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Background: Sperm DNA damage is associated with reduced male fertility after
natural conception and intrauterine insemination. However, the impact on in vitro
fertilization (IVF) and especially intracytoplasmic sperm injection (ICSI) treatments is
still unclear. Few studies have focused on the intra-individual variation in DFI even
though it may have an important role to play in terms of detection of thresholds and
for misclassification rates. '

Methods: Results for Sperm Chromatin Structure Assay (SCSA®) tests performed for
70 European fertility clinics between January 1%, 2008 and December 31%, 2022 were
examined. A small retrospective study included 406 couples receiving their first treat-
ment with IVF or ICSI. These results were then used for a mathematical simulation to
investigate the role of intra-individual variation. The large retrospective study included
a total of 14,138 diagnostic tests and 637 tests from an Ul study. The distribution of
DFlwas assessed for the lUI cohort and cohorts of patients attending Sims IVF and Fer-
tility Center Hamburg (FCH). Descriptive analysis of the data was performed regarding
time of year, male age, and year.

Results: When DFI was above the thresholds of 15 and 25, a significant reduction in
ongoing pregnancies after 12 weeks of gestation was observed for IVF and ICSI treat-
ments, respectively. For IVF treatments, the pregnancy rate was reduced from 45.1%
to 24.6%, odds ratio = 2.58 (p = 0.004). For ICSl treatments, the pregnancy rate was
reduced from 48.6% to 29.6%, odds ratio = 2.00 {p = 0.032). Intra-individual variation
was significantly related to the misclassification rate and the sample size required to
identify a threshold. The percentage of patients with a DFI below 15 was 64.8% for the
IUIl cohort and 51.7% and 41.6% for cohorts of patients attending Sims IVF and FCH,
respectively. The median DF I for these cohorts differed significantly and was 11.6, 15.0
and 17.2, respectively. DFl shows a seasonal variation, and increases with male age.
During the past 15 years, the median DFI has increased by 0.05'% per year (p=0.02).
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1 | INTRODUCTION

It is now 25 years since Evenson et al. were the first to show a sig-
nificant relationship between sperm DNA 'fragmentation (DFI) and
reduced male fertility.! The authors established two thresholds for
the clinical use of the results of the Sperm Chromatin Structure Assay
(SCSA®). A DFI below 15 was indicative of “high fertility” with 84%
of the couples in this group achieving pregnancy naturally within 3
months. In contrast, no couples achieved pregnancy if the DFI was
above 30. A DFI between 15 and 30 was associated with “reduced
fertility” and more time was required to achieve pregnancy. In addi-
tion, an increased risk of miscarriage was observed for this group
of couples.

On the basis of these very promising results, it would seem reason-
able to assume that this technology would have been well received
by the reproductive societies since. However, in fact, sperm DNA
fragmentation has had a long and bumpy road and today it is still a
controversial topic.2~*

In our opinion, there are several reasons for the controversy and
misunderstandings. Firstly, there are four different methods for assess-
ing sperm DNA damage: COMET (single cell gel electrophoresis), SCD
(sperm chromatin dispersion test), TUNEL (terminal deoxynucleotidyl
transferase dUTP nick end labeling), and SCSA® (Sperm Chromatin
Structure Assay). The principles behind these methods differ, which
means that the resulting measurements cannot be compared directly.
For the sake of simplicity, we only focus on SCSA® in this paper. How-
ever, the same considerations and principles apply regardless of the
method used for testing sperm DNA fragmentation.

The first source of disagreement arose in connection with the inter-
pretation of the results of the study in 1999." A commonly accepted
perception back then was that sperm DNA fragmentation was a stable
parameter almost like the man’s fingerprint. Therefore, it was assumed
that the reduction in reproductive outcome observed after natural
intercourse would be the same for an intrauterine insemination (IUl),
in vitro (IVF), and intracytoplasmic sperm injection (ICSI) treatments.”
Yet this assumption was incorrect, and it was soon discovered that
the outcome of IVF and especially ICSI treatments was affected to a
lesser degree than the outcome of 1Ul treatments.>° Another impor-
tant and surprising observation was that prolonged abstinence time

during the past 15 years.

Discussion and conclusions: Ongoing pregnancy rates are reduced significantly for
both IVF and ICSI treatments when DFl is above the thresholds of 15 and 25, respec-
tively. The misclassification rate and the required sample size increase with increasing
intra-individual variation. Couples with a DFI above 15 are more likely to experience

failed assisted reproductive technology (ART) cycles. DFI appears to have increased

embryo mortality, ICSI, intra-individual variation, IVF, pregnancy rate, SCSA® sperm DNA

could increase DF| whereas a shorter abstinence time would lead to a
reduction in DFL.7-11
The different impact on 1UI, IVF, and ICSI treatments as well as the

influence of the duration of abstinence made it clear that there was a
need to seriously reconsider the way in which sperm DNA becomes
damaged. To this end, in 2010, Aitken and De luliis developed a new
hypothesis known as the Two-Step Hypothesis.2 According to this,
damage to sperm DNA occurs in two steps. The first step is a dis-
turbance of spermiogenesis, which leads to the production of mature
sperm with fragile DNA. The second step is oxidative damage to the
sperm DNA, which mainly occurs after the sperm has left the testicle
and increases its production of energy required for motility.

