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Abstract

Testicular sperm is increasingly used during in vitro fertilization treatment. Testicular sperm has
the ability to fertilize the oocyte after intracytoplasmic sperm injection (ICSl), but they have
not undergone maturation during epididymal transport. Testicular sperm differs from ejaculated
sperm in terms of chromatin maturity, incidence of DNA damage, and RNA content. It is not fully
understood what the biological impact is of using testicular sperm, on fertilization, preimplantation
embryo development, and postimplantation development. Our goal was to investigate differences
in human preimplantation embryo development after ICSI using testicular sperm (TESE-ICSI)
and ejaculated sperm. We used time-lapse embryo culture to study these possible differences.
Embryos (n = 639) originating from 208 couples undergoing TESE-ICSI treatment were studied
and compared to embryos (n = 866) originating from 243 couples undergoing ICSI treatment with
ejaculated sperm. Using statistical analysis with linear mixed models, we observed that pronuclei
appeared 0.55 h earlier in TESE-ICSI embryos, after which the pronuclear stage lasted 0.55 h longer.
Also, significantly more TESE-ICSI embryos showed direct unequal cleavage from the 1-cell stage
to the 3-cell stage. TESE-ICSI embryos proceeded faster through the cleavage divisions to the 5-
and the 6-cell stage, but this effect disappeared when we adjusted our model for maternal factors.
In conclusion, sperm origin affects embryo development during the first embryonic cell cycle,
but not developmental kinetics to the 8-cell stage. Our results provide insight into the biological
differences between testicular and ejaculated sperm and their impact during human fertilization.

Summary sentence

Human embryos originating from fertilization with testicular sperm show a prolonged pronuclear
stage and more often direct unequal cleavage than embryos originating from ejaculated sperm,
while subsequent cleavage divisions are not impacted.
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Introduction

Since the discovery of testicular sperm extraction (TESE), it became
possible for men with azoospermia to have offspring through in vitro
fertilization (IVF) with intracytoplasmic sperm injection (ICSI) [1-4].
In patients diagnosed with nonobstructive azoospermia (NOA),
TESE is the treatment of choice [5-7]. TESE can also be performed
in the case of postvasectomy, iatrogenic, congenital, or postinfectious
obstructive azoospermia (OA), or when vasovasostomy or microsur-
gical epididymal sperm aspiration (MESA) failed [8].

Initially, there were concerns on the safety of using testicular-
derived sperm for IVF treatment. Higher rates of aneuploidy and
chromosomal mosaicism have been reported in human embryos
originating from fertilization with testicular sperm [9, 10]. How-
ever, TESE-ICSI has become a widely used treatment, with similar
pregnancy and live birth rates reported as after treatment cycles
with ejaculated sperm [11]. Still, biological differences exist between
testicular and ejaculated spermatozoa. Testicular spermatozoa can
be fully formed, but have not yet acquired progressive motility [12].
When used for ICSI treatment, they do have the ability to activate and
fertilize the oocyte [3, 13—15]. However, important changes in sperm
maturity occur during epididymal transit, where forward motility
is acquired and sperm chromatin condensation increases [12, 16,
17]. Surgically retrieved testicular spermatozoa have not undergone
these final steps of maturation during transport through the male
reproductive tract. Interestingly, a lower sperm DNA fragmentation
(SDF) index has been reported in testicular spermatozoa than in
ejaculated spermatozoa [18]. This evidence suggests that the level
of DNA damage in sperm may increase during epididymal transit.
Moreover, during ejaculation, spermatozoa normally come into con-
tact with additional fluids from the seminal vesicle and prostate.
Accumulating evidence indicates that membrane bound extracellular
vesicles called exosomes are present in these additional fluids. These
exosomes contain both coding and small noncoding RNAs that are
added to the sperm with potential roles in embryo development [19].

Furthermore, at the onset of meiosis, the formation and repair of
DNA double-strand breaks is an essential feature of meiotic recombi-
nation. After the completion of male meiosis and during subsequent
spermiogenesis, histones enfolding the DNA are almost completely
replaced by protamines, and this major chromatin remodeling pro-
cess is again accompanied by a transient increase in single- and
double-strand DNA breaks [20]. Concomitant with the remodeling
process, the capacity of spermatids to repair DNA breaks progres-
sively declines [21, 22]. As a consequence, residual DNA damage
from spermatogenesis or novel damage acquired during transport
through the reproductive tract remains to be repaired in the oocyte
after fertilization [23, 24]. After fertilization, the sperm chromatin
again undergoes extensive remodeling, as protamines are replaced
by histones [25, 26]. As sperm chromatin is still undergoing fur-
ther condensation during transit from the testis to the epididymis,
chromatin compaction differences may exist between testicular and
ejaculated spermatozoa that may also impact the protamine-to-
histone transition after fertilization.

