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STUDY QUESTION: Do the ICSI-related procedural timings and operators affect the outcomes of an ART cycle?

SUMMARY ANSWER: The ICSl-related timings and operators do not associate with the mean blastulation rate per cohort of inseminated
oocytes and the cumulative delivery rate per concluded cycle, except for a mild association between the times from induction of ovulation to
oocyte denudation and the former outcome.

WHAT IS KNOWN ALREADY: In ART, specific timings, protocols and conditions must be complied with to preserve gamete developmental
and reproductive competence during the required manipulations. ICS| represents a groundbreaking advancement that has been widely
implemented. Nevertheless, the studies that examined the putative impact of ICSI-related procedural timings were mainly conducted in old-
fashioned settings or in good prognosis patients. No report addressed issues like operators’ skills and experience and uncertainties exist dealing
with the effect of cumulus cells in the pre-incubation period in vitro before ICSI. However, all this information is crucial to efficiently plan the
daily routine of an IVF lab, fill the existing gaps of knowledge and define proper key performance indicators.

STUDY DESIGN, SIZE, DURATION: Observational study conducted at a private IVF clinic (January 2016 to January 2018). We included
all consecutive ICSI procedures (n = 1084 infertile couples undergoing 1444 cycles with or without preimplantation genetic testing (PGT);
mean £ SD maternal age: 38.1 &= 4.0 years) with fresh autologous oocytes (n =7999 oocytes, 5.5 4 3.2 per treatment) inseminated with
fresh non-donor ejaculated sperm. All operators and critical procedural timings (induction of ovulation to oocyte denudation, denudation
and ICSI) were automatically recorded through an electronic witnessing system. The primary outcome measure was the cumulative delivery
rate among both non-PGT and PGT-concluded cycles (i.e. delivery achieved or no supernumerary cryopreserved blastocyst available). The
secondary outcome measure was the mean blastulation rate per cohort of inseminated oocytes. All confounders were registered and included
in generalized linear models and multivariate logistic regression analyses.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Fourteen and |2 operators were involved in denudation and ICSI procedures,
respectively. Denudation was performed after 4.1 = 1.2 h (2—7) of pre-incubation in vitro after oocyte retrieval, and ICSI was started immediately
after. Beyond procedural timings and operators, all the putative confounders (patients’ and cycles’ characteristics) on the primary and/or
secondary outcomes were systematically registered and included in the statistical analyses.

MAIN RESULTS AND THE ROLE OF CHANCE: The mean time from induction of ovulation to oocyte denudation was 39.3 £ |.3 h. The
mean procedural timings for denudation and ICSI were 8.1 & 3.8 and 12.6 & 6.4 min; both these variables were significantly dependent on the
number of inseminated oocytes and the operators’ skills and experience. The overall mean blastulation rate per cohort of inseminated oocytes
was 34.0 &= 27.9%. This outcome was significantly associated with the time from induction of ovulation to oocyte denudation (mean blastulation
rate stable in the time interval 38—42 h, but significantly higher for timings <38 h), maternal age (the mean blastulation rate drops especially
beyond the age of 40 years) and categorized sperm concentration (highest mean blastulation rate for sperm concentrations > |5 mil/ml and
lowest for cryptozoospermic patients) through a generalized linear model that showed an adjusted r2 =0.053 (P <0.01). No association
was found for denudation and ICSI timings and operators. Lastly, when adjusted for maternal age and number of inseminated oocytes, both
ICSl-related procedural timings and operators did not associate with the cumulative delivery rate among both non-PGT- or PGT-concluded
cycles.

LIMITATIONS, REASONS FOR CAUTION: This is a single private IVF center study. Its reproducibility should be assessed in different
laboratory conditions, with different protocols and in the hands of different operators. Moreover, specific studies are warranted to address
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the beneficial/detrimental effect of the other putative confounders under investigation (e.g. kind of ovulation trigger, culture media, incubator,

etc.).

WIDER IMPLICATIONS OF THE FINDINGS: Proactive communication between the embryologists and the clinicians might contribute
to a reasoned and more efficient organization of the daily workload and increase the mean blastulation rate, especially when poor prognosis

couples (advanced maternal age, reduced sperm count and/or ovarian reserve) are treated.
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Introduction

ICSI represents one of the main breakthroughs in ART. It provided
the embryologists worldwide with a tool to bypass the mechanical
barriers irrespective of semen source and quality and inject a selected
sperm directly into the cytoplasm of an oocyte (Palermo et al., 1992;
Palermo et al., 1995). In a review published in 2017, Palermo and
colleagues celebrated the 25th anniversary of ICSI. In that manuscript,
they underlined the data collected from the International Committee
for Monitoring Assisted Reproductive Technologies (ICMART) that
outlined a prevalence of ICSI ranging between 60 and 98% of the
ART treatments performed across 60 different countries (Palermo
et al., 2017). These numbers demand attention, especially considering
the limited evidence published to outline the ideal workflow of this
technique, which undoubtedly stands out as a game-changer in the
history of ART.