During spermiogenesis, the haploid spermatids undergo major mor-
phological changes to form mature spermatozoa. In the last 21 days
of spermiogenesis, histones are replaced by basic transition proteins
and then protamines, which ensures the tight compaction of chro-
matin, so the DNA becomes transcriptionally inactive and inaccessible
to DNA repair proteins.’31* Any disturbance during spermiogenesis
(i.e., poor protamination or nicks in the DNA) reduces the stability of
the sperm DNA and makes it vulnerable to reactive oxygen species
(ROS). Although ROS may originate from external sources (i.e., acti-
vated leukocytes), the most common source of oxidative attack is in
the form of Hy0,, which is released from the spermatozoa’s own
mitochondria.’? Therefore, for a spermatozoa with vulnerable DNA,
the journey to the oocyte and the penetration of the zona pellucida
is a race against the time. The vulnerable DNA will soon have several
places with single stranded DNA breaks, but such nicks will quickly be
transformed into double stranded breaks, thereby causing the DNA
to break into fragments (fragmentation). lUl treatment is much more
energy demanding for the sperm cell than IVF treatment, and the DNA
will, therefore, have acquired more damage before fertilization has
been completed. For 2 spermatozoon with vulnerable DNA, the least
demanding treatment is ICSI as the spermatozoa does not need to
produce energy to reach the oocyte or become hyperactivated and
penetrate the zona pellucida. Clearly, a prolonged stay of the motile
spermatozoz in the epididymis will also increase sperm DNA damage.

We commonly talk about sperm DNA fragmentation (abbreviated to
SDF), but the Two-Step Hypothesis provides a more nuanced picture
of the problem. The spermatozoa with fragmented DNA is only the tip
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of the iceberg. The underlying problem is the reduced stability of the
sperm DNA, which makes it vulnerable to damage.

Assessing semen quality has traditionally been limited to methods
that suffer from a high degree of random variation and a significant
amount of intra-individual variation.!>¢ The study on the SCSA® by
Evenson et al. was among the first to use flow cytometry to analyze
spermatozoa. Flow cytometric analysis of sperm quality has the poten-
tial for an extremely high degree of precision.’” Indeed, the theoretical
binomial measurement error when analyzing 5,000 spermatozoa is
<1%. Evenson et al. demonstrated that the intra-individual variation for
DFI determined by the SCSA® was small in comparison to the clas-
sical parameters reported by Schrader et al.'>*® In addition, DFI has
also been shown to be highly repeatable between laboratories using
the SCSA®.'8 Since, several studies have used flow cytometry as a
technological platform to assess sperm concentration, sperm viability,
mitochondrial function, and acrosomal status in samples from different
species of animals as well as humans.**~?’ Several studies concern-
ing the SCSA® have been conducted with spermatozoa from various
animals and humans.®27-22

Evenson et al. inspired other researchers, who published several
studies during the following couple of decades.® However, a large pro-
portion of the studies which followed were based on small sample sizes
or had other shortcomings.>3*%° As a result, various thresholds for
DFI were reported, and some authors were even unable to confirm a
threshold.3031.3637 One of the largest studies concerning the SCSA®
and the outcome of 1UI, IVF, and ICSI was performed by Bungum et al®
This study confirmed a threshold of 30 for 1Ul, but a threshold of 15 was
not confirmed. Furthermore, a threshold was not confirmed for IVF or
ICSI, but when the DFI was above 30, the treatment outcome for IVF
was reduced in comparison to ICSL.

For a test to be useful, it must be reproducible, so similar results
are obtained each time the same man is tested.'*® In the longitudi-
nal study from 1991, Evenson et al. demonstrated that DFI is largely
independent of classical semen parameters and that it is a very sta-
ble parameter.’® The within-male coefficient of variation for DFI (CV,,)
was 23%. Since then, only 3 studies have focused on intra-individual
variation for DFI using the SCSA®. Erenpreiss et al. and Oleszczuk
et al. estimated the intra-individual variation CVyy to 29.0% and 30.1%,
respectively.*?#? In contrast, Blomberg Jensen et al. conducted a
randomized and controlled trial and estimated the intra-individual vari-
ation in DFI to a CV,, of 16.5%.%" The discrepancy in the reported
intra-individual variation in DFI may be important as a small degree of
variation is essential for correct diagnosis and treatment. This led us to
formulate the following research question:

Does intra-individual variation in DFI play a significant role in the
ability to detect thresholds for DFI and for misclassification rates?

The secondary objectives of this work were to demonstrate the
impact of DFI on assisted reproductive technology (ART) treatments
and to test if DFI had stayed at the same level during the study period.

In the following, we perform a retrospective analysis of 14,775
SCSA® tests to answer these questions. The impact of DFI on the
outcome of IVF and ICSI is demonstrated using a small cohort of
406 couples receiving their first treatment. Subsequently, we use
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these results in a mathematical simulation with different levels of
intra-individual variation and calculate the required sample size to
demonstrate a threshold for DFI as well as a misclassification rate.
Finally, the impact of DFl on ART treatments is demonstrated inaretro-
spective analysis of all 14,775 SCSA® tests. Descriptive analysis of the
data shows the effect of time of year, male age, well as development in
DFI from 2008 to 2022.

2 | MATERIALS AND METHODS
2.1 | Preparation of semen samples

Semen samples were prepared by 70 European fertility clinics between
January 1st, 2008 and December 31st, 2022 from atotal of 14,138 clin-
ical cases. Couples receiving fertility treatment signed a consent form
in which they accepted that their data could be used anonymously for
research. In addition, 637 tests from an 1Ul study were also included
resulting in a total of 14,775 SCSA® tests.