Overall, human testicular spermatozoa differ from ejaculated
spermatozoa in terms of chromatin maturity, incidence of DNA
damage, and RNA content. It is unclear what the impact is of these

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 12 Sep 2024
Terms of Use: https://complete.bioone.org/terms-of-use

differences on fertilization, preimplantation embryo development
and development after implantation. Time-lapse embryo culture is a
noninvasive tool to study preimplantation embryo development, as it
provides an uninterrupted controlled culture environment while cap-
turing the timing of each developmental stage of the preimplantation
embryo. Developmental time points, referred to as morphokinetic
parameters, are shown to be associated with maternal characteristics
such as smoking and bodyweight, culture conditions such as oxygen
concentration and type of culture medium, as well as treatment-
related factors such as fertilization method and ovarian stimulation
regimen [27-33]. Earlier studies compared small groups of TESE-
ICSI embryos with ICSI embryos originating from ejaculated sperm,
and conflicting results were reported on the impact on the timings
of the cleavage divisions [34-38]. However, it is shown that embryos
originating from one patient share a comparable developmental
timing, which is called clustering [39]. In these former studies, clus-
tering of embryos originating from one patient was not taken into
account, introducing a potential bias by a large amount of embryos
originating from the same patients. It is therefore inconclusive what
the impact of using testicular sperm for fertilization is on the cleavage
divisions of human embryos.

A recent study showed that placental growth trajectories in the
first trimester of pregnancy are increased in pregnancies conceived
after TESE-ICSI as compared to ICSI with ejaculated sperm [40].
To better understand the origin of these biological differences in
postimplantation embryo development resulting from ICSI with
testicular and ejaculated sperm, we investigated a larger cohort of
TESE-ICSI preimplantation embryos using time-lapse culture, and
compared their developmental kinetics during the cleavage divisions
with ICSI embryos originating from ejaculated sperm.

Materials and methods

Study design and participants

We retrospectively analyzed data from couples undergoing a TESE-
ICSI cycle or an ICSI cycle with ejaculated sperm in combination
with time-lapse embryo culture at the Erasmus MC, University
Medical Center between 2014 and 2019. TESE-ICSI indications were
NOA or postvasectomy, iatrogenic, congenital or postinfectious OA.
TESE-ICSI was also performed when vasovasostomy or MESA had
failed and in some cases for cryptozoospermia. Indications for ICSI
with ejaculated sperm were male factor infertility or a previous IVF
cycle resulting in total fertilization failure (TFF). Only cycles with
autologous, fresh oocytes were included. From couples undergoing
multiple cycles during the study period, only data from their first
available treatment cycle was included.

Testicular sperm retrieval, testicular, and ejaculated
sperm processing

Testicular sperm extraction was performed under local anesthesia
with a standard open surgical biopsy technique. A transverse 2
centimeter (cm) scrotal incision was made. The tunica albuginea
was incised for 1 cm and a small fragment (approximately 1.5 cm?)
of testicular tissue was excised with sharp scissors and placed in
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SAGE HEPES buffered human tubal fluid (HTF) culture medium
supplemented with 5% (w/v) human serum albumin (HSA) (all
from Origio/Cooper Surgical, Trumbull, CT, USA). Testicular tissue
consisting of tubuli seminifiri was dissected using sterile glass slides,
and the resulting spermatogenic cell suspension was washed with
HTE, followed by centrifugation at 900 g for 10 min. The pellet was
resuspended in 1 milliliter (ml) HTF and subsequently diluted 1:1
with cryoprotectant (Test Yolk Buffer, Irvine Scientific, Santa Ana,
USA) and cryopreserved in straws (Cryo Bio System, Saint-Ouen-
sur-Iton, France) by placing them in liquid nitrogen vapor.

Before use, testicular sperm cells were thawed and washed with
5 ml HTF supplemented with 10% HSA and centrifuged at 670 g
for 5 min. The remaining pellet was resuspended in 1 ml HTF/10%
HSA and carefully layered on top of 1 ml 40% PureSperm and
centrifuged at 670 g for 30 min. The upper layer of the gradient
was removed, leaving only the soft pellet. This was washed in 5§ ml
HTF and stored at 37°C for a minimum of 1.5 h. An ICSI dish
was prepared containing 75 microliters (pl) drops of HTF under
liquid paraffin oil (Origio), and the purified spermatogenic cells were
pipetted into the drops. Best quality sperm cells, according to motility
and morphology, were selected under an inverted microscope (Leica
microsystems, Germany) at 200-400 times magnification.

Ejaculated semen samples were left to liquefy and sperm concen-
tration and motility were determined. They were subsequently pro-
cessed by density centrifugation, using a 40-80% PureSperm density
gradient (Nidacon International AB, Molndal, Sweden) according to
the manufacturer’s instructions. The resulting soft pellet was washed
twice in HTF medium and isolated spermatozoa were stored at room
temperature until the ICSI procedure. Sperm samples were classified
according to concentration and motility into samples showing oligo-
or normozoospermia, and samples showing severe oligoastheno-
zoospermia, where all quality parameters are below the lower refer-
ence limits as defined by the World Health Organization laboratory
manual [41]. Severe oligoasthenozoospermia was defined as: volume
X concentration x percentage progressively motile spermatozoa/100
is less than 1 million.

