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Abstract
Purpose The DNA fragmentation in sperm is associated with reduced outcome in assisted reproduction. Using YoPro1 as the
staining dye and flow cytometry and sorting (FACS), the number of spermatozoa with DNA fragmentation can be lowered to 5%.
Can the cumulative outcome of ICSI be improved using FACS?
Methods Aprospective, randomized, double-blind clinical trial was conducted in 104 infertile couples withmale infertility based on
abnormal conventional semen analysis results. Cumulative ongoing pregnancy rate was the primary outcome parameter. In 52 cases,
semen was processed for ICSI using swim-up. In another 52 cases, spermatozoa with fragmented DNAwere removed with FACS.
Results The cumulative pregnancy rate at 12 weeks of gestation (51.9% versus 46.2%) and live birth rate (42.3% versus 34.6%)
were higher and the miscarriage rate was lower (27.8% versus 35.3%) after FACS-sorting as compared with swim-up. An interim
analysis scheduled before initiation of the study after 100 cases demonstrated that the aim of a 20% gain in pregnancy rate could
not be achieved. For that reason, the prospective study was stopped prematurely.
Conclusions A trend towards consistently better results was achieved by removing spermatozoa with fragmented DNA. The
fragmentation of the DNA in sperm is the end stage of apoptosis. Sorting of spermatozoa may be improved by selecting
parameters of processes active more upstream of apoptosis, such as chromatin decondensation.
Trial registration NCT02166567. June 14, 2014.
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Introduction

Semen analysis is essential for the diagnosis of infertility and
for deciding about the most appropriate treatment. Although
conventional semen analysis has been shown to be of low prog-
nostic accuracy [1] with a very broad confidence interval [2], it
is still the predominantly used diagnostic method in evaluating
male fertility. The results of conventional semen analysis often
influence the decision if an assisted reproduction technology

(ART) should be performed and have an impact on the choice
of IVF and ICSI. The lack of prognostic accuracy of conven-
tional semen analysis might be one of the reasons why ICSI is
used more often than IVF [3].

Sperm function might impact on the outcome of ART be-
yond fertilization and fragmentation of the genomic material
of the sperm has moved into the focus of science in recent
years [4]. Before and after ejaculation, spermatozoa encounter
the risk of apoptotic or necrotic cell death. The former process
involves initial fragmentation of the DNA mediated by en-
zymes like caspases and nucleases and the release of reactive
oxygen species (ROS) from the mitochondria followed by
increased permeability of the cellular membrane and progres-
sive fragmentation of the genetic material. Based on indirect
evidence, mainly cohort studies, enhanced fragmentation
levels of the DNA in spermatozoa are associated with reduced
outcomes in infertility treatments (see recent reviews [5, 6])
and with a higher incidence of miscarriage [6–8]. Several
DNA fragmentation diagnostic systems have been proposed,
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including the single-cell gel electrophoresis assay (COMET),
sperm chromatin structure assay (SCSA), acridine orange test
(AOT), terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) assay,
and sperm chromatin dispersion test (SCD). As none of these
test systems has undergone thorough validation processes in
sufficiently large patient cohorts, formal acceptance of any of
these test systems by the World Health Organization or any
other overarching regulatory body is still pending.

At present, most evidence on the involvement of the frag-
mentation of sperm DNA derives from epidemiological stud-
ies comparing the number of spermatozoa with damaged
DNA in infertile men with those of healthy controls. Higher
numbers of spermatozoa with damaged DNAwere shown in
populations of men with health hazards, such as intensive
cigarette smoking [9], obesity [10], and diabetes mellitus
[11]. All findings provide indirect evidence for a connection
between the extent of DNA-damaged spermatozoa and male
infertility. In order to elucidate the real impact of DNA frag-
mentation in a human sperm well-designed prospective stud-
ies are required, comparing the outcome of ART performed
with normal sperm or with sperm containing elevated levels of
fragmented DNA. Various sorting systems have been pro-
posed to separate DNA-damaged spermatozoa from healthy
ones in ART. These include the separation of pre-apoptotic
spermatozoa using Annexin V-coated magnetic beads [12]
or binding to hyaluronic acid [13]. Despite initial enthusiasm,
neither method has produced significant benefit for the out-
come of ART [14, 15].