Fertility Center Hamburg (FCH), Germany, started to use the SCSA®
in 2007 and contributed 2591 of the clinical cases (average male age
was 38.4 years, Cl 38.2-38.7) from January 1%t, 2008. Sims IVF (Sims
IVF), Dublin, Ireland, used SPZ Lab’s service from 2008 to 2012 and
contributed 1971 of the clinical cases (average male age was 38.9
years, Cl 38.7-39.2).

A standard abstinence time of 3 days was recommended. After lig-
uefaction for a minimum of 20 min, 0.5 mL neat semen was diluted with
a sperm wash medium or with a TNE buffer (0.01 M TrisCl, 0.15 M
NaCl, 1 mM Disodium-EDTA, pH 7.4). Diluted semen samples were
placed in Sarstedt CryoPure vials 1.8 mL and were frozen in a dry ship-
per or directly in liquid nitrogen. The clinics sent the dry shippers (MVE
SC 4/3) to SPZ Lab by courier.

The concentration of spermatozoa was determined by the fertility
clinics and reported on the order forms along with the man’s name and
date of birth. At Sims IVF and FCH, sperm concentration was deter-
mined using a Makler chamber. The same device was used for motility
assessments, which were assessed in four categories: A (rapidly pro-
gressive motile), B (progressively motile), C (non-progressively motile)
and D (non-motile). All assessments were performed twice and were
repeated if the results did not agree. A+B motility was reported as the

percentage of motility.

2.2 | Fluorescent Staining

The dilution and staining of samples was performed according to the
procedure described by Evenson.** A vial was thawed in a water bath
at 37°C for £ min and then incubated on ice for 5 min.32 Approxi-
mately 11% of the thawed semen samples were observed to be viscous
when they were gently aspirated with a pipette. These samples were
diluted and mixed carefully before processing. Sperm concentration
was determined using a Nucleocounter SP-100 according to the man-
ufacturer’s instructions (Chemometec A/S). An aliquot of the sample
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was then diluted to a concentration of 2 x 106 spermatozoa/mL with
2 TNE buffer to a total volume of 200 pL in a 5 mL Falcon tube (Corn-
ing Science). An acid detergent solution (400 pL; 0.08 M HCI, 0.15 M
NaCl, 0.1% v/v Triton X-100, pH 1.2) was add.ed, and a stopwatch was
started. After precisely 30's, 1.20 mL of AO staining solution was added
(6 pg/mL acridine orange (AO, Polysciences Inc.) 0.037 M citric acid,
0.126 M NayHPO,, 1.1 mM Disodium-EDTA, 0.15 M NaCl, pH 6.0). The
stained sample was then placed in a flow cytometer. Data acquisition of
5000 events was performed 3 min after initiation of the acid detergent
treatment. For each semen sample, a minimum of two aliquots were

stained and analyzed.

2.3 | Flow Cytometry

The samples were analyzed using a FACSCalibur or a FACSCan flow
cytometer (BD Biosciences). Both instruments were operated with a
15 mW, 488 nm laser. Emission signals were separated by a 560 nm
dichroic mirror. The green fluorescence (FL1) was collected through a
515-545 nm band-pass filter. The red signal was collected through a
650 nm long-pass filter. The flow rate was set to “high” (60 pL/minute)
and resulted in an event rate below 150 per second.

The DNA fragmentation index (DFI) was determined by the Cel-
IQuest Pro Software (BD Biosciences) as the percentage of cells
outside the main population exhibiting a red signal (single stranded
DNA). The main population consisted of spermatozoa exhibiting a
green signal (double stranded DNA).

To ensure stringent quality control, all flow cytometric analyses
were inspected visually. DFI values for the two replicates had to
agree with each other (SD below 2.5%). If this was not the case, two
new replicates were analyzed. Approximately 7% of the samples were

reanalyzed.

24 | Recommended use of the SCSA® test

In 2008, SPZ Lab’s clinical recommendation was that Ul or IVF
treatment should be performed when the DFI was below 25. ICSI
treatment was recommended when the DFI was above 25, but it was
also conducted according to the guidelines used by the clinics. This
recommendation was according to the implementation of SCSA® in
the Southern Sweden Hospital Region in 2007 following the study by
Bungumet al.?

2.5 | Design of the small retrospective study

This study was based on cases from FCH and Sims IVF. Clinical IVF and
ICSI records were assessed consecutively in the fall of 2012. Couples
were only selected if they had received their first treatment within 3
months of the SCSA® test. Only the outcome of the first treatment
cycle was included in the data. IVF (n=210) and ICSI {n = 196) records

CHRISTENSEN ET AL.

were identified. The 25 couples did not have embryo transfer per-
formed on the first treatment cycle and were, therefore, not included
in the study. The women had an average age of 35 years with a range
of 24-46 years. The age of the men ranged from 22 to 60 years with
an average of 37 years. For each record, the treatment date, date of
birth of the woman and man, and results for sperm concentration and
motility were recorded. Pregnancy was confirmed by ultrasound after
12 weeks of gestation. Thresholds for DFI were 15 and 25 for IVF
and ICSI, respectively. The effect on the outcome below and above the
threshold was analyzed.

The effect on embryo morphology was assessed for FCH (IVFn=75,
ICSIn=56). The mean grade for the best embryo and the average grade
of the embryos was estimated with a 95% confidence interval for IVF
and ICSI treatments below and above the respective thresholds. Simi-
larly, the likelihood of pregnancy was estimated with a 95% confidence

interval.