Ovarian stimulation, oocyte collection and oocyte
injection

Women underwent routine ovarian stimulation by either a GnRH-
agonist or -antagonist co-treatment protocol with recombinant-
or urinary- follicle stimulating hormone (FSH; Bemfola, Gedeon
Richter, Belgium, Menopur, Ferring, St. Prex, Switzerland, Gonal-F,
Merck Serono, Switzerland or Rekovelle, Ferring, St. Prex, Switzer-
land) [42]. Ovarian stimulation protocols are standardized at our
center and the distribution of GnRH-agonist or antagonist protocol
reflects policy changes over time and not patient selection. Human
recombinant chorionic gonadotropin (hCG) (Pregnyl, Organon, the
Netherlands) was used as a trigger of final follicular maturation.
Ovum pick up was planned according to standardized criteria. For
ICSI with ejaculated sperm, metaphase II (MII) oocytes were injected
with motile ejaculated spermatozoa. For ICSI with testicular sperm,
MII oocytes were injected with either motile testicular spermatozoa
or immotile but viable testicular spermatozoa, as selected by a sperm
tail flexibility test [43].

Embryo culture, selection, and transfer

Injected oocytes were placed in individual wells of EmbryoSlide
culture dishes (Vitrolife, Goteborg, Sweden) and were cultured in
an EmbryoScope time-lapse incubator (Vitrolife, Goteborg, Sweden)

in SAGE 1-Step medium (Origio/Cooper Surgical) at 36.8°C, 7%
0, and 5% CO;. Embryo transfer was performed on day 3 after
fertilization until April 1, 2019. After this, because of a change in
laboratory policy, embryo transfer was performed on day 5 after
fertilization, concerning 26 treatment cycles included in this cohort.
In our clinic, it is standard care to perform single embryo transfer
(SET). Only women aged 38 years or older without medical contra-
indications or women undergoing their third or higher treatment
cycle can opt for double embryo transfer. Embryo selection for
transfer was not aided by time-lapse information and was performed
on a single image acquired by the EmbryoScope at 66-68 h postin-
jection. As implantation and pregnancy outcome were not primary
outcomes in this study, this does not impact on our findings. Embryo
morphology was ranked according to the number of blastomeres,
fragmentation, equality of blastomere size, and cell contact. Top
ranking embryos contained eight blastomeres of equal size, with
less than 10% fragmentation. Embryo selection for cryopreservation
was performed on a single image acquired by the EmbryoScope at
90-92 h postinjection. Embryos with at least 13 blastomeres or at
least 30% compaction were cryopreserved [44]. For the 26 transfers,
where embryo selection was performed on day 3, this was based
on a single image at 114-116 h postinjection, and blastocysts were
ranked by evaluating expansion, inner cell mass development, and
trophectoderm appearance using the European Society of Human
Reproduction and Embryology grading system [45]. Biochemical
pregnancy was confirmed by a positive B-hCG test, ongoing preg-
nancy was confirmed by a fetal heartbeat during ultrasound at
12 weeks of gestation.

Time-lapse imaging and assessment

The EmbryoScope (Vitrolife) records images automatically in seven
focal planes every 10 min. For both TESE-ICSI and ICSI with
ejaculated sperm, ¢ = 0 was defined as the time of injection of the
last oocyte, with the whole procedure taking between 20-50 min,
depending on the number of oocytes. Manual annotations were per-
formed by four trained members of our team according to published
consensus definitions and guidelines [46]. The time of pronuclear
appearance (tPNa), number of pronuclei (PN), the first frame where
both pronuclei faded (tPNf), the timing of reaching the 2-, 3-, 4-, 5-,
6-,7-,and 8-cell stage (t2,t3,t4,t5,t6,t7,and t8; Figure 1). We tested
the inter-observer agreement for annotations and found excellent
agreement (intraclass correlation coefficient (ICC) > 0.9) for tPNa,
tPNf and the cleavage divisions up until the 5-cell stage. Moderate
agreement (ICC < 0.5) was found for the cleavage divisions between
the 6- and the 8-cell stage.

We calculated the interval between pronuclear appearance and
disappearance (tPNa-tPNf) and the interval between the 2-cell stage
and the 3-cell stage (t3-t2) (Figure 1). Embryos were defined as direct
unequal cleaving (DUC) if they needed 5 h or less during t3-t2
(Figure 2) [47].