We established a method for sorting of DNA-intact sper-
matozoa through excluding membrane-damaged spermatozoa
by staining with the dye YoPro1 in combination with flow
cytometry and cell sorting (FACS) [16]. We could demon-
strate that with this accurate technology TUNEL-positive
spermatozoa can be excluded reliably in a way that their abun-
dance was lowered to less than 5%.We now present the results
of a randomized clinical trial in which the results of the con-
ventional swim-up method were compared with the novel
sorting technique based on YoPro1 staining [16].

Material and methods

A prospective randomized clinical trial was initiated to dem-
onstrate the superiority of deselecting spermatozoa with
fragmented DNA using FACS and YoPro1 in comparison to
conventional sperm preparation using the swim-up technolo-
gy [17] in a cohort of infertile couples treated with ICSI. The
study was double-blinded: neither the treating physicians nor
the treated couple was informed about the method of sperm
preparation. Allocation to either treatment was based on two
computer-generated lists (stratified in two groups of 100 cases
each). The study was presented to and approved by the local

ethics committee (EKBB178/12) and monitored by the clini-
cal trial unit (CTU) of the University Hospital of Basel.

The primary outcome parameter was the cumulative ongo-
ing pregnancy rate (at 12 weeks of gestation). Secondary out-
come parameters were the number of diploidic fertilized oo-
cytes, the number of cryopreserved zygotes, the number of
blastocyst embryos, the implantation rate, the number of mis-
carriages, the live birth rate, and the quality of life assessment
of the toddlers. This study was entirely performed in one sin-
gle university-based institution in Switzerland.

The study was designed to demonstrate that the ongoing
pregnancy rate (at week 12 of pregnancy) after ICSI can be
improved significantly by sorting out spermatozoa with
fragmented DNA using the YoPro1 dye from the sperm sample
used for ICSI. The comparator was conventional swim-up [17].

Inclusion criteria

The inclusion criteria were couples diagnosed with male in-
fertility as given by at least one abnormal parameter assessed
by conventional semen analysis (concentration, progressive
motility, morphology) [2]. The diagnostic accuracy of the
spermatology laboratory is verified by both an internal (ISO
17025) and an external quality control system (QuaDeGa).
The level of DNA fragmentation was not measured prior to
recruitment and was not a selection criterion for recruitment to
the study. The age of the female partners was 21 to 40 years,
normal ovarian reserve was determined in a preceding men-
strual cycle with normal range basal FSH concentration <
10 IU/l and AMH concentration > 10 pmol/l. The inclusion
criteria also stipulated normal uterine morphology without
fibroids or endometrial abnormalities, as given by vaginal
ultrasound.

Exclusion criteria

Infertile men with azoospermia or cryptozoospermia were ex-
cluded from participation. Other exclusion criteria were two
preceding unsuccessful treatments with ICSI, simultaneous
participation to another clinical study, and chronic infection
with HIV and hepatitis B and C.

Management of the infertile couples before and
after treatment with ICSI

All infertile couples underwent a routine evaluation of their
fertility status within 12 months before their participation to
the study. All female partners were examined during early
follicular phase to determine ovarian reserve and just prior to
ovulation to evaluate uterine morphology. The male partners
underwent a physical examination and semen analysis togeth-
er with a hormonal assessment. After signing an informed
consent, ovarian hyperstimulation was performed with
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gonadotropins using the GnRH-antagonist protocol.
Ovulation was uniformly induced with human chorionic go-
nadotropin and oocytes were collected 37 h after ovulation
induction. At the time of the study, restrictive Swiss legislation
stipulated that not more than three zygotes can be cultured up
to the blastocyst stage and that all blastocysts (not more than
three) must be transferred back to the uterus [18]. If more than
three zygotes arose after ICSI, they were cryopreserved
through vitrification. All transfers of embryos in the blastocyst
stage were carried out under transabdominal ultrasound guid-
ance. All pregnancies were diagnosed in the institution and
followed up to the 12th week of gestation. Thereafter, they
were referred back to their local gynecologist or obstetrician.
Awritten report of the delivery and of the health status of the
newborns was obtained in all cases.

For the thawing of cryopreserved zygotes and subsequent
transfer at blastocyst stage, the patients were sequentially
treated with estradiol valerate and vaginally administered mi-
cronized progesterone. In addition, patients were supplement-
ed prior to fresh and frozen transfer with folic acid. The
follow-up was identical to the fresh cycles.

