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Abstract
Purpose The main aim of our study was to evaluate the benefit of the use of non-apoptotic spermatozoa selected by magnetic-
activated cell sorting (MACS) for ICSI procedures for couples in which the women had good prognoses and the male factor of
infertility was teratozoospermia.
Methods Twenty-six couples were treated with ICSI after MACS selection of non-apoptotic spermatozoa following a sibling
oocyte approach. Half of the oocytes were microinjected with conventionally prepared spermatozoa, and the other half were
microinjected with non-apoptotic, MACS-selected spermatozoa. To assess the influence of MACS selection of spermatozoa on
the outcomes of the ICSI cycles, the fertilization, embryo quality, pregnancy, and delivery rates were evaluated and compared
between the sibling oocyte groups.
Results When subpopulations of couples according to female age were analyzed, a significant difference in quality of blastocyst
was observed. More precisely, in a group that was treated with MACS-ICSI, a higher percentage of good quality blastocysts was
found among women older than 30 years (75.0 vs. 33.3%; P = 0.028), while there was no difference among younger women. If
all included couples were compared regardless of age, no significant difference was observed in the outcome of the ICSI/MACS-
ICSI cycles in terms of oocytes and embryos. Additionally, after the ICSI and MACS-ICSI procedures, the morphologies of the
prepared spermatozoa were compared. Results showed that the overall percentage of morphologically normal spermatozoa did
not differ significantly between the ICSI and MACS-ICSI procedures. However, detailed analyses of the morphologically
abnormal spermatozoa revealed significantly more spermatozoa with abnormal tails after MACS-ICSI procedure, which may
be potential consequence of the selection procedure. Moreover, the trends towards less spermatozoa with abnormal heads and
towards more spermatozoa with abnormal necks and midpieces after MACS-ICSI procedure were revealed, although the
differences were not significant.
Conclusions Couples dealing with male infertility due to teratozoospermia can benefit from MACS selection of spermatozoa
with higher percentage of good quality blastocysts but only when the woman is older than 30 years.
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Introduction

In IVF/ICSI, it is of exceptional importance to select the opti-
mal spermatozoon for fertilization. However, in clinical prac-
tice, it is occasionally difficult to decide which spermatozoon

is optimal because the final selection of the spermatozoon
used for ICSI is usually based on the clinical embryologist’s
assessment of sperm morphology. Although the assessment of
sperm morphology is well described [1], this procedure re-
mains somehow subjective and depends heavily on the expe-
rience of the clinical embryologist. Morphology-based sperm
selection was recently elevated to its upper limits with the
introduction of motile sperm organelle morphology examina-
tion into clinical practice. With this approach, it is possible to
examine sperm heads under special contrast at high magnifi-
cation and subsequently microinject the spermatozoa into oo-
cytes (i.e., intracytoplasmic morphologically selected sperm
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injection (IMSI)) [2]. Substantial amounts of available data
demonstrate that IMSI can significantly improve the outcomes
of ICSI treatment [3–7]; however, some lack of clarity in this
method remains because some literature opposes the benefits
of such treatment [8–10]. The drawback of sperm selection
techniques that are based on morphology assessment mainly
results from the inability of these techniques to detect sperma-
tozoa with impaired DNA integrity in terms of DNA fragmen-
tation and denaturation and epigenetic changes. Some studies
showed that IMSI/MSOME approach can improve the selec-
tion of spermatozoa with better genetic material in terms of
DNA fragmentation [11–13] or molecular karyotype [14] to
some extent, although other studies indicated that there is no
correlation of IMSI/MSOME with improved DNA fragmen-
tation of selected spermatozoa [9, 15]. Therefore, some ap-
proaches from some other perspectives that would also enable
the selection of spermatozoa need to be introduced into clin-
ical practice. One such approach is the selection of non-
apoptotic spermatozoa with the aid of the magnetic labeling
of apoptotic spermatozoa. When spermatozoa undergo the
terminal phase of apoptosis, the phosphatidylserine is exter-
nalized on the outer side of plasmamembrane and can be used
as a biomarker or a target molecule for selection [16–18]. For
selection purposes, a phospholipid binding protein annexin V
can be utilized, since it covalently binds to phosphatidylserine,
but it does not pass the plasma membrane of non-apoptotic
cells [18]. Furthermore, annexin V is bound to microbeads,
and this enables that spermatozoa, which bind to annexin V-
microbead complexes, can be retained in separation column
placed in magnetic field. The spermatozoa that pass this col-
umn do not express phosphatidylserine and are therefore char-
acterized as non-apoptotic. Because the spermatozoa that are
already programmed to undergo apoptosis or already in this
process can still swim and appear normal, the only manner in
which to avoid the selection of these spermatozoa for ICSI is
their exclusion using the MACS approach. Some studies have
demonstrated that, using this approach, it is possible to reduce
the number of spermatozoa with fragmented DNA [19, 20],
improve the spermatozoa acrosome reaction [21], improve the
mitochondrial membrane potential [22], and increase the em-
bryo implantation and pregnancy rates [23]. Additionally, just
recently, Sanchez-Martin et al. [24] showed that MACS can
lower miscarriage rate; however, as critically evaluated in a
meta-analysis from a few years ago, despite the improved
pregnancy rate, there are no significant improvements in the
implantation or miscarriage rates [25]. No improvement in
reproductive outcome after MACS was reported also by
Romany et al. [26], although this study included unselected
male population. Therefore, it is possible that these inconsis-
tent results are a consequence of the different designs and
populations of patients included in these studies. Because
there are currently no sibling oocyte studies in which non-
apoptotic MACS-selected spermatozoa have been used for