Statistical analysis

Baseline data were tested for the assumption of normality. If con-
tinuous data did not fulfill the assumption of normality, a Mann—
Whitney U test was performed and estimates are reported as medi-
ans and interquartile range (IQR). Categorical data were analyzed
with the Chi-square test/Fisher exact test. Time-lapse data were
analyzed using a linear mixed model to adjust for the issue that the
developmental time points of one embryo cannot be considered as
independent measurements and that embryos originating from one

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 12 Sep 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Morphokinetics of TESE-ICSI embryos and ICSI embryos, 2021, Vol. 104, No. 6 1221

A = . -
= N N N
Fertilization . ¢ ¢ )
tPNa tPNF 2
< <
tPNF- tPNa $3-12

G1-, S, G2-phase

t4 t5 t6 t7 t8

Figure 1. Schematic representation of embryo developmental events after fertilization. The morphokinetic events annotated in this study are indicated, as are
the time intervals we calculated and used. Phases during the first embryonic cell cycle are also illustrated. G1-phase, gap 1 phase; S-phase, synthesis phase;
G2-phase, gap 2 phase; tPNa, time interval between the time of injection of spermatozoa into the oocyte and appearance of the two pronuclei (PN); tPNf, fading
of the PN; tPNf-tPNa, time interval between tPNa and tPNf; t2, time of cleavage of the embryo to the 2-cell stage; t3, time of cleavage of the embryo to the 3-cell
stage; t3-t2, time interval between t2 and t3; t4, time of cleavage of the embryo to the 4-cell stage; t5, time of cleavage of the embryo to the 5-cell stage; t6, time
of cleavage of the embryo to the 6-cell stage; t7, time of cleavage of the embryo to the 7-cell stage; t8, time of cleavage of the embryo to the 8-cell stage.

Normal cleavage pattern

Direct unequal cleavage (DUC)

Figure 2. Representative images of human zygotes cultured in a time-lapse
incubator undergoing the first cleavage division following a normal cleavage
pattern (A, B) and direct unequal cleavage (C,D). Embryos were defined as
direct unequal cleaving (DUC) if they needed 5 h or less during the interval
between the 2- and the 3-cell stage.

couple show clustering [39]. All statistical analyses were performed
in the statistical package for the social sciences (SPSS), version 24.
Two-sided p-values < 0.05 were considered significant.

Ethical approval

The Medical Ethical Committee of the Erasmus MC examined the
study protocol and issued a waiver for the Medical Research Act
(in Dutch: Wet medisch-wetenschappelijk onderzoek met mensen
(WMO)) (MEC-2016-041), so no formal consent was needed.
All patients undergoing treatment at our center are informed that
anonymized data may be used for retrospective research and patients
have the opportunity to object to this. Patients that objected were
excluded from the analysis.
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Results

Patient characteristics and treatment outcome

We analyzed a total of 451 IVE-ICSI cycles, of which 208 TESE-
ICSI cycles and 243 ICSI cycles with ejaculated sperm. Female and
male age did not differ between the TESE-ICSI group and ICSI
with ejaculated sperm group, with a median age of 33 years (IQR
29-36 and IQR 30-37) for women and 35 years (IQR 31-40 and
IQR 31-41) for men. The type of ovarian stimulation regimen used
was significantly different between the two groups (74 % underwent
GnRH-agonist co-treatment in the TESE-ICSI group vs 51% in
the ICSI with ejaculated sperm group). The number of aspirated
oocytes was significantly higher in the TESE-ICSI group with a
median of 9 (IQR 6-14) oocytes and 7 (IQR 5-10) oocytes in
the ICSI with ejaculated sperm group. Of the men who underwent
TESE, 141 (67.8%) were diagnosed with NOA and 62 (29.8%)
with OA, 5 (2.4%) were diagnosed with cryptozoospermia. Male
factor infertility was diagnosed in 228 patients of the ICSI group
with ejaculated sperm. The remaining 15 ICSI with ejaculated sperm
cycles were performed because of a previous IVF cycle resulting in
TFFE Treatment outcome characteristics of fresh embryo transfers
are shown in Table 1. Fertilization rates were lower after TESE-
ICSI, but no differences were observed in the proportion of fertilized
oocytes resulting in an embryo used for transfer or cryopreservation.
Pregnancy outcomes were also not different between the two groups.
Within the TESE-ICSI group, cycles of men diagnosed with NOA
resulted in a lower fertilization rate per oocyte retrieved than cycles
of men diagnosed with OA (NOA 20.6% in the highest quartile
of fertilization rate vs OA 30.6%, Supplementary Table S2). This is
consistent with previous reports [48-50].

Embryo developmental kinetics

Representative time-lapse videos from embryos resulting after ICSI
with testicular or ejaculated sperm were uploaded (Supplementary
Videos S1 and S2). Embryos used for either fresh transfer or
cryopreservation were annotated for tPNa, tPNf, and t2 up until
t8 (Supplementary Table S1). The median times in hours needed to
reach a certain developmental time point are presented (Table 2).
In order to investigate differences in morphokinetics, we performed
a linear mixed model analysis with ICSI embryos originating from
ejaculated sperm as a reference, while taking clustering of embryos
from each couple into account (Table 2, model 1). In a second
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Table 1. Outcome characteristics of cycles included in the time-lapse analysis and pregnancy outcome after fresh embryo transfer in TESE-

ICSI and ICSI with ejaculated sperm.