2.6 | Role of intra-individual variation

A mathematical simulation was performed to see how differences in
intra-individual variation in the assessment of sperm DNA damage
affect the observed pregnancy rates below and above a threshold.
The work was based on the result of the small retrospective study in
combination with the magnitude of the intra-individual variation as
estimated in a randomized controlled trial.**

27 | Design of the large retrospective study

The large retrospective analysis was carried out in January 2023 and
utilized data from the 14,138 diagnostic tests of sperm DNA dam-
age, which were performed for 70 European fertility clinics between
January 15t, 2008 and December 315, 2022.

The median DFI was considered in relation to year, time of year,
male age, and fertility clinics, and the comparison of two groups was
quantified using a median ratio. To assess possible differences between
clinics, the median DFI was calculated for Sims IVF and FCH. The
median DFI was also calculated for a previously unpublished 1UI study
with 637 tests in connection with 1UI treatments performed by one of
the clinics. The median DFI for the Ul cohort was compared against
the median DFI of all clinics. The median DFI for the Sims IVF and FCH
cohorts was compared with the median of the other cliinics.

2.8 | Statistical analyses

The analyses were performed using statistical software R version 4.4.1.
In the small retrospective study, pregnancy rates between the DFI
groups were compared using odds ratio in logistic regression adjusting
for female age, sperm concentration and motility. The percent of the
total variation of DFI described by sperm motility and concentration
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was assessed as the reduction in residual variation in a linear regres-
sion model of log-DFI with and without the inclusion of sperm motility
and concentration as independent variables.
To perform the mathematical simulation, the pregnancy rates were
estimated using the binomial model and compared between DFI < 15
and DFI 15-25 groups for IVF treatment and between DFI < 25 and
DFI>25 groups for ICSI treatment using the chi-squared test. The com-
parison of pregnancy rates between the DFI groups may have been
confounded due to measurement error of the true male DFI level. To
study the impact of measurement error, a fixed pregnancy rate was
assumed within DFI < 15 and DFI 15-25 groups for IVF and within
DFI < 25 and DFI > 25 groups for ICSI. The true pregnancy rate with-
out misclassification was then estimated in groups based on the true
DFl level, and the assumption that DFI follows, approximately, a normal
distribution on the logarithmic scale. Simulated sample size calcula-
tions were performed to ensure 80% power using 10,000 replications.
The simulations are an illustration of non-differential misclassification
yields risk difference toward the null value.*>** The necessary sample
size was computed with the observed within subject CV,, of 16.5%,%*
including scenarios in which the CV,, was increased by 50% and 100%.
For each scenario, the misclassification rate was calculated as the per-
cent of the sample for which the true DFI was above the threshold (15
for IVF treatments and 25 for ICSI treatments), but the measured DFl
was below the threshold, or the true DFI was below the threshold, but
the measured DFl was above the threshold.

In the large retrospective study, the analysis of DFI was performed
on the logarithmic scale using multiple linear regression with robust
variance estimation to account for males with several DFI measure-
ments. The association of DFl with year, time of year, and male age was
assessed using restricted cubic spline.

3 | RESULTS
3.1 | The small retrospective study

The results from FCH for grading of embryo morphology are presented
in Table 1. At the time of the treatments, German law only permitted a
maximum of three oocytes to be fertilized and cultured. Regardless of
the embryo morphology, all the embryos had to be transferred if alive.
Transfers were performed on days 2 to 5.

Pregnancies were, in general, only achieved with embryo gradings of
3or 4(1=poor, 4 =optimal morphology). Embryo grading did not differ
below and above the threshold (DFI = 15) for IVF treatments 3.04 vs.
3.11 for the best embryo (p = 0.76), and 2.87 vs. 2.85 for the average
grade (p =0.94).

The grade for the best embryo morphology was 3.25 below vs. 3.34
above the threshold {DFI = 25) and not statistically different (p = 0.69).
The average grade was 3.04 vs. 2.98 (p =0.81).

Figure 1A shows the percentage of ongoing pregnancies after the
first cycle of IVF treatment for 210 couples. Pregnancies were con-
firmed by ultrasound at 12 weeks of gestation. The pregnancy rate
was 45.1% (95% CI: 36.5-54.0%) when the DFI was below 15. When

ANDROLOGY & EH Ry

TABLE 1 Embryo morphology was graded on ascalefrom1to4
(worst to best morphology). The numbers show the morphology grade
and 95% Cl for the best embryo and the average morphology grade
(one to three embryos). Results are shown according to the type of
treatment (in vitro fertilization (IVF) or intracytoplasmic sperm
injection (ICSI)) and the threshold for DNA fragmentation index (DFI,
15 for IVF; 25 for ICSI).

IVF treatments Grade for the best embryo Average grade
DFl< 15 3.04 2.87

{n=48) (2.78-3.31) (2.59-3.14)
DFl 15t0 25 311 2.85

(n=27) (2.76-3.47) (2.48-3.22)
p-value 0.76 0.94

ICSl treatments Grade for the best embryo Average grade
DFl <25 325 3.04

(n=24) (2.90-3.60) (2.68-3.40)
DFI>25 3.34 2.98

{(n=32) (3.04-3.65) (2.67-3.29)

p-value 0.69 0.81

the DFIl was between 15 and 25, the pregnancy rate was 24.6% (15.6-
35.8%). Odds ratio adjusted for female age, sperm concentration and
motility was 2.58 (1.36-5.04, p = 0.004).