Sperm preparation for ICSI

Semen samples were collected in 110 ml sterile plastic con-
tainers (BD Falcon, Franklin Lakes, NJ, USA) and allowed to
liquefy at 37 °C for 30 min. In ART, semen may be prepared
either with density gradient centrifugation or with swim-up.
We selected the swim-up method, because swim-up is used as
a first wash in FACS thereby allowing direct comparison of
swim-up alone with additional sorting with FACS. For the
swim-up procedure 1 or 2 ml of the freshly collected ejaculate
were washed twice with culture medium and centrifuged for
10 min at 460g. The supernatant was discarded and the sper-
matozoa pellet covered with the culture medium. The sample
was incubated for 1 hour (37 °C, 5% CO2) for the viable
spermatozoa to migrate into the overlaid culture medium.
The supernatant (0.5 ml) was then carefully separated and
both the concentration and motility of the swim-up spermato-
zoa were determined.

The details and validation of the sorting with FACS are
described elsewhere [16]. In brief, YoPro1 (Molecular
Probes, Eugene, OR, USA) was diluted 1:10 in sterile water
and kept at 4 °C until used. One μl of the diluted YoPro1-
solution (final concentration 0.2 μM)was added together with
1 μl/ml of the Hoechst dye (Hoechst 33342, BD Biosciences,
San Jose, CA, USA) to an aliquot containing spermatozoa
prepared with swim-up. The Hoechst dye was used to exclude
debris. During staining, the samples were kept for 15 min in
the incubator at 37 °C, 5% CO2 or at room temperature in the
dark. The stained sample was then analyzed by FACS using a
BD Influx flow cytometer (BD Biosciences) equipped with a
flow hood. The FACS equipment was installed in the

spermatology laboratory and used for the sorting of human
spermatozoa only. Prior to each sorting, the lasers were
aligned using calibration beads provided by BD (8 peak
beads). Stained spermatozoa were separated in the FACS de-
vice with a solid-state laser (100 mW) for excitation at
355 nm, a blue laser (200 mW) for excitation at 488 nm,
and a red laser (120 mW) for excitation at 640 nm. The anal-
yses were performed with acquisition software (BD
Biosciences). For acquisition, the threshold was set using a
forward scatter trigger to eliminate debris and noise. The fol-
lowing settings were used for sorting 100 μm nozzle, sample
pressure 19.5–20.5 psi, and event rate 1000–9000 events/s.
Sorting was continued until 60,000 to 200,000 spermatozoa
negative for YoPro1 but positive for the Hoechst dye were
collected thereby not exceeding the total sorting volume of
0.5ml. The degree of DNA fragmentation in the sorted sample
was not measured.

Infant and toddler quality of life questionnaire

The study protocol included an investigation into the outcome
of the children at the age of 1 to 2 years, which were born after
pregnancies achieved during the fresh cycle. To that purpose,
all parents were contacted by regular mail and they were given

111 infertile couples

55 recruited 56 recruited

52 sortings 52 swim-up

45 embryo transfers (86.5%) 
18 pregnancies (34.6%) 
13 live births (25.0%) 

41 embryo transfers (78.8%) 
12 pregnancies (32.7%) 
12 live births (23.1%) 

57 thawing cycles
in 34 couples (59.5%) 

62 thawing cycles
in 35 couples (56.5%) 

50 embryo transfers (87.7%) 
10 pregnancies (17.5%) 
  9 live births (15.8%) 

45 embryo transfers (46.2%) 
11 pregnancies (17.7%) 
  6 live births (9.7%) 

X2 p 

0.934 0.817 

1.105 0.776 

Fig. 1 Overview of patient allocation and cumulative treatment outcome.
None of the observed differences were statistically significant (Chi-
squared analysis)

J Assist Reprod Genet (2019) 36:2079–2086 2081



a validated questionnaire (ITQOL-97), using either the
German or the French version [19]. This questionnaire as-
sesses the quality of life in infants and toddlers from 2 months
to 5 years of age.

Case numbers

The statistical power calculation of the study was based on a
higher proportion of blastocyst embryos arising from ICSI and
from the culture of not more than three zygotes per treatment
cycles. Previous experience has demonstrated that the number
of spermatozoa with fragmented DNA can be reduced from 25
to 5% with FACS using the YoPro1 dye [16]. We calculated a
subsequent increase of the blastocyst rate from 45 to 65% in
the sorting group, allowing for an estimated 20% rise of the
cumulative ongoing pregnancy rate. Based on this study ob-
jective, we calculated that 200 treatments with ICSI would be
required to demonstrate a statistically significant benefit of
FACS compared with conventional swim-up with an alpha
error rate of 5% and an accuracy of > 80%. An interim anal-
ysis was scheduled to take place after the recruitment of the

first 100 treatments to evaluate whether the study objective
(e.g., + 20% blastocyst rate) could be reached.