TESE-ICSI ICSI (with ejaculated sperm) p-value
Number of analyzed cycles 208 243
MII oocytes 7 (5-11) 6 (4-9) <0.001
Fertilized oocytes 4 (2-6) 4 (2-6) 0.301
Fertilization rate (fertilized oocytes/MII oocytes)
0-25% 30 (14.4) 10 (4.1) <0.001
25.01-50% 55 (26.4) 39 (16.0)
50.01-75% 73 (35.1) 79 (32.5)
75.01-100% 50 (24.0) 115 (47.3)
Total number of analyzed embryos 639 866 NA
Transferred 193 (30.2) 259 (29.9)
Frozen 446 (69.8) 607 (70.1)
Embryo usage rate (number of cryopreserved and transferred embryos/number of bi-pronuclear zygotes)
0-25% 8 (3.8) 3(1.2) 0.275
25.01-50% 50 (24.0) 60 (24.7)
50.01-75% 46 (22.1) 64 (26.3)
75.01-100% 102 (49.0) 116 (47.7)
No bi-pronuclear zygotes 2 (1.0) 0 (0)
Quality of injected testicular spermatozoa NA
Motile spermatozoa 589 (92.2) NA
Immotile viable spermatozoa 50(7.8) NA
Embryos transferred
Single embryo transfer 175 (84.1) 195 (80.2) 0.001
Double embryo transfer 8 (3.8) 32 (13.2)
No transfer 25(12.0) 16 (6.6)
Biochemical pregnancy (%) 82 (44.8) 102 (44.9) 0.980
Fetal heartbeat at 12 weeks of gestation (%)
1 67 (36.6) 81 (35.7) 0.966
2 1(0.5) 2(0.9)
Live birth (%)
Singleton 52 (28.4) 60 (26.4) 0.692
Twin 0 (0) 2(0.9)
Still pregnant during analysis 11 (6.0) 13 (5.7)

Each cycle is derived from a unique patient couple. Data are presented as number (%) or median (interquartile range). A p-value of < 0.05 was considered significant. TESE-ICSI, testicular
sperm extraction with intracytoplasmic sperm injection; ICSI, intracytoplasmic sperm injection; NA, not applicable; MII oocytes, metaphase II oocytes.

model, we also adjusted for the ovarian stimulation regimen with
GnRH-agonist or -antagonist co-treatment (Table 2, model 2).
Linear mixed model analysis showed a negative beta of 0.55 h
for the start of tPNa. This means that tPNa started 0.55 h earlier
in TESE-ICSI embryos compared to ICSI embryos originating
from ejaculated sperm (95% confidence interval (CI): —0.85 to
—0.25). Also, in TESE-ICSI embryos the interval from tPNa to
tPNf was extended with 0.55 h (95% CI: 0.05 to 1.04) (Table 2,
model 2).

After this initial delay, TESE-ICSI embryos reached the 5- and 6-
cell stage 1.11 and 1.04 h earlier (95% CI: —2.16 to —0.05 and 95%
CI: —2.06 to —0.03) than ICSI embryos originating from ejaculated
sperm, but this effect disappeared after adjusting for the ovarian
stimulation regimen (Table 2, models 1 and 2). We initially observed
a significant difference in the time needed for the t3—t2 interval
between TESE-ICSI and ICSI embryos originating from ejaculated
sperm. However, in-depth analysis showed that significantly more
TESE-ICSI embryos displayed DUC than ICSI embryos originat-
ing from ejaculated sperm (20.5% vs 13.6% respectively; p-value
<0.001), proceeding from the 2- to the 3-cell stage in 5 h or less
(Table 3 and Supplementary Video S3). After exclusion of all DUC
embryos from both groups, we did not observe a difference in timing

of the interval t3—t2 in our linear mixed model analysis (data not
shown). No significant difference in the occurrence of DUC was
found in the TESE-ICSI group between the diagnosis NOA and
OA (data not shown). In our cohort, embryo selection for transfer
was not based on time-lapse information, so 45 DUC embryos were
unknowingly selected for SET based on their morphology on the day
of transfer. The transfer of DUC embryos resulted in a lower live
birth rate than normal cleaving embryos (8.9% for DUC embryos
vs 30.5% for normal cleaving embryos; p-value 0.001; Table 3)
irrespective of sperm origin.

When we compared TESE-ICSI embryos originating from men
with a diagnosis of NOA (434 embryos) or OA (190 embryos),
we observed no differences in morphokinetics, except for an even
faster pronuclear appearance for embryos originating from men
with diagnosis NOA (beta —0.51 h 95% CI: —1.00 to —0.02)
The comparison of TESE-
ICSI embryos derived from motile or immotile viable spermatozoa

(Supplementary Table S3, model 2).

showed no significant differences in time-lapse morphokinetics
(data not shown). When we stratified within the group of
ICSI with ejaculated sperm for cycles with or without severe
oligoasthenozoospermia, we found no significant differences in time-
lapse morphokinetics (Supplementary Table S4).
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Table 2. Results of the linear mixed model analysis comparing morphokinetic parameters from all transferred and cryopreserved embryos
resulting from intracytoplasmic sperm injection with testicular sperm (TESE-ICSI), using embryos resulting after ICSI with ejaculated sperm
as a reference