For ICS| treatments, the ongoing pregnancy rate was 48.6% (39.3~
58.2%) when the DFIl was below 25 (Figure 1B). When DFI was above
this threshold, the pregnancy rate was 29.6% (20.0-40.8%). Odds ratio
adjusted for female age, sperm concentration and motility was 2.00
(1.07-3.80, p=0.032).

For the 406 couples, the average female age was 35 years with
a range of 24-44 years. The men had an average age of 37 years
(range of 22-60 years). Sperm motility and sperm concentration had
a low correlation to log (DFI) with a Pearson correlation of —0.34
and —0.15, respectively. Together, sperm motility and concentration
explained 12% of the variation in DFI.

Figure 2 shows how results, illustrated as bar charts, are affected
by intra-individual variation in the assessment of sperm DNA damage.
The bar charts to the left show the pregnancy rates adjusting for mis-
classification of the true DFI level. The bar charts second from the left
show the observed pregnancy rates when CV,, = 16.5%.%! Pregnancy
rates with a 50% and 100% increase in the observed intra-individual
variation are presented in the third and fourth position, respectively.

The difference in the calculated pregnancy rates below and zbove
the threshold for DFI diminishes with increasing intra-individuzal vari-
ation. As a result, the required sample size increases when the
intra-individual variation increases.

For IVF using the observed intra-individual variation, the required
sample size in a prospective study would be 169 couples (significance
level 0.05, statistical power 80%). With 50% and 100% increases in the
intra-individual variztion, the sample sizes increase to 207 and 260,
respectively. An increase in the rate of misclassification is also seen
with increasing intrz-individual variation. With the observed intra-
individual variation, 9.5% of the patients will be misclassified. This rate
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(DFI 15-25) (DFi 2 25)
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FIGURE 1 (A) Percentage of ongoing pregnancies after the first cycle of in vitro fertilization (IVF) treatments for 210 couples. Pregnancy was
confirmed by ultrasound at 12 weeks of gestation. When the DNA fragmentation index (DFI) was below 15, the pregnancy rate was 45.1%. The
pregnancy rate declined to 24.6% when the DFI was between 15 and 25. The odds ratio adjusted for female age, sperm concentration and motility
was 2.58 (p=0.004, 95% Cl 1.36-5.04). (B) Results of 196 first cycle intracytoplasmic sperm injection (ICSI) treatments. When the DFI value was
below 25, the pregnancy rate was 48.6%. When the DFl was above 25, the pregnancy rate was only 29.6%. The odds ratio adjusted for female age,
sperm concentration and motility was 2.00 (p = 0.032, 95% CI 1.07-3.80).

TABLE 2 Distribution of DFI (DNA fragmentation index) in percent and the median DFI are shown for different fertility centers and

treatments below.

5

= MedianDFl p-value DFi<15 15-25 - 25-40
|Ul-treatments? 116 <0.001 64.8% 23.1% 10.2% 1.9%
(n=637) (11.0-12.2)

Sims IVF® 150 <0.001 517% 27.6% 15.3% 54%
(n=1971) (14.6-15.4)
FCH® 172 <0.001 416% 30.3% 19.4% 8.7%
(n=2591) (16.8-17.6)
All tests® 15.6 - 47.5% 28.9% 16.9% 6.7%
(n=14,138) (155-15.8)

aThe median DFI for 637 tests of couples receiving intrauterine insemination (IUl) was significantly lower than the median for all tests (p < 0.001). Among the

Ul-couples, 64.8% of the men had a DF] below 15.

bSims [VF, Dublin, Ireland tested 1971 couples. The median DFI for this group was lower than the median for the other clinics (p < 0.001). Among the couples

attending Sims IVF, 51.7% of the men had a DF| below 15.

Fertility Center Hamburg, Germany (FCH) tested 2,591 couples. The median DF for this group was 17.2, which was significantly higher than for the median

for the other clinics (p < 0.001). Only £1.6% of couples in the FCH group had a DF| below 15.
dThe median DF1 was 15.6 for all tests (n = 14,138) performed between January 1%, 2008 and December 31, 2022 for 70 European Fertility Centers.

increases to 13.7% and 17.6% when the intra-individual variation is
increased by 50% and 100%, respectively.

For ICSI, the sample size is 336 with the observed intra-individual
variation. With increases in the intra-individual variation of 50%
and 100%, the sample sizes increase to 437 and 569, respectively.
Corresponding misclassification rates for ICSI are 6.4%, 9.5% and
12.5%.

Figure 3 shows the distribution of the 14,138 diagnostic SDI®-tests.
The median DFlis 15.6 (15.5-15.8) and the 95% central range is 4.6-
53.2.

The observations are distributed with 47.3% classified as “low” DFI
(< 15, Table 2). An “increased™ DFI (between 15 and 25) accounted
for 28.9% of the observations, whereas 16.9% of the DFI values were
“high” (between 25 and 40). Additionzlly. 6.7% of the DF| values were
“very high™ > 40).

Table 2 z2lso presents the distribution and median DFI for three
selected cohorts of patients.