fertilization and the results compared with those from non-
selected spermatozoa, and because the populations of patients
for whom this approach would be beneficial remain unclear,
we performed a prospective study with a defined and selected
population of patients. Thus, the main aim of our study was to
evaluate the benefit of the use of MACS-selected non-apopto-
tic spermatozoa for ICSI procedures in couples in which the
female had a good prognosis, and male infertility was due to
teratozoospermia as defined by the strict Kruger criteria. To
assess the influence of this sperm selection technique on the
outcomes of ICSI cycles, fertilization, embryo quality, and the
pregnancy and delivery rates were compared between sibling
oocyte groups.

Materials and methods

Experimental design

This prospective sibling oocyte study was performed at our
IVF center between April and December of 2016, and it was
approved by the Slovenian National Medical Ethics
Committee (no. 95/08/15). In this study, we included 26 cou-
ples who were treated with ICSI due to male infertility due to
teratozoospermia (as defined by the strict Kruger criteria; i.e.,
below 15% of spermatozoa were assessed with normal mor-
phology). The women in the couples included in this study
were not older than 36 years and were required to have a
normal ovarian response to controlled ovarian hyperstimula-
tion (as defined by the presence of least six mature oocytes
after ultrasound retrieval). For almost all of the couples, this
was their first or second ICSI cycle; for only three couples,
this was their fourth ICSI cycle. None of the included couples
had a record of previous births or pregnancies. In each couple,
one half of the mature oocytes was fertilized with ICSI using
spermatozoa that were prepared with conventional sperm
preparation method, and the second half was fertilized with
ICSI using spermatozoa that were selected with the MACS
procedure (MACS-ICSI).

Controlled ovarian hyperstimulation protocols

The women included in this study were treated with two dif-
ferent controlled ovarian hyperstimulation (COH) protocols,
i.e., GnRH antagonist (23 women in their first or second ICSI
cycle) and GnRH agonist protocols (3 women for whom this
was their fourth ICSI cycle). The GnRH antagonist protocol
began on day 2 of the menstrual cycle with an initial daily
dose of 200–225-IU recombinant FSH (follitropin alfa, Gonal
F, Merck Serono or follitropin beta, Puregon MSD). The
GnRH antagonist cetrorelix acetate (Cetrotide; Asta Medica
AG, Frankfurt, Germany) was administered at a dose of
0.25 mg per day to the women from the day on which the
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dominant follicle reached a mean diameter ≤ 14 mm until the
day of HCG administration. HCG (Pregnyl; N.V. Organon,
Oss, the Netherlands) was administered at a dose of
10,000 IU when the leading follicle reached a diameter of
18 mm. The GnRH agonist protocol began on day 22 of the
menstrual cycle with the administration of the GnRH ana-
logue (Suprefact; Hoechst AG, Frankfurt/Main, Germany) at
a daily dose of 0.6 ml (600 pg) s.c. After 14 days, pituitary
desensitization was examined by E2 determination and a B-
mode ultrasound scan. Once the criteria for desensitization
were fulfilled (i.e.,E2 ≤ 0.05 nmol/L, follicles ≤ 5 mm in di-
ameter, and an endometrial thickness ≤ 5 mm), ovarian stim-
ulation with a daily dose of 200–225-IU rFSH was initiated
(follitropin alfa, Gonal F Merck Serono or follitropin beta,
PuregonMSD). The GnRH analogue administration was con-
tinued until the HCG administration. HCG was administered
at a dose of 10,000 IU when the leading follicle reached a
diameter of 20 mm. Oocyte retrieval was performed 36 h after
HCG administration.