Statistical analysis

We performed a Kolmogorov-Smirnov (KS) goodness-of-fit
analysis of the clinical characteristics of both experimental
groups. All statistical analyses were carried out using the
Chi-squared test (χ2) and the Mann-WhitneyU test, as appro-
priate, and the results are given by the mean values either
together with the standard deviation (SD) or with the 95%
confidence intervals. The level of statistical significance was
set at the 5% level.

Results

A total of 111 infertile couples were recruited to participate in
the study (Fig. 1), but 7 were excluded later because they did
not completely fit all inclusion criteria. Ultimately, in 52 cases,
semen was prepared with swim-up, and in another 52 cases,
semen was sorted with FACS. In the sorted group, 36 couples

Table 1 Clinical characteristics at
baseline Parameter Sorting Swim-up KS testa

Mean SD Mean SD Signb

Numbers 52 52

Female age (year) 34.6 3.3 33.6 3.3 0.784 0.135

Male age (year) 39.3 5.7 37.9 5.9 0.784 0.221

Duration of infertility (month) 44.3 23.4 47.2 28.6 0.686 0.942

BMI, female partner (kg/m2) 22.8 3.9 24.8 5.2 1.275 0.038

BMI, male partner (kg/m2) 27.2 9.6 26.3c 3.3 0.676 0.933

FSH, female partner (IU/l) 6.7 1.7 6.6 1.5 0.784 0.510

AMH, female partner (pmol/l) 34.5 22.3 29.5 19.6 1.177 0.077

AFC (no.) 22.7 9.3 19.9 8.6 0.981 0.067

Testosterone, male (nmol/l) 14.2 5.5 16.6 d 5.5 1.209 0.019

FSH, male partner (IU/l) 5.7 2.9 5.9 d 3.1 0.706 0.760

LH, male partner (IU/l) 4.8 2.1 5.0 d 2.0 0.913 0.673

Sperm concentration (mill./ml) 29.0 49.0 24.4 37.7 0.686 0.635

Total sperm count (mill.) 74.8 136.9 65.9 99.1 0.392 1.000

Progressive motility (%) 34.9 18.6 36.5 16.5 0.588 0.587

Normal sperm morphology (%) 4.4 3.5 4.1 3.4 0.686 0.548

aKolmogorov-Smirnov goodness-of-fit, Z value
bMann-Whitney U test (double-sided) with Monte-Carlo simulation
c Two values missing
dOne value missing

Primary infertility and sorting 36 and swim-up 49

Secondary infertility and sorting 16 and swim-up 13

Chi-squared analysis 1.432 (p = 0.231)

Sorting after ART 16 after IUI 17

Swim-up after ART 8, after IUI 13. Chi-squared analysis 0.561 (p = 0.454)
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were diagnosed with primary infertility (69.2%) and 39 in the
swim-up group (75.0%, p = 0.231). Before deciding for ICSI,
17 of the couples treated with FACS-sorting had already un-
dergone one or more intrauterine inseminations (32.7%),
whereas in the swim-up group 13 had previously undergone
intrauterine inseminations (25.0%, p = 0.454). The clinical
characteristics of both groups are summarized in Table 1: the
BMI of the female partners was somewhat lower in the FACS-
sorted group (p = 0.038), as was the testosterone concentration
in the male partner (p = 0.019).

In the sorted group, the mean percentage of YoPro1-
positive spermatozoa discarded after sorting was 55% (rang-
ing between 29 and 85%). The number of collected oocytes,
the number of fertilized oocytes, and the number of embryos,
both in the freshly stimulated treatments and in the thawing
cycles, are listed in Table 2 and in Fig. 2. In the freshly stim-
ulated treatments, neither the number of oocytes collected nor
the number of zygotes after ICSI were significantly different
in both groups. Both in the freshly stimulated treatments and
in the thawing cycles, more blastocysts developed from sim-
ilar numbers of treated oocytes or zygotes after sorting with
FACS, but none of the differences reached statistical
significance.