Morphokinetic Median (IQR) hours Model 1 Model 2

parameters Beta [95% CI] hours Beta [95% CI] hours
TESE-ICSI ICSI TESE-ICSI 1CSI p-value TESE-ICSI ICSI p-value

(ejaculated (ejaculated (ejaculated
sperm) sperm) sperm)
tPNa 7.2 7.7 —0.49 Reference 0.001 —0.55 Reference <0.001
(6.1-8.7) (6.7-9.1)  [=0.78 to —0.20] [~0.85 to —0.25]

tPNf 23.2 23.5 —0.06 Reference 0.799 —-0.01 Reference 0.978
(21.4-253)  (21.6-25.3)  [—0.56 to 0.43] [=0.52 t0 0.51]

tPNf — 15.7 15.5 0.43 Reference 0.079 0.55 Reference 0.032

tPNa (12.3-17.7)  (13.6-17.4)  [=0.05 to 0.92] [0.05 to 1.04]

2 25.8 26.0 0.12 Reference 0.663 0.16 Reference 0.584
(22.3-28.1) (24.2-27.9) [—0.43 t0 0.67] [—0.41 to 0.72]

t3 36.1 36.8 —0.48 Reference 0.196 -0.24 Reference 0.528
(32.6-39.2) (33.4-39.5) [-1.20 to 0.25] [<0.99 to 0.51]

t4 37.4 38.2 —0.44 Reference 0.240 -0.22 Reference 0.577
(34.5-40.5) (35.2-41.0) [—1.17 to 0.30] [<0.97 to 0.54]

t5 48.8 49.8 -1.11 Reference 0.040 —0.88 Reference 0.111
(43.4-53.4)  (44.7-54.1)  [=2.16 to —0.05] [=1.97 t0 0.20]

t6 51.4 51.7 —1.04 Reference 0.044 -0.81 Reference 0.133
(47.2-55.1)  (48.0-55.8)  [—2.06 to —0.03] [—1.86 t0 0.25]

t7 53.1 53.5 —0.46 Reference 0.402 -0.37 Reference 0.520
(49.3-58.3)  (49.8-57.9)  [—1.55 t0 0.62] [=1.50 to 0.76]

t8 55.2 55.9 -0.29 Reference 0.640 -0.30 Reference 0.643
(51.2-61.5) (51.6-61.5) [—1.49 to 0.92] [-1.55 to 0.96]

Medians are reported in hours (interquartile range). Beta’s are reported as estimates in hours for TESE-ICSI embryos to reach a certain time point or interval using ICSI embryos originating
from ejaculated sperm as a reference. Model 1: taking clustering of embryos from each couple into account; model 2: taking clustering of embryos from each couple into account and
adjusting for the ovarian stimulation approach. A p-value of < 0.05 was considered significant. IQR, interquartile range; tPNa, time between the injection of spermatozoa into the oocyte
and appearance of the two pronuclei (PN); tPNf, fading of the PN; tPNf-tPNa, time between tPNa and tPNf; 2, time of cleavage of the embryo to the 2-cell stage; t3, time of cleavage of
the embryo to the 3-cell stage; t4, time of cleavage of the embryo to the 4-cell stage; t5, time of cleavage of the embryo to the S-cell stage; t6, time of cleavage of the embryo to the 6-cell
stage; t7, time of cleavage of the embryo to the 7-cell stage; t8, time of cleavage of the embryo to the 8-cell stage.

Table 3. Incidence of embryos showing direct unequal cleavage (DUC) or normal cleavage patterns after TESE-ICSI and ICSI with ejaculated
sperm. Pregnancy outcomes after single fresh embryo transfer of all DUC embryos and normal cleaving embryos in the study are presented

DUC embryos Normal cleaving embryos p-value
Fertilization method
TESE-ICSI 131 (20.5) 508 (79.5) <0.001
ICSI (with ejaculated sperm) 118 (13.6) 748 (86.4)
Fetal heartbeat at 12 weeks of gestation
1 7 (15.6) 129 (39.7) 0.002
2 0(0) 1(0.3)
0 38 (84.4) 195 (60.0)
Live birth rate
Singleton 4 (8.9) 99 (30.5) 0.001
Still pregnant during analysis 0(0) 23(7.1)

Data are presented as number (%). A p-value of < 0.05 was considered significant. DUC, direct unequal cleavage (embryos that needed 5 h or less during the interval between the 2- and
the 3-cell stage); TESE-ICSI, testicular sperm extraction with intracytoplasmic sperm injection; ICSI, intracytoplasmic sperm injection.

Discussion

Our study showed an earlier pronuclear appearance in TESE-ICSI
embryos than in ICSI embryos originating from ejaculated sperm,
with a subsequent prolonged interval between pronuclear appear-
ance and pronuclear fading. Moreover, we observed that TESE-ICSI
embryos proceeded faster through the cleavage divisions to the 5-
and the 6-cell stage, but this effect disappeared when we adjusted
our model to take the impact of the ovarian stimulation regimen into
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account. In addition, we found more DUC embryos in the TESE-ICSI
group.