The Ul cohort includes 637 tests of sperm DNA damage for couples
receiving their first, second or third IUl treatment (unpublished data).
The median DFl was 11.6, which was significantly lower than it was for
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True Observed

IVF
DFI<IS DFLIS25 DFI<ts DFI 1525
OFt : OFt
Sample size : n=169
Misclassification rate : 9.5%
ICSI

= DFic2S OFiz2S
OFl oAl
Sample size n=336

Misclassification rate 6.4%
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50% 100%

DFi<ts DFI1S2S

DFIIE Of15.28
oft DFt
n=207 n=260
13.7% 17.6%

0FI<25 DFIz2S
OFt DFt
n=437 : n=569
9.5% : 12.5%

FIGURE 2 The bar chartsillustrate how intra-individual variation in the assessment of sperm DNA integrity affects the observed pregnancy
rates. Pregnancy rates at 12 weeks of gestation are shown for in vitro fertilization (IVF) treatments (upper row, DNA fragmentation index
[DFI1}-threshold = 15) and intracytoplasmic sperm injection (ICSI) treatments (lower row, DFI-threshold = 25). The bar charts second from the left
show pregnancy rates with the observed intra-individual variation by SPZ Lab (CV,, = 16.5%). Bar charts on the far left indicate estimated true
pregnancy rates using a CV,, = 0%. Pregnancy rates with a2 50% and 100% increase in intra-individual variation are shown in the third and fourth
position, respectively. The difference in pregnancy rates below and above thresholds for DFI diminish when moving from left to right in each row. A
smaller difference in pregnancy rates implies that a larger sample size is required to demonstrate statistical significance. For IVF, sample sizes were
calculated to n = 169 (observed) and increased to 207 (50% increase) and 260 (100%). For ICSI treatment. the corresponding sample sizes were
calculated to n = 336, n =437 and n = 569. The misclassification rates increase when moving from the left to the right in each row. The
misclassification rate is the percentage of cases for which repeated SCSA® testing resulted in a switch in DFI category in relation to the threshold.
For IVF (threshold = 15), the misclassification rates were calculated as 9.5%, 13.7% and 17.6%, respectively. For ICSI (threshold = 25), the

misclassification rates were 6.4%, 9.5% and 12.5%, respectively.

all tests {p < 0.001). In the Ul cohort, 64.8% of the couples had a DFI
below 15.

The cohort of patients attending Sims IVF comprises 1971 obser-
vations with a median DFI of 15.0. This median was statistically lower
than the median DFI for the other clinics (p < 0.001). The percentage of
couples with a DFI below 15 was 51.7%.

The cohort of patients attending FCH includes 2591 observations
with a2 median DFl of 17.2 (p < 0.001). In this cohort, only 41.6% of the
couples had a DFI below 15.

Comparison across the cohorts shows that the median DFl increases
significantly: 11.6 (IUl cohort), 15.0 (Sims IVF cohort) and 17.2 (FCH
cohort). For the cohorts, the corresponding proportion of observations
with a DFI below 15 is 64.8%, 51.7% and 41.6%, respectively. In addi-

tion, the percentage of observations where DFl is above 25 are 12.1%,
20.7% and 28.1%, respectively.

Figure 4 illustrates how the median DFI changes during the time
of the year. There appears to be a decline from February to May.
From June to September, the median DFI increases, and the level
remains high until the end of the year. This fluctuation is significant
(p = 0.006) and accounts for 0.10% of the total variation in median
DFL

In Figurs 5. the effect of male age on the median DFI can be seen. It
appears that there is a significant increase in median DFI with increas-
ing male age especially when the age is above 50 years. Male age had
a statistically significant effect on DFI (p < 0.001) and accounted for
5.81% of the total variation.
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FIGURE 3 Distribution of DNA fragmentation index (DFI) for
14,138 diagnostic tests of sperm DNA damage performed for 70
European fertility centers from January 15, 2008 to December 31°t,
2022.
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FIGURE 4 The relationship between the median DFI (DNA
fragmentation index) and time of year for all diagnostic tests of sperm
DNA damage (n = 14,138) performed between January 15t, 2008 and
December 315t, 2022. Dashed lines show the 95% confidence interval
for the median DFI. Time of year played a significant role for the DFI
{p = 0.006) and accounted for 0.10% of the total variation in this
parameter.

Figure 6 shows the change in median DFI from January 15, 2008 to
December 31%t, 2022 after correcting for the effect of male age. There
appears to be a significant increase in median DF| of 0.05% per year
(p = 0.02). This increase accounts for 0.07% of the total variation. For
FCH, the increase in DFI per year was 0.13% (p = 0.003) and accounted
for 0.61% of the total variation for the clinic.

Year, time of year, and male age together explain 5.91% of the total

variation in median DFL
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FIGURES5 The median DFI (DNA fragmentation index) according
to the age of the male for all diagnostic tests (n = 14,138) performed
between January 15%, 2008 and December 315t, 2022. Dashed lines
show the 95% confidence interval for the median DFI. Male age played
a significant role for the DFI (p < 0.001) and accounted for 5.81% of
the total variation in this parameter.
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FIGURE 6 Therelationship between the median DFI (DNA
fragmentation index) and year for diagnostics tests performed
between January 1%, 2008 and December 31%t, 2022 (n = 14,138).
Data are corrected for the effect of male age. Dashed lines show the
95% confidence interval for the median DFI. The year appeared to play
asignificant role for the DFI (p = 0.02) and accounted for 0.07% of the
total variation in DFI.