The outcome after embryo transfer in both treatment
groups is summarized in Table 3 and Fig. 1. Although, after

FACS-sorting, more pregnancies were observed, more chil-
dren were born, and fewer miscarriages occurred than after
swim-up; the differences between both groups were statisti-
cally not significant. In addition, the cumulative outcome re-
sults were similar in both groups.

Adverse events during pregnancy and delivery

One case with ovarian hyperstimulation syndrome was ob-
served in the swim-up group. Four pregnancies in the
FACS-sorting group ended prematurely: two twin pregnancies
in the 37th week of gestation and one in the swim-up group
(one twin pregnancy in the 36th week of gestation). One preg-
nancy in the swim-up group ended as a late miscarriage in the
20th week of gestation due to severe pre-eclampsia and pla-
cental insufficiency.

Children’s outcome

Two twins in the FACS-sorting group were diagnosed with
cleft lip at birth (one on one side, one bilateral). Another child
born at term in the FACS-sorting group was treated for respi-
ratory distress syndrome. Nine of 13 women responded the
ITQOL-97-questionnaire in the FACS-sorting group (69.2%),
as did nine of 12 women in the swim-up group (75.0%). Two
children were reported to suffer of some allergy in the FACS-
sorting group (“nuts,” “proteins”). One parent in the swim-up
group reported an earlier severe health problem and uncer-
tainties about future health of its child, without providing fur-
ther details.

Discussion

We sought to improve the outcome of ART by removing
spermatozoa with fragmented DNA from the sample used
in ICSI. Higher numbers of spermatozoa with fragmented
DNA have been related to lower pregnancy and live birth
rates in ART [5, 6] and to a higher incidence of miscar-
riages [6–8]. A validation study has demonstrated that by
using FACS technology in combination with YoPro1 as a
staining dye the number of DNA-fragmented spermatozoa
in the sample can consistently be reduced to less than 5%,
as given by TUNEL [16]. We designed a single-center,
prospective, randomized, double-blind clinical trial to
demonstrate the superiority using sorted spermatozoa with
intact DNA in improving the cumulative pregnancy rate
after ICSI. We considered an improvement of the ongoing
pregnancy rate of 20% to be necessary to justify the use of
the sorting equipment. The interim analysis after 104 cases
demonstrated a higher cumulative ongoing pregnancy rate
(+ 5.7%) and a higher cumulative live birth rate (+ 7.7%)
with the sorting technology. The differences in outcome

Table 2 Data on oocytes, zygotes, and embryos

Parameter Sorting Swim-up Sign. a

Mean SD Mean SD

Oocytes, metaphase II (n) 11.75 5.66 11.02 5.14 0.904

Oocytes, metaphase I (n) 0.48 0.87 0.62 1.12 1.000

Oocytes, germinal vesicle (n) 0.78 1.47 0.90 1.09 0.337

Oocytes, atretic (n) 0.46 0.96 0.44 0.75 1.000

Oocytes, treated with ICSI (n) 11.8 5.69 10.98 5.11 0.904

Zygotes, diploid (n) 7.10 4.03 7.04 4.42 1.000

Zygotes, monoploid (n) 0.46 0.75 0.54 0.85 1.000

Zygotes, polyploid (n) 0.21 0.50 0.42 0.70 0.135

Cryostored zygotes (n) 5.27 3.83 5.27 4.35 0.990

Zygotes, kept in culture (n) 1.92 0.33 1.94 0.31 1.000

Embryos, day 2 (n) 1.85 0.46 1.85 0.50 1.000

Embryos, day 3 (n) 1.85 0.46 1.85 0.50 1.000

Embryos, day 4 (n) 1.79 0.50 1.81 0.56 0.596

Blastocyst embryos (n) 1.40 0.69 1.31 0.81 0.490

Thawed zygotes (n) 3.19 1.46 3.14 1.13 0.952

Zygotes, cultured (n) 2.74 1.41 2.56 0.71 0.894

Embryos, day 2 (n) 2.61 1.46 2.15 1.07 0.199

Embryos, day 3 (n) 2.61 1.45 2.10 1.08 0.125

Embryos, day 4 (n) 2.71 1.83 1.96 1.21 0.148

Blastocyst embryos (n) 1.14 0.81 0.80 0.76 0.033

aMann-Whitney U test (double-sided) with Monte-Carlo simulation
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sortings swim-up
oocytes harvested:  701 
metaphase II:          611 (87.1%) 
metaphase I:            25    (3.6%) 
germinal vesicle:      41    (5.8%) 
atretic:                      24    (3.4%) 

oocytes harvested:  675 
metaphase II:          573 (84.9%) 
metaphase I:             32 (4.7%) 
germinal vesicle:       47 (7.0%) 
atretic:                       23 (3.4%)!