Our observation on faster pronuclear appearance is in line with
earlier observations [36, 37]. Sperm DNA damage needs to be
repaired in the oocyte after fertilization [22, 23]. If testicular sper-
matozoa exhibit a lower amount of DNA damage than ejaculated
spermatozoa, the oocytes injected with testicular spermatozoa may
have less DNA damage to repair. This could potentially enable a
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faster transition to pronuclear formation [18]. However, reported
differences in DNA damage between testicular and ejaculated sperm
are based on samples of normo- and oligozoospermic men, whether
these results are generalizable to azoospermic men is unclear. We
also observed that after faster pronuclear appearance, TESE-ICSI
embryos needed more time before pronuclear envelope breakdown.
In mice, severe levels of paternal DNA damage result in a delay of
DNA replication in the paternal pronucleus, whereas the maternal
pronucleus waits until pronuclear membrane breakdown can pro-
ceed synchronously [51]. Although delayed pronuclear fading due
to DNA damage and repair would be consistent with our time-lapse
observations, it is not consistent with the reported lower incidence
of DNA damage in testicular sperm vs ejaculated sperm. We also
did not observe a difference in timing of pronuclear fading in NOA
and OA testicular sperm-derived embryos, whereas sperm DNA
fragmentation has been reported to be higher in testicular sperm
from NOA than from OA cases [52]. However, a higher incidence
in severe DNA damage could explain the lower fertilization rate in
NOA cases than in OA cases, as observed by us and others [48-50].

Alternatively, sperm chromatin structure may also impact pronu-
clear development. The chromatin of testicular sperm undergoes fur-
ther compaction during epididymal transit, as the incorporated pro-
tamines enfolding the DNA undergo further stabilization by forming
S-S bonds [53]. Indications exist in mouse that the histone-to-
protamine transition may be incomplete in testicular-derived sperm
[54]. Immediately after fertilization, protamines enfolding the DNA
in mature sperm cells are replaced with histones H3 and H4 provided
by the oocyte. Research in both mouse and human embryos shows
that residual histones present in the fertilizing sperm are transmitted
to the embryo [55, 56]. This carry-over of histones has been shown in
mouse to have an impact on the onset of embryonic gene expression,
but it is unknown if and how this phenomenon might affect the
formation of the male pronucleus and downstream embryo devel-
opmental kinetics [57].

The epididymal epithelium produces exosome vesicles, which are
able to transfer RNA molecules to the passing sperm cells [58].
There are indications that sperm RNAs transmit environmental
information to the offspring, possibly influencing the phenotype
of the offspring [59]. It remains unclear if and what kind of role
these RNAs play during early embryo development after fertilization.
Conflicting results on this issue were reported. One study concluded
that sperm-borne RNAs from within or near the caput epididymis
are critical for early embryo development in mice, because embryos
derived from sperm originating from the caput epididymis implanted
inefficiently and did not develop further [60]. They also showed
an effect after fertilization on the expression of a group of RNA
and chromatin regulators in the early embryo. However, three other
groups did observe normal development of mice after injecting
oocytes with sperm from the caput epididymis [61-63]. Thus tes-
ticular spermatozoa are likely to have a different content of sperm
carried RNAs, but how this may contribute to the differences we
observe remain to be identified.

Also in line with previous findings, more TESE-ICSI embryos
than ICSI embryos originating from ejaculated sperm showed DUC
in our cohort [34]. We observed lower implantation rates of DUC
embryos than normal cleaving embryos irrespective of sperm ori-
gin, confirming previous findings [47]. The exact cause of DUC is
unclear, but it was reported to be associated with maternal genetic
variants in a gene region where also the master regulator of centriole
duplication, polo-like kinase 4 (PLK4), is located [64]. Centrioles
form the core of the centrosome, an organelle that is essential for

organizing the microtubules of the mitotic spindle [65]. The number
of centrioles is critical for proper chromosome segregation, and, just
like chromosomes, their number is reduced during gametogenesis.
Supernumerary centrosomes can lead to mitotic spindles with more
than two spindle poles and multipolar cell division [66]. In mouse
and Drosophila, it was shown that centrosomal components are
reduced during spermiogenesis under the regulation of PLK4, and
that this is necessary to transmit a functional centrosome to the
embryo [67, 68]. In humans, this reduction results in each mature
spermatozoon to carry two remodeled centrioles that combine with
proteins provided by the oocyte into a reconstituted centrosome in
the zygote [69]. It was recently shown in mouse that the centrosome
reduction process is not completed as sperm cells leave the testis,
but continues during transit through the epididymis [70]. Interest-
ingly, investigations in the domestic cat demonstrated differences
in the ability of the sperm centrosome to contribute to sperm
aster formation in the zygote, when centrosomes from testicular
spermatozoa were compared to those from ejaculated spermatozoa
[71]. The testicular sperm centrosome gave rise to poor quality aster
formation, which was also associated with a delayed first cleavage.
Thus, we hypothesize that the higher incidence of DUC embryos we
observe in our study is the result of testicular spermatozoa carrying
insufficiently reduced or matured centrioles to the oocyte. This could
likely lead to multipolar spindle formation, but it may also affect the
duration of the first cell cycle. Recently, novel morphokinetic events
were identified using time-lapse imaging of human embryos, among
which the appearance of a cytoplasmic wave occurring shortly
before PN appearance [72]. It was hypothesized that this is the
morphokinetic manifestation of the formation of the microtubule
sperm aster, emanating from the centrosome. Although consistently
observed to appear shortly before PN appearance in regular ICSI
embryos, it would be interesting to investigate this phenomenon in
TESE-ICSI embryos in relation to earlier PN formation and DUC.