4 | DISCUSSION

The results of the small retrospective study clearly demonstrate that
DFl has a considerable impact on male fertility. When DF| was between
15 and 25, the outcome of IVF treatments was reduced significantly in
comparison to treatments with a DFI below 15 (Figure 14). This thresh-
old has previously been demonstrated by Evenson et al.° For ICSI
treatments, a significant reduction in pregnancy rates was observed
when DFl was above 25 (Figure 1E). To our knowledge, this study is
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- the first to demonstrate a threshold of DFI = 15 for IVF treatments,
and a threshold of DFI = 25 for ICSI treatments using the SCSA®. The
different thresholds for IVF and ICSI treatments are in line with the
Two-Step Hypothesis, which predicts that the outcome of ICSI treat-
ments would be affected to a lesser extent than the outcome of IVF
treatments.? \

An initial evaluation was conducted to determine whether embry-
ological development and grading appeared to be significantly differ-
ent below and above the selected thresholds for DFI. As shown in
Table 1, this did not appear to be the case. We, therefore, chose to
study whether implantation was affected or whether a miscarriage had
occurred. Accordingly, pregnancy at 12 weeks of gestation was used as
the clinical endpoint. Classical assessments of sperm concentration and
motility accounted for only 12% of the variation in DFI. This confirms
that DFlis an independent semen parameter as previously reported by
Evenson et al.’®

The couples in this study are typical of the population of couples
attending European fertility clinics. In humans, it is difficult to obtain
good fertility data for the male as couples may have reduced fertil-
ity due to female factors or issues for both partners. To minimize the
influence of female and other factors, couples were only included if
they had received their first treatment within 3 months of the SCSA®
test.27.28.38 A [imitation of this study is that the selection procedure
only allowed us to include 210 couples with IVF treatments and 196
with ICSI treatments.

To better understand the importance of the magnitude of the
intra-individual variation, we performed a mathematical simulation
study using the results of the small retrospective study. The observed
intra-individual variation was compared with scenarios in which the
variation was 50% and 100% higher (Figure 2).* The results show
that the magnitude of the intra-individual varization plays a very signif-
icant role. With increasing intra-individual variation, the proportion of
couples who are misclassified increases considerably. This is particu-
larly clear for IVF treatments zs the threshold [DFI = 15) is located in
the part of the DFI distribution with the most observations (Figure 3).
With a CW,, = 16.5%, 9.5% of the diagnoses will be incorrect for
couples in the IVF group. This percentage increases to 13.7% and
17.6% with a 50% and 100% increase in intra-individual variation,
respectively.

As the misclassification rate increases, the difference between
the two bars becomes smaller (Figure 2) and, consequently, the
required sample size to demonstrate a statistically significant differ-
ence increases dramatically. This mathematical simulation study shows
that low intra-individual variation is essential when we want to detect
a threshold of DFI = 15 for IVF treatments and DF| = 25 for ICSI treat-
ments. It is likely that different levels of intra-individual variation are
partly responsible for the various thresholds reported previously. The
results show that the required sample size for IVF treatments is 169
couples with the observed intra-individual variation. The 210 couples
included in the IVF group are thus a sufficient sample size. For ICSI
treatments, the required sample size is 336 couples, which is higher
than the 196 couples included. We have, therefore, initiated a larger
prospective study to confirm the threshold for ICSI.

ANDROLOGY @ EH ByWNes K

The small retrospective study was based on the first treatment
cycle, and it does not help us in terms of understanding how DFI may
affect the course of fertility treatments for a couple. To achieve this,

the large retrospective study was conducted.

The distribution of DFI for the 14,138 diagnostic SCSA® tests is
shown in Figure 3 and Table 2. Table 2 also contains an IUl-cohort (637
analyses) as well as two cohorts of patients attending Sims IVF and
FCH. The couples in the IUl cohort were enrolled in a study (unpub-
lished data) and had not received any prior treatment. In contrast, most
couples had already received [Ul treatments before attending Sims IVF.
When Sims IVF started to use the test of sperm DNA damage in 2008,
it was mandatory for couples to take the test prior to their first treat-
ment with IVF or ICSI. From 2009, Sims IVF decided to just recommend
that couples take the test prior to their first treatment. At FCH, the sit-
uation was slightly different. FCH is situated in the center of Hamburg
and approximately half of the couples attending this clinic are referred
from other clinics after failed cycles. When we view the distribution of
DFlin Table 2, the proportion of patients with a DFl below 15 is 64.8%
for the 1Ul cohort. This proportion is lower for patients attending Sims
IVF (51.7%) and FCH (41.6%). In the three groups where DFI is above
15, the percentage of couples increases as we move from the 1Ul cohort
to the Sims cohort and finally to the FCH cohort. The median DFI also
increases significantly when we compare the three cohorts. Overall,
these results demonstrate that all types of fertility treatment are more
effective when the DFl is below 15. With a DFI above 15, couples are
more likely to experience failed treatment cycles. This is particularly
clear when DFl is above 25. This proportion of patients increases from
12.1% (IUl cohort) to 20.7% (Sims IVF cohort) and 28.1% (FCH cohort).
Increase in male age could potentially be a bias, but male age was higher
for the Sims IVF cohort (38.9 years) than it was for the FCH cohort
(38.4 years). A limitation of this study is that male age was not avail-
able for the Ul cohort, which may also have had slightly better semen
quality.