after ICSI with 611 oocytes: 

diploid zygotes:       369 (60.4%) 
monoploid zygotes:   24   (3.9%) 
polyploid zygotes:      11   (1.8%) 

after ICSI with 573 oocytes: 

diploid zygotes:        366 (63.9%) 
monoploid zygotes:    28   (4.9%) 
polyploid zygotes:      22   (3.8%) 

zygotes vitrified:      274 (74.3%) 
cultured zygotes:    100 (27.1%) 

zygotes vitrified:      274 (74.9%)  
cultured zygotes:    101 (27.6%) 

embryos, day 2:        96 (96.0%) 
embryos, day 3:        96 (96.0%) 
embryos, day 4:        93 (93.0%) 
blastocysts, day 5:    73 (73.0%) 

embryos, day 2:        96 (95.0%) 
embryos, day 3:        96 (95.0%) 
embryos, day 4:        94 (93.1%) 
blastocysts, day 5:    68 (67.3%) 

thawing cycles:         57 
thawed zygotes:     182 
cultured zygotes:    156 (85.7%) 

thawing cycles:         62 
thawed zygotes:     198 
cultured zygotes:    161 (81.3%) 

embryos, day 2:      149 (95.5%) 
embryos, day 3:      146 (93.6%) 
embryos, day 4:        92 (59.0%) 
blastocysts, day 5:    40 (25.6%) 

embryos, day 2:      133 (82.6%) 
embryos, day 3:      126 (78.3%) 
embryos, day 4:        88 (54.7%) 
blastocysts, day 5:    35 (21.7%) 

X2 p 

0.004 0.952 

2.019 0.732 

3.812 0.149 

0.160 0.984 

0.299 0.960 

Fig. 2 The absolute numbers and
percentages of oocytes, zygotes,
and embryos obtained after ICSI
are given, both after sorting with
FACS and after conventional
swim-up. During embryo culture,
the percentages indicate the
number of embryos resulting
from cultured zygotes. All listed
blastocyst embryos were
transferred. None of the observed
differences were statistically
significant (chi-squared analysis)

Table 3 Detailed outcome results
Sorting Swim-up p value OR (± 95% CI)

Number of stimulated cycles 52 52

Embryo transfers (n, %) a 45 (86.5) 41 (78.8) 0.7496 0.91 (0.51–1.61)

Clinical pregnancies (n, %) a 18 (34.6) 17 (32.7) 0.8838 0.94 (0.44–2.03)

Twin pregnancies (n, %) b 3 (16.7) 1 (5.9) 0.3867 0.35 (0.03–3.73)

Miscarriages (n, %) b 5 (27.8) 6 (35.3) 0.7299 1.27 (0.33–4.95)

Live births (n, %) a 13 (25.0) 12 (23.1) 0.8575 0.92 (0.39–2.21)

Number of thawing cycles 57 62

Embryo transfers (n, %) c 50 (87.7) 45 (72.6) 0.4917 0.83 (0.48–1.42)

Clinical pregnancies (n, %) c 10 (17.5) 11 (17.7) 0.9811 1.01 (0.40–2.56)

Twin pregnancies (n, %) b 1 (10.0) 2 (18.2) 0.6457 1.82 (0.14–23.3)

Miscarriages (n, %) b 2 (20.0) 2 (18.2) 0.9304 0.91 (0.11–7.72)

Live births (n, %) c 9 (15.8) 6 (9.7) 0.3804 0.61 (0.21–1.83)

Cumulative pregnancies (n, %)a 27 (51.9) 24 (46.2) 0.7308 0.89 (0.45–1.74)

Cumulative live births (n, %) a 22 (42.3) 18 (34.6) 0.5910 0.82 (0.39–1.70)

Children born (n, %) a 26 (50.0) 23 (44.2) 0.7238 0.88 (0.45–1.75)

a Calculated per stimulated cycle
b Calculated per clinical pregnancy
c Calculated per thawing cycle
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were more pronounced at the embryo growth level. There
were more embryos growing on day 3 after thawing of
zygotes in the sorted group (+ 15.3%) than in the swim-
up group resulting in a higher pregnancy rate (+ 6.1%), but
these differences were statistically not significant. As the
interim goal set at the onset of the study was not reached,
we decided not to continue the trial.

