  Abnormal
(ml) (X109 (%) motility (%) (%)
Xa 0.84™ 0.86™ -0.11 -0.17 -0.3T -0.28" 0.21*
SDo 0.64™ -0.10 -0.05 -0.40 -0.45" 0.31™
COMPu; -0.02 -0.27 -0.30" -0.23* 0.21*

Hkk

“P < 0.05;”P < 0.01™ P< 0.001. Note:<15 = not correlated; 0.15-0.39 poorly correlated; 0.4-0.45
moderately correlated.
For abbreviations, see Table .

viduals not conceiving over the 12-month study yielded SCSA For some time we have wrestled with the question of what
values that had greater significant differencs<{ 0.001) percentage of spermatozoa with denatured DNA is the cut-off
from the ‘standard’ group, providing strong evidence thatlevel for considering the sample as compatible or possibly
sperm chromatin structure was reflective of fertility potential.non-compatible with fertility. From data in this study and other
This viewpoint is strengthened by SCSA values from Studyunpublished data, that threshold is currently set at 30%.
I, in which the quality of semen samples from men of couplesHowever, it is important to discuss that this does not mean
suspected of possible infertility were significantfy € 0.001) that the other 70% of spermatozoa have fully normal chromatin.
different from those of the standard fertile group. Even so, inThis value means only that, given the physical conditions
Study Il and previous studies (Schraddral., 1988; Evenson imposed on the spermatozoa to induce DNA denaturation, that
et al, 1991) the SCSA data were not well correlated with30% of the spermatozoa crossed that threshold. As has been
classical semen parameters, emphasizing that SCSA data atiscussed previously (Evenson and Jost, 1994), stronger
independent to a significant degree. Of greatest importance inducing conditions for DNA denaturation will cause a higher
the andrology clinic are those cases where the classical criterfzercentage of sperm nuclei to cross that threshold. It is
are within normal ranges, but the SCSA values are poor, antnportant to note, however, that the shift in different samples
probably not compatible with good fertility (COMR=30%). is proportional, i.e. the dose-response curves are parallel, and
For many reasons, before embarking on extensive assistédus no new valuable information is obtained by varying
reproduction treatment, it would be of great value to the patienphysical conditions. Thus, an exact set of conditions as detailed
and the clinic to know the quality of the sperm chromatin, notin Materials and methods for treatment of spermatozoa and
measurable by any other efficient method. measurement by flow cytometry (Evenson and Jost, 1994)
In Study I, we had postulated that a significant correlationstrictly defines the SCSA, and all sample data can be related
would be found between sperm chromatin quality and occulto other samples.
pregnancy. There were not sufficient numbers-(3) to detect Furthermore, whereas the variable COd{@escribes only
differences, and only a trend was noted between occulthe percentage of cells demonstrating DNA denaturatiom;SD
pregnancy and reduced total DNA stainability, probably duedescribes the variation from the mean. In other studies, e.g.
to chromatin hypercondensation factors and/or hyperoxidatioeffects of smoking on sperm head morphometry (Rugies.,
of cysteine -SH groups. 1998), the variation around the actual mean values rather than
High-quality SCSA data are not directly predictive of goodthe mean values was indicative of smoke-induced changes.
fertility potential, since natural fertility requires many other The SO, has been the parameter most highly correlated with
positive traits such as motility, morphology, acrosome integrityrodent reproductive toxicants, dose and time parameters. A
etc. The inverse, i.e. poor SCSA data, are predictive ohigh SDu, is further suggestive that damaged chromatin exists
subfertility/infertility. For the purposes of intracytoplasmic in the ‘main population’, and even though any single cell may
sperm injection (ICSl), there is ample justification for annot have crossed the ‘threshold’ to be counted as a DNA
SCSA measurement since there is generally poor correlatiodenatured (COM®&,) cell, the extent of damage may be
between SCSA measures and motility, morphology andufficient to have negative fertility/pregnancy outcome factors.
viability. Thus, in those cases reported in the literature where What is the physical damage in sperm chromatin that is
there is a concern whether to utilize an ejaculate with little ordirectly or indirectly being detected by the SCSA? A recent
no motility or to obtain a testicular sample in hope of betterstudy (Aravindanet al, 1997) selected 23 human sperm
quality spermatozoa, if the SCSA data are good then it wouldamples with COM®, values ranging from 5% to 95%.
be instructive to consider using the ejaculate for ICSI. On theAliquots of these samples were analysed for DNA strand
other hand, if the SCSA data are of poor quality, even inbreaks by two independent methods: (i) flow cytometric
the face of ‘normal’ motility and morphology, then serious TUNEL assay for 3OH broken ends of DNA (Gorzcyca
consideration should be given not to utilize that sample foret al, 1993); and (i) DNA fragments by single cell gel
fertilization. In cases where the testis may have been exposeadectrophoresis analysis (modified COMET assay; Sitgid.,
to a perturbing agent, e.g. high fever (D.P.Evenson, unpublishet988). Correlations between the percentage of cells demonstrat-
observations), and the resulting data are of poor quality, it isng denatured DNA by SCSA (COMR) were very strong
suggested that another sample be evaluated by the SCSA afteith TUNEL data ¢ = 0.859,P < 0.001) and COMET data
one spermatogenic cycle. (r = 0.973,P < 0.001). The latter assay, being the more
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sensitive to DNA strand breaks, showed a near 1:1 relationshigepeatedly throughout the weeks of measurements was 0.98
between the percentage of cells with denatured DNA andP < 0.001), thus showing excellent internal quality control.
percentage of cells with ‘comets’ consisting of DNA fragments.External quality assurance has been addressed above, with
These data provide strong evidence that the SCSA data asdiquots of the same sample being measured in different
showing DNA strand breaks which, by definition, would belaboratories with different instruments, and by different
considered negative for fertility and pregnancy outcome. Theechnicians.
origin of these strand breaks is not clear; however, recent The whole purpose of performing a diagnostic test in the
studies in our laboratory show that oxidative stress agents, e.gvaluation of the male partner of a suspected infertile couple
exposure to HO,, produce the same SCSA pattern in a dose-is to learn whether his fertility is impaired (Matson, 1997).
response relationship (Larsat al, 1998), and we currently The test must then have a threshold above and below which
favour the idea that most damage is due to oxidative stress fo will provide discrimination and predictive capabilities, and
DNA. Also, consideration has been given to the idea that thewith little overlap between fertile and infertile men. As an
may represent an altered form of apoptosis where the DNAexample of this problem, a ‘normal’ sperm concentration is
fragments can exist in cells that are otherwise ‘healthy'regarded as being-20x10°/ml (WHO, 1992); however, this
from the standpoint of mitochondrial function (motility) and was derived from a study (Macleod and Gold, 1951) where
membrane viability (viable) (Gorzcyaat al,, 1993; Aravindan  the median sperm concentrations in the fertile and infertile
et al, 1997). Other studies are in progress to evaluate thigroups were 9810°ml and 74x10°/ml respectively. Obvi-
possibility. ously, this criterion has little power to identify prospectively