Semen quality evaluation (concentration, motility,
and morphology) and criteria

The semen quality was evaluated as previously described by
Golob et al. [27]. The same protocols were used to evaluate
native semen, conventionally prepared spermatozoa, and
MACS-selected spermatozoa. Briefly, motility was evaluated
by placing a 10 μL sample on a glass slide, covering it with a
coverslip, and observing it under a microscope on several
fields to determine the representative average sperm motility.
To determine the spermatozoa concentration, the sample was
diluted in sperm counting solution, placed on improved
Neubauer counting chamber, and assessed under a micro-
scope. To determine the sperm morphology, air-dried smears
of the spermatozoa samples were fixed in ethanol and stained
with the Papanicolaou method. The stained samples were
assessed with oil immersion at 1000 magnification, and at
least 100 spermatozoa were examined to determine the pro-
portions with normal and abnormal morphology. For the
sperm morphology evaluation, the strict Kruger criteria were
used [28]. The morphology of a spermatozoon was initially
examined at the head, and if the head was abnormal, the sper-
matozoon was assessed as abnormal, and the neck/midpiece
and tail morphologies were not further examined. The men
were considered teratozoospermic if the sperm concentration
was ≥ 15 million spermatozoa/ml, the total motility was ≥
40%, the progressive motility was ≥ 32%, and the percentage
of spermatozoa with normal morphology was ≤ 14%.

Preparation of semen sample for ICSI and MACS-ICSI

After obtaining the sperm sample on the day of oocyte retriev-
al, the sample was assessed for volume, concentration,

motility, and the presence of round cells. After assessment,
2 ml of the sample was placed on top of a two-layer density
gradient. If the volume of a sperm sample was lower than
2 ml, the required volume of medium used for sperm prepa-
ration (Sydney IVF Sperm Medium (Cook) or Sperm
Preparation Medium (Origio) was used depending on avail-
ability) was added to obtain a 2 ml sample. The two-layer
density gradient consisted of a 2-ml fraction of 100% Pure
Sperm (Nidacon) and a 2-ml fraction of 40% Pure Sperm.
The gradient with the sperm was centrifuged for 30 min at
1200 rpm, and the upper two layers (i.e., the seminal plasma
and 40% fraction of Pure Sperm) were then discarded. The
100% fraction was then divided into half, 4 ml of sperm prep-
aration medium was added to each half, and the samples were
centrifuged for 10min at 1400 rpm. After centrifugation, all of
the supernatant was removed from the first half of washed
sperm, and the washed spermatozoa were used for the
MACS of the non-apoptotic spermatozoa (the protocol is de-
scribed in the next paragraph). In the second half of the
washed sperm, most of the supernatant was removed, and
0.5–0.8-ml sperm preparation medium was added to the re-
maining sperm pellet and medium to allow swim-up. After the
swim-up technique, the sperm fraction was used to make
droplets under paraffin oil, and the droplets were used to per-
form ICSI. After ICSI, the tube with the prepared sperm was
transported to our andrology department for sperm morphol-
ogy evaluation.