Despite the tremendous opportunities given by flow cy-
tometry, FACS has been used clinically for sex sorting only
[20] and has not yet been used in prospective trials in ART
so far. To assess the safety and the impact of the FACS
technology on the offspring, the developmental outcome
of the children was evaluated as a part of the study. Two
dizygotic twins were born with cleft palate after sorting
with FACS. Whereas cleft palate occurs more commonly
among relatives, we cannot completely exclude that this
malformation might be related to the sorting procedure.
Approximately 2 years after birth of the children, we sent
an infant-toddler quality of life questionnaire to the fami-
lies, which did not reveal any major abnormalities or dif-
ferences between both treatment groups.

Although the outcome of the present study does not yet
justify the use of the sophisticated and costly FACS equipment
in clinical ART, the results of this prospective clinical trial
provide valuable information about the impact of DNA frag-
mentation on sperm functionality. Quantification of the degree
of DNA fragmentation in spermatozoa for diagnostic purposes
in male infertility is based on the concept that good sperm is
ejaculated with intact genetic material and that their genetic
material is progressively damaged through the detrimental
action of both aging and toxicants, consisting of ROS, leuko-
cytes, or both [21]. However, recent studies could show that
the condition of spermatozoa within the ejaculate is much
more complex and variable. Double staining with both
TUNEL and the nuclear stain propidium iodide (PI) did reveal
at least two populations of spermatozoa with fragmented
DNA. The first population consists of a staining dimer con-
taining dead sperm with fragmented DNA, thought to arise
from testicular pathology, while the second PI-stained popu-
lation is supposed to contain dead and living spermatozoa
with fragmented DNA—which inversely correlates with fer-
tility [22]. These findings indicate that damage to the genome
of spermatozoa in the semen may result from events occurring
both during spermatogenesis and thereafter. An even more
complex picture of various subgroups of damaged spermato-
zoa was proposed by studies on the steric hindrance of differ-
ently labeled antibodies used in TUNEL to the more or less
condensed DNA of spermatozoa in the seminal plasma [23].
The results of the study demonstrated that accessibility of the
DNA to the labeling agent was influenced by the moment at
which apoptosis occurred during sperm maturation. When
apoptosis occurs at an early stage, i.e., during testicular transit,
the DNA is less condensed and more accessible to staining

agents. When damage occurred after ejaculation, the chroma-
tin of the sperm already had become more condensed [23].

During maturation of human sperm, over 85% of histones
are replaced by protamines leading to an enormous compac-
tion of the sperm nucleus. Whereas most of compaction oc-
curs during the final stages of testicular spermatogenesis,
some compaction is still ongoing during the epididymal tran-
sit. Some parts of the genome remain decondensed: the re-
maining 15% of nucleosomes predominantly localizes at ge-
nomic regions characterized by the presence of multiple CpG
dinucleotides that lack methylation, constituting the so-called
CpG islands (CGIs) that are frequently located in promoters of
mammalian genes needed for embryonic development
[24–26]. The distribution of histones and protamines in the
nuclei of spermatozoa of infertile men has been demonstrated
to be different from that of fertile men [27, 28]. Decondensed
chromatin renders the genomic material of immature sperma-
tozoa more vulnerable to damaging agents, such as oxidative
radicals [21, 29]. Multicolor FC has demonstrated that frag-
mentation of the DNA in spermatozoa is directly associated
with chromatin decondensation [30].

In conclusion, the nearly complete removal of the DNA-
damaged spermatozoa based on enhanced permeability of
their membranes was insufficient to significantly improve
treatment results in ART. Current data suggest that DNA dam-
age is the result of a detrimental process, which is initiated
much more upstream during the substitution of histone by
protamine needed for chromatin condensation. Chromatin
decondensation, as evidenced by higher nuclear histone con-
tent and visualized with the CMA3-fluorochrome, is associat-
ed with male subfertility [31] and with a higher incidence of
miscarriage [32]. The trend towards better results achieved
with the removal of DNA-fragmented spermatozoa presented
here is encouraging. Future developments in the diagnostics of
sperm dysfunction should focus less on the endpoint of apo-
ptosis, i.e., DNA fragmentation and membrane permeability,
but rather on events occurring upstream, such as chromatin
remodeling and histone replacement.
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