In summary, these two studies, as well as previous studiegafertile men. In sharp contrast, in this study, men with
provide a solid rationale for andrology clinics to measure30% or more spermatozoa showing DNA denaturation were
SCSA in all or selected semen samples before counsellingubfertile/infertile, thus showing reasonable sensitivitiith
patients on fertility issues, especially expensive assistegegard to specificity, i.e. the proportion of normal individuals
reproduction procedures. correctly predicted to have a fertility problem and who actually

: experienced a fertility problem was 52% (27/52). If however,

How useful is the SCSA? SCSA data had been based on a single measurement taken
As discussed by Matson (1997), for a test to be useful, it musfithin several days of attempted conception, rather than on a
first be reproducible such that similar results are obtained eaghean of several monthly samples, the predictive power would
time a man is tested, assuming that all other factors arggye significantly increased.
unchanged. Two aspects of this are: (i) the robustness of the ysing a combination of selected cut-off values for percentage
method in performing to the same level each time; and (i)spermatozoa with denatured DNA and/or increased DNA
the stability of the parameter being measured. The SCSA igtainability (HGRN), the SCSA predicted 39% of miscarriages
among the best of semen assays with regard to both Qeven of 18; six from COM®, and one from HGRN) (Tables
these aspects. For the first, as shown in this study—ang ang vI). Since over 50% of miscarriage problems are likely
in measurements of thousands of other mammalian Spergg pe attributed to the female, this result was strongly related
samples—the repeatability is invariably in the 0.98 t0 0.9% {he prediction. Again, these results were based on within-
range. Correlations between measurements of frozen—thaw%gume mean values for SCSA parameters. Inspection of

aliquots of the same samples on six different flow cytometers,qividual (monthly) samples can be more informative. For
at six different institutions and times were also in the 0.97 toexample, some had poor values in month 1, followed by
0.98 range; this even included using both orthogonal lasefi, 5 6yed values in later months. Even though the overall
driven FCM versus mercury arc epi-illumination FCM. Further- . COMR, was>15%, the value at the time of pregnancy

more, the use of different computer software for calculation§NaS<15%_

of SCSA variables showed correlation coefficients of the

same variable from different programs to all be 0.98 or higher

(P < 0.001; Evensoret al, 1995). These results far exceed

the repeatability of many tests, even computer-driven CASA(ACknOV\’le‘jQ’ements

systems, done on different instruments and in different laboral "is Work was supported in part by EPA Grant Numbers R820968-
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SCSA variables were the most stable over 8 months in amakota Futures Fund. This is South Dakota Agricultural Experiment
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