MACS of the prepared semen samples

The selection of the non-apoptotic spermatozoa was per-
formed using a MACS ART Annexin V System (Miltenyi)
as described by the manufacturer. Briefly, after density gradi-
ent centrifugation and washing, 0.1 ml MACS ARTAnnexin
V Reagent was used to resuspend the pellet of spermatozoa,
and MACS ART Binding Buffer was added to a final volume
of 0.5 ml. After mixing, the suspension was incubated for
15 min at room temperature to allow the binding of annexin
V-conjugated magnetic microbead complexes to apoptotic
spermatozoa, which externalize phosphatidylserine. For mag-
netic separation, MACSARTMSColumns were placed into a
MiniMACS Separator (Fig. 1), rinsed once with 1 ml of
MACS ART Binding Buffer (which was discarded after
flow-through), and the spermatozoa suspension was then
placed in the column. The apoptotic spermatozoa, which were
bound to annexin V-conjugated magnetic microbeads, were
then retained in the column. That was because the column
was placed inMiniMACS Separator which is basically a mag-
net formingmagnetic field, which causes the retention ofmag-
netically labeled cells. Therefore, the spermatozoa, which
were not magnetically labeled with annexin V-conjugated
magnetic microbeads, did pass the column and were collected.
Because these spermatozoa were not labeled, they represent
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the non-apoptotic population. After this first fraction of sper-
matozoa was collected, the column was washed once with
0.5 ml MACS ART Binding Buffer to collect any remaining
unlabeled spermatozoa from the column. This after flow-
through fraction was combined with the fraction from the
previous step. This mixture of enriched viable spermatozoa
was then washed by adding 4 ml of sperm preparation medi-
um and centrifuged 10 min at 1400 rpm. Next, most of the
supernatant was removed, and 0.5–0.8 ml of sperm prepara-
tion medium was added to the remaining sperm pellet and
medium to allow swim-up. The fraction of sperm obtained
after the swim-up technique was used to make droplets under
paraffin oil, and these droplets were used to perform ICSI.
After ICSI, the tube with the prepared sperm was transported
to our andrology department for evaluation of sperm
morphology.

In vitro fertilization

Fertilized oocytes were cultured until the day after ICSI in
fertilization medium (Cook, Australia) and examined for the
presence of pronuclei 16–18 h after fertilization. Normally
fertilized zygotes (2PN) were cultured in the continuous

culture medium SAGE 1-Step (Origio) until transferred into
the uterus on day 3 or on day 5. If embryo transfer was per-
formed on day 3 and there were supernumerary embryos, they
were cultured until the fifth or sixth day to be cryopreserved (if
they developed to blastocyst stage). On day 3, the embryos
were defined as good quality when having 6–10 equally sized
blastomeres and less than 15% fragmentation, as fair quality if
there were unequally sized blastomeres and less than 15%
fragmentation or equally and unequally sized blastomeres
with 15–50% fragmentation, and as poor quality if fragmen-
tation represented more than 50% of the embryo volume. On
day 5, the embryos were graded according to Gardner et al.
[29]. Briefly, the blastocysts were graded as good quality if
they developed, expanded, or began to hatch and expressed
good inner cell mass (ICM) and trophoectoderm (TE) mor-
phologies; as fair quality if they developed, expanded, or be-
gan to hatch and exhibited goodmorphology of only either the
ICM or TE; and as poor quality if they exhibited abnormal
morphologies of both structures. In the last group, early blas-
tocysts (grade 1) were also included. In each patient, at most,
two embryos were transferred. If the embryo transfer was
performed on day 3, the remaining embryos were cultured
until day 5/6 to achieve the blastocyst stage. These surplus
blastocysts were then cryopreserved.

Statistical analysis

To determine the differences between the morphologies of
conventionally prepared spermatozoa and MACS-selected
spermatozoa, a Mann-Whitney test was used. To determine
other differences between the tested groups, a multivariate
analysis was performed. P values under 0.05 were recognized
as statistically significant.

Results

Twenty-six couples whowere treated with ICSI in 2016 due to
male infertility (more precisely, due to teratozoospermia as
defined by the strict Kruger criteria; i.e., less than 15% of
the spermatozoa exhibited a normalmorphology) were includ-
ed in this prospective study. The overall results are presented
in Table 1. Briefly, in both groups (i.e., the standard ICSI and
MACS-ICSI groups), similar numbers of oocytes were
microinjected, and this resulted in similar proportions of fer-
tilized oocytes (ICSI vs. MACS-ICSI, 77.4 vs. 68.5%, respec-
tively) and cleaved embryos (98.1 vs. 97.7%, respectively).
Additionally, the quality of the day 3 and day 5 embryos did
not significantly differ, and the proportions of frozen blasto-
cysts and cycles with freezing were similar between the
groups. The transfers of the embryos into the uterus (ET) were
performed in all cycles (Table 2); specifically, there were nine
transfers with embryos obtained using standard ICSI, 16 with

Fig. 1 A photo taken during MACS sorting of non-apoptotic
spermatozoa. As it can be seen on the photo, MACS ART MS Column
is placed into MiniMACS Separator, which is attached to MACS
MultiStand. After washing of the column with MACS ART Binding
Buffer (left bigger bottle standing on the MultiStand), the sample of
spermatozoa mixed with MACS ART Annexin V Reagent (right
smaller bottle standing on the MultiStand) is applied into the column
and unlabeled (non-apoptotic) spermatozoa that pass through the
column are collected in a centrifuge tube standing under the column.
The column is washed once with MACS ART Binding Buffer to collect
all unlabeled spermatozoa. The unlabeled spermatozoa are then washed
with sperm preparation medium and prepared for ICSI
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embryos obtained usingMACS-ICSI, and one with 2 embryos
obtained from both approaches. These ETs resulted in seven
deliveries (three following standard ICSI and four following
MACS-ICSI). Altogether, the supernumerary embryos were
frozen in 21 cycles (80.8%); some of these (from 13 cycles)
were already thawed, and this resulted in five additional on-
going pregnancies and one miscarriage.