Gaps in knowledge include the definition of the optimal timing
between induction of ovulation (IO) and insemination, as well as of
oocyte denudation (Den) and ICSI itself; similarly, the putative impact
of less experienced operators or different in vitro pre-incubation strate-
gies on ICSl-related outcomes needs to be assessed. Lastly, only a few
reports have addressed the putative sensitivity of oocytes retrieved
from poor prognosis women (e.g. advanced maternal age, AMA) to in
vitro manipulations.

Oocyte competence requires both nuclear and cytoplasmatic mat-
urations (Rienzi et al., 2012; Coticchio et al., 2015), which should
be achieved during the pre-incubation time before insemination, and
published results dealing with this topic are controversial. Specifically,
both the duration of pre-incubation in vitro and the whether or not
surrounding cumulus cells are removed have both resulted in conflicting
results when compared with outcomes such as oocyte metaphase ||
(M) rate, fertilization, cleavage and pregnancy rates mainly after Day
2/3 embryo transfer (ET) (Rienzi etal., 1998; Van de Velde et dl.,
1998; Yanagida et al., 1998; Andrews et al., 2001; Hassan, 2001; Jacobs
et al., 2001; Ho et al., 2003; Dozortsev et al., 2004; Isiklar et al., 2004;
Falcone et al., 2008; Patrat et al., 2012; Garor etal., 2015; Barcena
et al., 2016; Pujol et al., 2018; Mizuno et al., 2019).

The largest dataset focused on ICSl-related timings has been
published by Barcena and colleagues (~4000 ICSI cycles). These
authors observed no impact on live birth rates (LBR) imputable to
pre-incubation timings ranging between | h and 25 min up to |7 h
and I3 min in the absence of surrounding cumulus cells. However,
Barcena’s study was conducted in an ideal population of fertile young
egg donors (mean age ~27 years, ranging 18-35). In other terms, it
did not outline whether the oocytes suffering from the issues of in
vivo aging (Cimadomo et al., 2018) might be more sensitive to the

in vitro stresses involved by ICSI and its related manipulations (Wale
and Gardner, 2016). Therefore, the same group published a second
study in 2018 which instead included 1468 ICSI cycles from 1322 AMA
women undergoing ART with their own eggs (mean age ~38 years,
ranging 21-46) (Pujol et al., 2018). Similarly, in this case, no significant
impact on LBR was reported when denuded oocytes were submitted
to extended pre-incubation timings between oocyte retrieval (OR)
and ICSI, except for a negative trend if such interval was longer than
10 h.

In conclusion then, Barcena’s and Pujol’s studies together provide a
comprehensive overview of the effect of prolonged denuded oocyte
pre-incubation timings before ICSI on the clinical outcomes of an
ART cycle (mostly with a Day 2/3 ET strategy). Still, some informa-
tion are missing: (i) the putative beneficial/detrimental effect of the
surrounding cumulus cells during the pre-incubation period OR-to-
ICSI, (ii) the putative impact of |ICSl-related procedural timings on
the mean blastulation rate (m-BR) per cohort of inseminated oocytes
and on the cumulative delivery rate (CDR) per cycle (as defined by
(Zegers-Hochschild et al., 2017, 2017)), as well as (iii) the effect of
the operators involved in each procedure. To this end, we designed
this study in which all the ICSI timings were accounted (i.e. |O-to-Den,
Den and ICSI) together with the operators involved, automatically and
systematically registered via an electronic witnessing system (EWS)
(Rienzi et al., 2015). The primary outcome measure was defined as the
CDR per cycle. The main secondary outcome measure was instead the
m-BR per cohort of inseminated oocytes. Both these outcomes were
addressed in an unselected population of infertile women undergoing
ICSI, with or without PGT, with own fresh oocytes and fresh non-donor
ejaculated sperm at our private IVF center.

Materials and Methods
Study design

This is an observational study conducted at a private Italian IVF clinic
between January 2016 and January 2018. All elective ICSI procedures
(n = 1444 from 1084 patients) during both non-PGT (n =452) and
PGT (n =992) cycles performed with fresh own oocytes (n =7999)
inseminated with fresh non-donor ejaculated sperm were included.
Only procedures entailing a single round of insemination were included
(i.e. maximum 12 oocytes). All operators, number of ICS| procedures
per working day and critical procedural timings (i.e. |IO-to-Den time
in hours, Den and ICSI procedures time in minutes) were recorded
automatically through an EWS (Rl Witness'™, cooper surgical, USA).
Fourteen and 12 operators were involved in Den and ICSI proce-
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dures, respectively. The operators had minimum of | and maximum
of 14 years of experience. A sub-analysis was also performed by
categorizing their experience as <3 years (i.e. threshold to apply for
the ‘clinical embryologist’ certificate at ESHRE), 46 years (i.e. thresh-
old to apply for the ‘senior embryologist’ certificate at ESHRE) and
> 6 years.