The reduced implantation rate of DUC embryos might be
explained by a more pronounced or different molecular inhomo-
geneity of the cytoplasmic composition of the resulting blastomeres.
It is proposed that inhomogeneity is regulated by intracellular
compartmentalization, and unequal cleavage might distribute these
compartments different between the resulting three blastomeres [73].
This could lead to biological consequences, since cell fate decisions
beyond the 8-cell stage can be influenced by molecules inherited
from previous divisions [73].

TESE-ICSI embryos appeared to undergo the subsequent cleav-
age divisions to the 5- and the 6-cell stage faster, but this effect disap-
peared when we adjusted for the type of ovarian stimulation regimen
used. In our cohort, more women in the TESE-ICSI group underwent
ovarian stimulation using GnRH-agonist co-treatment. The choice of
ovarian stimulation regimen is standardized in our clinic and is not
assigned based on patient characteristics. Recent work investigating
the impact of male factor infertility on morphokinetics of embryos
resulting from ICSI with ejaculated sperm or routine IVE, reported
to find no effect on the duration of the cleavage divisions and
time to blastulation after controlling for female factors [74]. These
findings suggest that the dynamics of the cleavage divisions are
mainly controlled by the oocyte and factors impacting on oocyte
quality. Consistent with this, we also did not observe a difference in
embryo developmental kinetics, when comparing embryos resulting
from ejaculated sperm with or without severe oligoasthenozoosper-
mia. An important female characteristic known to impact IVF out-
comes, female age, was comparable between the TESE-ICSI and
ICSI with ejaculated sperm group in our study population. However,
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we did not study endocrine indicators of ovarian aging and oocyte
quality.

Our study included, to our knowledge, the largest cohort of
TESE-ICSI embryos studied by time-lapse imaging. Culture condi-
tions were the same during the entire study period and all anno-
tations were performed by the same four team members, resulting
in close inter-observer agreement of annotations. However, we do
acknowledge the limitation of the retrospective and observational
nature of this study. Also, ejaculated sperm was used fresh after
selection through density centrifugation, whereas testicular sperm
in our study was frozen and thawed. Density centrifugation has
been described to select sperm with lower levels of DNA damage
[75]. Cryopreservation on the other hand has been described to
induce DNA fragmentation, especially in sperm with susceptible,
less condensed, chromatin [76-78]. However, there are indications
that no differences exist in DNA damage between a fresh and
cryopreserved testicular sample. A previous study did not observe
a significant increase in testicular sperm DNA fragmentation after
cryopreservation, when comparing samples from patients that did
and did not undergo cryopreservation. They also reported no dif-
ferences in treatment outcome when comparing the use of fresh or
frozen—thawed testicular sperm [79]. Another study did not observe
a significant difference in DNA damage, when comparing a fresh
and cryopreserved testicular sample from the same patient [80].
Furthermore, another study comparing ICSI embryos originating
from either fresh or frozen ejaculated sperm showed no differences in
time-lapse morphokinetics [81]. Whether this finding is generalizable
to testicular sperm is unclear. We were unable to assess DNA damage
before and after freezing in our cohorts of spermatozoa, and we
therefore cannot rule out an effect of the sperm cryopreservation pro-
cedure on our findings. Still, our observations are clinically relevant
as using frozen—thawed TESE samples are common practice in IVF
clinics worldwide. This avoids multiple testicular surgeries and no
differences were shown in fertilization rate and clinical pregnancy
rate between cycles using fresh or frozen—-thawed testicular sperm
(82, 83].

In conclusion, the pronuclear stage starts earlier and takes longer
in TESE-ICSI embryos than in ICSI embryos originating from ejac-
ulated sperm. We were able to confirm the finding of an earlier
pronuclear appearance and a higher incidence of DUC in TESE-ICSI
embryos. This shows that it is particularly useful to culture TESE-
ICSI embryos in a time-lapse incubator, as in this way the transfer
of DUC embryos, known to have lower implantation potential, can
be avoided. Our findings provide leads to identify the underlying
biological mechanisms for the observed differences. Further research
should therefore focus on differences between testicular sperm and
ejaculated sperm in terms of centriole function, DNA damage and
chromatin integrity. To enable more insight into the roles each of
these mechanisms could play, it would be of interest to investigate
at what stage of the first embryonic cell cycle TESE-ICSI embryos
are delayed: before, during, or after DNA replication. This may also
provide insight into the potential impact on pregnancies conceived
after TESE-ICSI.
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