As mentioned above, comparisons of the embryos from all
patients revealed no difference in the quality of the day 5/6
blastocysts, although the statistical analysis revealed that the
ages of the patients might have influenced this result.
Therefore, the patients were divided into two groups, i.e.,
patients aged 30 years or less and patients aged 31 years or
more. The detailed results are presented in Table 3. In the
group of patients under 31 years (eight patients), no differ-
ences were observed in the numbers (ICSI vs. MACS-ICSI;

56.5 vs. 41.2%, respectively) or quality of the day 5/6 blasto-
cysts (good quality 69.2 vs. 42.9%, fair quality 0 vs. 42.9%,
poor quality 30.8 vs. 14.3%) or in the numbers (100 vs.
95.2%) or quality of day 3 embryos (good quality 54.2 vs.
45.0%, fair quality 33.3 vs. 40.0%, poor quality 12.5 vs.
15.0%). Moreover, there was no significant difference in the
proportions of fertilized oocytes and embryos. ETs were per-
formed four times with embryos that were obtained using
standard ICSI and four times with embryos that were obtained
using MACS-ICSI. Altogether in this group, five pregnancies
(two from standard ICSI and three from MACS-ICSI) and
four deliveries (two from standard ICSI and two from
MACS-ICSI) were achieved. In contrast, in the group of pa-
tients aged 31 years or more, the analyses revealed that the
proportion of good quality day 5/6 blastocysts was higher after
MACS-ICSI treatment (33.3 and 75.0% in the ICSI and

Table 1 The outcome of the ICSI
cycles in terms of oocytes and
embryos according to the method
of sperm selection

Standard ICSI MACS-ICSI

Number of patients 26

Mean female age (± SD) 31.3 ± 2.4

Average oocyte number (together) 13.1 ± 6.1

Injected oocytes 133 127

Fertilized oocytes 103 (77.4%) 87 (68.5%)

Cleaved embryos 101 (98.1%) 85 (97.7%)

Good quality day 3 embryos 59 (58.4%) 53 (62.4%)

Fair quality day 3 embryos 25 (24.8%) 16 (18.8%)

Poor quality day 3 embryos 17 (17.0%) 16 (18.8%)

Number of embryos cultured until the day 5/6 96 75

Number of blastocyst 43 (44.8%) 31 (41.3%)

Good quality blastocyst 19 (44.2%) 21 (67.7%)

Fair quality blastocyst 8 (18.6%) 7 (22.5%)

Poor quality blastocyst 16 (37.2%) 3 (9.7%)

Number of frozen blastocysts 36 (35.6%) 23 (27.1%)

Number of cycles with blastocyst freezing 18 (69.2%) 12 (46.2%)

No statistically significant differences were observed (P value < 0.05)

Table 2 The outcome of ICSI
cycles in terms of pregnancies and
deliveries according to the sperm
selection method

Standard ICSI MACS-ICSI

Number of ET together 26

Number of pregnancies together 8 (30.8%)

Number of ET (standard ICSI or MACS-ICSI embryos only) 9 16

Number of pregnancies (standard ICSI or MACS-ICSI embryos only) 3 (33.3%) 5 (31.3%)

Number of ETwith embryos from both treatments 1

Mean number of transferred embryos (together) 1.2 ± 0.4

Mean number of transferred embryos (standard ICSI embryos or
MACS-ICSI embryos only)

1.2 ± 0.6 1.1 ± 0.3

Implantation rate (standard ICSI embryos or MACS-ICSI embryos only) 27.3% 27.7%

Number of deliveries together 7

Number of deliveries regarding to the method 3 4

No statistically significant differences were observed (P value < 0.05)
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MACS-ICSI groups, respectively; P = 0.028), although the
proportions of embryos that reached the blastocyst stage were
similar (41.1 vs. 41.4%; Fig. 2). There were also no differ-
ences in the proportions of day 3 embryos (97.5 and 97.0% in
the ICSI and MACS-ICSI groups, respectively) or their qual-
ity (good quality 59.7 vs. 68.8%, fair quality 22.1 vs. 12.5%,
poor quality 18.2 vs. 18.8%). ETs were performed five times
with embryos that were obtained using standard ICSI, 12
times with embryos obtained using MACS-ICSI, and once
with 2 embryos obtained from both approaches. Altogether
in this group, three pregnancies (one from standard ICSI and
two from MACS-ICSI) and three deliveries (one from
standard ICSI and two from MACS-ICSI) were achieved.