The primary outcome measure was the effect of the ICSI pro-
cedural timings on the CDR among concluded cycles. A cycle was
considered concluded when at least one delivery was achieved or no
supernumerary cryopreserved transferable blastocysts were still avail-
able (Zegers-Hochschild et al., 2017, 2017). The secondary outcome
measure was the m-BR per cohort of inseminated oocytes. All viable
embryos reaching the blastocyst stage up to Day 7 post-insemination
were either transferred or cryopreserved according to the Italian Law
40/2004. All confounders were prospectively registered in a relational
database (Fertilab Manager, Italy) and used as corrective measures in
generalized linear models and multivariate logistic regression analyses.
All patients signed an informed consent to the anonymous retro-
spective analysis and publication of the data related to their cycles.
Institutional Review Board (IRB) approval was obtained from the
clinic.

ART procedures

Ovarian stimulation was conducted with recombinant-gonadotrophins
in antagonist or agonist protocols, as previously described (Ubaldi
et al, 2015; Vaiarelli et al., 2018). When three follicles of >18 mm
diameter were recorded by ultrasound, induction of oocyte final
maturation was triggered with the administration of 10000 IU of
hCG (Gonasi, IBSA, Switzerland) or a single subcutaneous bolus of
GnRH agonist (50 IU buserelin; Sanofi-Aventis, Canada). The latter was
adopted in case of risk of ovarian hyperstimulation syndrome and in
all cases when a freeze-all strategy was planned (i.e. hyper-response,
inadequate endometrium or PGT). The time of IO was confirmed by
the patient to the embryologist at the time of OR and noted in the rela-
tional database (mean = SD, range; 35.2 £ 0.4, 34-37 h). Immediately
after egg collection, follicular fluids were screened for cumulus-oocyte
complexes (COCs). Once identified, COCs were rinsed, transferred
into pre-equilibrated IVF medium (continuous: CSCM, Irvine Scientific,
or sequential: Quinn’s Advantage Fertilization, Origio) in a sterile tube
and incubated at 37°C in controlled atmosphere (6%CO; and 5%0O;,
either it was single step or sequential culture system) until Den. The
time between OR and Den was automatically registered from the EWS
and then added to the time between IO and OR to calculate the hours
|O-to-Den. Oocyte stripping was performed immediately before the
insemination in a HEPES-buffered medium (Modified HTF Medium,
Irvine Scientific, USA or Quinn’s Advantage Medium with HEPES,
Origio, USA) supplemented with human serum albumin (5 mg/ml,
Irvine Scientific or Quinn’s Advantage,) and containing 20 IU/ml of
bovine-derived hyaluronidase (Irvine Scientific or Quinn’s Advantage).
COCs (up to |2 per procedure) were first exposed to hyaluronidase
to disperse the cumulus cells and then pipetted repeatedly through
a Pasteur pipette with an inner diameter of ~250 pm for up to
30—40 s. Once initial cell dissociation was observed, further Den
was carried out removing the corona cells through denuding pipettes
with decreasing inner diameters (170 to 140 pm). After Den, the
oocytes were thoroughly washed and examined under an inverted