Data from the large retrospective study was also used for a descrip-
tive analysis. An analysis of the effect of the time of year shows that
DFI declines from January to May and then increases until September
(Figure 4). From September to the end of the year, DF| remains on a sta-
ble plateau. Such fluctuations have been reported previously and may
be caused by seasonal changes in melatonin and/or higher tempera-
tures during the summer.*® It is also possible that the decrease in DFI
during the spring may be due to a shorter abstinence time as it has been
shown that the frequency of ejaculation is significantly higher during
the spring compared to the winter months.*¢

DFI increases with male age and accelerates after 50 years of
age (Figure 5). This observation has been reported previously.4>4748
Wyrobek et al. included 97 healthy men aged between 20 and 80 and
found that 40% of the variation in DFI could be explained by male
age.*” In the present study, only 5.81% of the variation in DFI was due
to male age. Lifestyle and other factors may thus explzin a large part of
the variation in DFI, but these factors were not registered.

An important question is whether there has been any change in the
DFI among males, who were the subject of infertility investigations
from 2008 to 2022. As shown in Figure &, the median DF has increased
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significantly by approximately 0.05% per year (p = 0.02). This trend was
also found for FCH with a 0.13% increase in the median DFI per year
(p=0.003). To our knowledge, this is the first study to demonstrate that
DFl has increased among males who are the subject of infertility inves-
tigations. This result could be biased by couples taking the test later in
their course of treatment. Hdwever, we do not consider this likely, as

the test has been used more widely in recent years.

The increase in DFI is a worrying development and represents a
serious challenge for human reproduction. Under natural conditions,
the developmental failure rate of human embryos after fertilization is
approximately 10-40% before implantation, and the total loss from
fertilization to birth has been estimated to 40-60%.%? For ART treat-
ments, embryo mortality is significantly higher and is observed as poor
embryo development, reduced implantation rate or increased miscar-
riage rate. De novo genetic and chromosomal defects in the embryo
can originate from the female or male. It has been known for the
past couple of decades that autosomal aneuploidy has a preferential
maternal origin.’® In contrast, de novo point mutations and structural
chromosomal rearrangements have a preferential paternal origin.>152
Single stranded DNA damage may be repaired correctly by the oocyte
or may result in de novo mutations.”? More severe damage where
the sperm DNA has suffered double-stranded breaks (fragmentation)
is unlikely to be repaired correctly and may result in chromosomal
aberrations. 145253

The increase in sperm DNA fragmentation is more than just a threat
to our fertility as it will probably also affect the health of future gen-
erations. It is now more than a decade since we learned that de novo
mutations in the paternal DNA can result in mental disorders such as
autism or schizophrenia in the offspring, and that the risk of mental dis-
orders is increased after fertility treatment.>*5° In addition, children
conceived with ART appear to have a higher risk of preterm birth, birth
defects and cancer.%6-58

During the last decade, it has become increasingly clear that
men with reduced fertility already may have or will later develop
comorbidities.>?-4! The connection between these observations may
be damage to the DNA in the spermatozoa as well as the somatic cells.
Indeed, Baumgartner et al. have demonstrated that sperm DNA frag-
mentation is often 2 biomarker for underlying instability of the DNA in
the somatic cells.®> DNA damage to the somatic cells is a central part
of the pathogenesis in a wide range of diseases including cancers and
cardiovascular disease ** Male comorbidity at the time of conception
or sperm DNA fragmentation has been directly linked to miscarriage,
stillbirth, preterm birth, and low birth weight.58.60.64

In the light of these considerations, clinicians and governments will
have to adopt policies and strategies, which consider the health of both
parents and the offspring. Shorter abstinence time, and procedures to
remove spermatozoa with fragmented DNA have been suggested to
increase male fertility.'%145%¢ According to the Two-Step Hypothe-
sis, such methods may have a marginal impact on live birth rates and are
unlikely to improve the health of the offspring. Clearly, such procedures
will not improve paternal health.

The way forward appears to be to pay closer attention to the
causative factors involved in sperm DNA integrity.>” In order to iden-

CHRISTENSEN ET AL.

tify the underlying factor in the individual man and retest once this
has been corrected, it is paramount that the test used has a very high
degree of precision. A more detailed fertility evaluation of the man can
be conducted as an opportunity to improve his long-term health, as well
as help himto produce spermatozoa with more robust DNA. This would
result in higher fertility and the improved health of the offspring.

The recent WHO laboratory manual recommends that each labora-
tory determines and validates their thresholds for DFI.¢” We suggest
that the first step of the validation process in a laboratory is to
determine the intra-individual variation. Flow cytometric analysis of
spermatozoa requires rigorous quality control.>2 Semen samples may
be viscous and may stick to the flow system causing turbulence and
incorrect results. To detect outliers and perform quality control, it is
essential that at least two replicates per sample are analyzed. In addi-
tion, the flow cytometric plots should always be inspected carefully
to detect any displacements or differences between the two repli-
cates. The sample must be reanalyzed if there is any disagreement
between the results and/or plots of the two replicates. Good quality
control is time consuming but is essential to ensure highly reproducible
results.58:69

In conclusion, sperm DNA damage has a negative impact on the out-
come of IVF- and ICSI-treatments when the DFI is above 15 and 25,
respectively. Couples with increased levels of sperm DNA damage are
more likely to experience failed treatment cycles and complications for
the offspring. DNA fragmentation appears to have increased during the
past 15 years and is a significant challenge for human reproduction.
Laboratories performing tests of sperm DNA damage must perform
thorough quality control and ensure good preanalytical samples to
achieve highly reproducible results.
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