The morphology of conventionally prepared semen
and MACS-selected spermatozoa

After the ICSI and MACS-ICSI procedures, the morphology
of prepared spermatozoa was evaluated to determine the

influence of the sperm selection technique on sperm quality
parameters. The percentage of morphologically normal sper-
matozoa varied widely between samples from 3 to 40% in the
conventionally prepared spermatozoa and from 2 to 30% in
the MACS-selected population. This variation indicates that
density gradient centrifugation itself highly enriched the pop-
ulation of morphologically normal spermatozoa because the
percentages of morphologically normal spermatozoa in the
native semen samples from males with teratozoospermia
ranged from 1 to 14%. The analysis revealed that the percent-
age of morphologically normal spermatozoa did not differ
significantly between the MACS-selected non-apoptotic
group and the conventionally prepared group (conventionally
prepared vs. MACS-selected; 12.6 ± 9.1% (median, 12%) vs.
11.6 ± 8.4% (median, 10%), respectively; P = 0.417). Detailed
analyses of the morphologically abnormal spermatozoa re-
vealed that, compared with the conventionally prepared
group, among MACS-selected non-apoptotic spermatozoa,
there were significantly more spermatozoa with abnormal tails

Table 3 The outcome of the ICSI cycles regarding to the age of patients

Women aged ≤ 30 years Women aged ≥ 31 years

Standard ICSI MACS-ICSI Standard ICSI MACS-ICSI

Number of patients 8 18

Mean female age (± SD) 28.6 ± 1.3 32.4 ± 1.8

Average oocyte number (together) 11.3 ± 6.0 13.9 ± 6.3

Injected oocytes 34 32 99 95

Fertilized oocytes 24 (70.6%) 21 (65.6%) 79 (79.8%) 66 (69.5%)

Cleaved embryos 24 (100%) 20 (95.2%) 77 (97.5%) 64 (97.0%)

Good quality day 3 embryos 13 (54.2%) 9 (45.0%) 46 (59.7%) 44 (68.8%)

Fair quality day 3 embryos 8 (33.3%) 8 (40.0%) 17 (22.1%) 8 (12.5%)

Poor quality day 3 embryos 3 (12.5%) 3 (15.0%) 14 (18.2%) 12 (18.8%)

Number of embryos cultured until the day 5/6 23 17 73 58

Number of blastocyst 13 (56.5%) 7 (41.2%) 30 (41.1%) 24 (41.4%)

Good quality blastocyst 9 (69.2%) 3 (42.9%) 10 (33.3%)* 18 (75.0%)*

Fair quality blastocyst 0 3 (42.9%) 8 (26.7%) 4 (16.7%)

Poor quality blastocyst 4 (30.8%) 1 (14.3%) 12 (40.0%) 2 (8.3%)

Number of frozen blastocysts 9 (37.5%) 6 (30.0%) 27 (35.1%) 17 (26.6%)

Number of cycles with blastocyst freezing 5 (62.5%) 5 (62.5%) 13 (72.2%) 7 (38.9%)

Number of ET together 8 18

Number of pregnancies together 5 (62.5%) 3 (16.7%)

Number of ET (standard ICSI or MACS-ICSI embryos only) 4 4 5 12

Number of pregnancies (standard ICSI or MACS-ICSI
embryos only)

2 (50.0%) 3 (75.0%) 1 (20.0%) 2 (16.7%)

Number of ETwith embryos from both treatments 0 1

Mean number of transferred embryos (together) 1.1 ± 0.4 1.2 ± 0.4

Mean number of transferred embryos (standard ICSI
embryos or MACS-ICSI embryos only)

1.3 ± 0.5 1.0 ± 0 1.2 ± 0.4 1.2 ± 0.4

Number of deliveries together 4 3

Number of deliveries regarding to the method 2 2 1 2

The observed statistically significant difference is marked with asterisk (P value < 0.05)
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(11.7 ± 11.1% (median, 10%) vs. 18.9 ± 13.2% (median,
14%), respectively; P = 0.046) and a trend towards more sper-
matozoa with abnormal necks andmidpieces (6.7 ± 6.1% (me-
dian, 5%) vs. 8.5 ± 6.4% (median, 9%), respectively; P =
0.221). In contrast, there was a trend for more spermatozoa
with abnormal heads in the conventionally prepared sample of
spermatozoa (69.0 ± 17.8% (median, 75%) vs. 61.0 ± 19.5%
(median, 67%) in the conventionally prepared and MACS-
ICSI groups, respectively; P = 0.092), although the difference
was not significant.

Discussion

In many studies that have been conducted on the topic of the
MACS selection of non-apoptotic spermatozoa, the selected
spermatozoa were only analyzed for their characteristics and
were not functionally used in IVF/ICSI procedures.
Additionally, to our knowledge, this is the first study in which
MACS-selected spermatozoa were used to fertilize sibling
oocytes because all other studies have only used similar pop-
ulations of patients for comparison [23, 24, 26, 30–32].
Consequently, the data regarding whether the use of this se-
lection technique is of any advantage in IVF/ICSI procedures
remain inconclusive. For this reason, we performed this pro-
spective study on sibling oocytes where MACS-selected non-
apoptotic spermatozoa were used to fertilize oocytes and ob-
tained embryos were cultured up to fifth/sixth day and trans-
ferred into uterus when of better quality as embryos obtained
from sibling oocytes fertilized with conventionally prepared

spermatozoa. To determine the effects of the MACS proce-
dure, the outcome of ICSI/MACS-ICSI cycles was evaluated
on several levels that ranged from the basic characteristics of
the obtained spermatozoa and embryos to pregnancies and
deliveries. Because we included couples dealing with male
infertility due to teratozoospermia as defined by the strict
Kruger criteria in our study, the morphology of conventionally
prepared and MACS-selected spermatozoa were evaluated af-
ter ICSI to determine the effects of MACS selection. The
results revealed that the overall percentage of morphologically
normal spermatozoa did not differ significantly between the
ICSI and MACS-ICSI procedures. However, detailed analy-
ses of the morphologically abnormal spermatozoa revealed
significantly more spermatozoa with abnormal tails after
MACS-ICSI procedure, which may be potential consequence
of the selection procedure. Moreover, the trends towards less
spermatozoa with abnormal heads and towards more sperma-
tozoa with abnormal necks and midpieces after MACS-ICSI
procedure were revealed, although the differences were not
significant. This observation is partly in concordance with
study by Cakar et al. [33], who showed that the motility of
spermatozoa was significantly impaired after MACS when
compared to fresh samples. This could be due to more tail
abnormalities caused by MACS procedure as we noticed in
our study, although we did not evaluate the motility specifi-
cally. Furthermore, they observed that the percentage of mor-
phologically normal spermatozoa was significantly lower af-
ter swim-up followed by MACS then when only swim-up
spermatozoa were analyzed. Additionally, there was also one
study on an animal model (boar), which revealed the negative
effect of MACS on motility and viability of boar spermatozoa

Fig. 2 The outcome of the ICSI cycles in terms of oocytes and embryo
development according to the sperm selection method among women
aged 31 years or more. The only observed statistically significant

difference (marked with asterisk) was a higher proportion of good
quality day 5/6 blastocysts following MACS-ICSI treatment (33.3 and
75.0% for the ICSI andMACS-ICSI procedures, respectively; P = 0.028)

J Assist Reprod Genet (2018) 35:1665–1674 1671



[34]. This study also showed that MACS selected non-
apoptotic fraction contains significantly lower proportions of
normal spermatozoa as a control [34]. The authors of this
study suggest that boar spermatozoa are more sensitive than
humans, or maybe the magnetic field could have some nega-
tive influence. These results are somewhat contradictory to
previously published studies because they have demonstrated
that MACS selection can improve the percentage of sperma-
tozoa with normal morphology [23, 35, 36]. However, other
studies have demonstrated that MACS does not improve this
percentage [37, 38]. These differences may be consequences
of different patient populations and different sperm prepara-
tion approaches before MACS selection. For example,
Dirican et al. [23] studied oligoasthenozoospermic patients
and used MACS before DGC, Said et al. [35] and Aziz et al.
[36] studied normozoospermic patients and used MACS after
DGC, Nadalini et al. [37] also studied normozoospermic pa-
tients and used MACS after DGC but compared the non-
apoptotic spermatozoa fraction to that resulting from a DGC
procedure in combination with swim-up, and Curti et al. [38]
who studied teratozoospermic patients with sperm chromatin
dispersion test above 16% and used MACS after swim-up.

Our observed differences in morphology did not seem to
influence spermatozoa functionality because the ICSI/
MACS-ICSI cycle outcomes were very comparable be-
tween the approaches, and we did not find any significant
differences in any stages of the outcome when all couples
were compared. However, because the results indicated a
trend that suggested that the percentage of good quality
blastocysts might have been influenced by the age of the
female, additional analysis was performed. These analyses
revealed that the MACS procedure improved the percent-
age of good quality blastocysts in the female patients aged
over 30 years old. This difference may be explained by
capability of oocytes to repair damaged paternal DNA
[39]. Damaged paternal DNA can lead to impaired fertili-
zation, impaired embryo development, impaired implanta-
tion, pregnancy loss, or even developmental abnormalities
[40–43]. The DNA repair capabilities of oocytes are better
in younger women and decrease with age [44], and our
results suggest that the need for such repair mechanisms
can be reduced by improving the quality of the spermato-
zoa with the MACS procedure. This observation accords
with reports that have demonstrated that spermatozoa DNA
integrity can be significantly improved via the use of the
MACS selection of non-apoptotic spermatozoa. Degheidy
et al. [45] demonstrated that MACS can significantly re-
duce DNA fragmentation in infertile varicocele patients,
and Troya and Zorrilla [32] additionally demonstrated that
couples who become pregnant following the use of
MACS-selected spermatozoa for ICSI had DNA fragmen-
tation index under 14%, which is normal. In addition to
improving the DNA fragmentation index, MACS has been

demonstrated to improve the percentage of euploid sper-
matozoa. This benefit has previously been revealed in nor-
mozoospermic patients with implantation failure in whom
it has been reported that MACS can lower the percentage
of aneuploidies (tested for chromosomes 18, X, and Y)
[46]. Furthermore, Esbert et al. [47] studied patients with
abnormal spermatozoa based on FISH and revealed that
spermatozoa with disomy and nullisomy 13, 18, and 21,
X, Y, and diploidy are more likely to be recognized by
annexin microbeads and retained in MACS columns.

As explained above, the percentage of good quality
blastocysts was the only difference observed between the
studied groups, and this difference was only observed in
the subpopulation of couples in which the female was aged
over 30 years. Other differences were not found. Similarly,
no differences were observed by Romany et al. [26] when a
MACS-ICSI procedure was applied in oocyte donation cy-
cles because the donating women were young. In this
study, very similar fertilization rates, embryo quality rates,
pregnancy rates, and live-birth rates were achieved, al-
though the absence of any selection of the male patients
was a shortcoming of this study. In other studies, some
benefits of the MACS selection of non-apoptotic sperma-
tozoa have been reported. Sánchez-Martín et al. [24] found
that the MACS procedure lowers the miscarriage rate, al-
though it does not improve the live-birth rate in autologous
or donor oocyte ICSI cycles. In contrast, Troya and Zorrilla
[32] reported no improvement in the miscarriage rate due
to MACS, although they did observe an improvement in
the clinical pregnancy rate. There are a few other reports of
improved pregnancy rates, including the following: a re-
port by San Celestino et al. [31] in which oocyte donation
cycles were examined, and only frozen sperm samples
were used; a report by Khalid and Qureshi [48] in which
couples with unexplained infertility were examined fol-
lowing intrauterine insemination; and a report by Buzzi et
al. [30] in which oocyte donation associated with severe
male factor infertility was examined. An improved preg-
nancy rate combined with an improved embryo cleavage
rate among oligoasthenozoospermic patients was reported
by Dirican et al. [23]. Moreover, a meta-analysis revealed
that sperm selection using MACS significantly improves
the pregnancy rate, although the miscarriage rate is not
improved [25].

In conclusion, the selection of non-apoptotic spermato-
zoa using MACS can be a useful approach but only in a
clearly defined population of couples in which the female
is aged over 30 years. The results of our study demonstrat-
ed that such couples dealing with male infertility due to
teratozoospermia can benefit from this procedure by
obtaining a higher percentage of good quality blastocysts,
although a study with higher number of patients should be
performed to confirm our conclusions.
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