microscope to assess integrity and stage of maturation. Only Ml
oocytes were considered for injection. The times of Den and of ICSI
were automatically registered from the EWS. ICSI was performed in a
Petri culture dish containing six pre-warmed HEPES-buffered medium
microdroplets supplemented with human serum albumin (HSA) and
one drop of PVP (polyvinylpyrrolidone solution with HSA—7%, Irvine
Scientific or Origio) covered by mineral oil (Oil for Tissue Culture,
Irvine Scientific or Origio). Sperm samples were analyzed the day
of each ICSI cycle and processed according to the WHO guidelines
as previously described (Mazzilli et al., 2017). After processing, few
microliters of sperm suspension (2-5 pl) were transferred to the left
side of the PVP droplet in order to allow for sperm migration and
facilitate sperm selection, and up to two oocytes were allocated in
each drop. At the inverted microscope (magnification x400), a normal
spermatozoon was selected and immobilized by slicing on the sperm
tail using the injection needle. When the first polar body could be
visualized at 6 o’clock, the oocyte was gently secured by the holding
pipette and intracytoplasmic sperm injection was performed. The
oolemma breakage was conducted by applying a gentle suction by the
injection pipette; then, the spermatozoon was slowly released into the
ooplasm. The injection pipette was withdrawn gently and the oocyte
released from the holding pipette. The procedure was repeated for
each oocyte. Injected oocytes were then rinsed and placed in pre-
equilibrated culture medium (continuous: CSCM, Irvine Scientific, or
sequential: Quinn’s Advantage Cleavage-Blastocyst, Origio; only the
latter culture strategy entailed a media change-over in Day 3 post-
insemination) in a controlled atmosphere (6%CO, and 5%0O;). The
presence of two equally sized pronuclei was assessed |7+ | h after
insemination. Embryos were cultured in separate 30 pl drops up to
the blastocyst stage (Days 5-7) in an atmosphere containing 6%CO
and 5%0, in either a standard incubator (MINC, Cook Medical, USA)
or time-lapse undisturbed system (EmbryoScope, Vitrolife, Sweden).
PGT was conducted according to the indications after thorough genetic
and gynecological counseling. If required, trophectoderm biopsy was
performed according to (Capalbo et al., 2014), a method that does
not entail zona pellucida opening at the cleavage stage. Of note, both
trophectoderm biopsy—related timings and operators were already
shown previously not to impact the clinical outcomes at our center
(Capalbo et al., 2016; Maggiulli et al., 2019). Vitrification and warming
procedures were conducted as previously detailed in (Cobo etadl.,
2012; Cimadomo etal., 2018). ETs were conducted as described
in (Ubaldi et al., 2015; Vaiarelli et al., 2018). Specifically, in case of
freeze-all, ETs were performed in an artificial (estradiol valerate and
progesterone) or natural cycle. All pregnancies were followed up to
delivery or miscarriage.

Statistics

Categorical variables are presented as percentages with 95% Cl. Chi-
squared or Fisher’s exact tests were used to asses statistically significant
differences. Continuous variables are presented as mean 4 SD and
range. Shapiro—Wilk tests were conducted to investigate whether
the data followed a normal (Gaussian) distribution. Kruskal-Wallis or
Mann—Whitney U tests were performed to assess statistically significant
differences. The oocyte Mll rate (Ml oocytes per COCs retrieved) and
the m-BR (blastocysts obtained per MIl oocytes inseminated) across
|O-to-Den timing were shown through locally estimated scatterplot
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smoothing (LOESS) regression with a fit to 50% of the points and
an Epanechnikov weight function. The same approach was used also
to plot the m-BR across increasing maternal age. The association
between the variables under investigation and the m-BR per cohort
of oocytes was assessed through generalized linear models adjusted
for confounders. The main confounders tested were maternal/pa-
ternal age and karyotype, categorized sperm concentration (>15,
6—14 and <5 mil/ml or cryptozoospermia defined according to the
WHO guidelines and (Barratt et al., 2017)), main cause of infertil-
ity, protocol of stimulation and trigger of ovulation, culture media,
incubator, number of ICSI| procedures performed during the same
working day, and sequential number of ICSI cycle undertaken by
each patient during the study period. Generalized linear models were
adopted also to investigate the association between the procedural
timings and the operators involved. These data were corrected also
for number of oocytes processed and operators’ clinical experience in
years. The associations with the CDR among concluded cycles were
assessed through multivariate logistic regression analyses. This last
analysis was conducted for non-PGT and PGT cycles separately due to
the significantly different population of patients undergoing these two
clinical strategies (Supplementary Table Sl). In case of non-PGT cycles,
beyond the same confounders previously listed, also the number
of oocytes collected, the strategy for the first ET (fresh or freeze-
all) and the protocol for endometrial preparation were accounted
among confounders. The software SPSS (IBM, USA) was used for
statistics.

Results

Tables | and Il summarize the main patient and cycle and procedural
and embryological data. In detail, 1444 ICSI cycles were performed
during the study period from 1084 patients (up to 5 ICSI cycles
per patient), on average 3.6 £2.2 (I-14) procedures per day. The
mean maternal and paternal ages were 38.1 & 4.0 years (21-45)
and 40.8+ 5.7 years (26—69), respectively. Supplementary Table Sl|
summarizes the mean maternal age and sperm concentration across
patients undergoing |, 2, 3, 4 or 5 ICSI| cycles during the study
period. Most of the cycles involved PGT (n =992/ 1444, 68.7%) (main
data summarized in Supplementary Table SI). An antagonist protocol
was adopted for almost all the ovarian stimulations (n = 1374/ 1444,
95.2%), and the hCG or GnRH agonist was almost equally used to
trigger ovulation (n =661/1444, 45.8% and n =783/1444, 54.2%
respectively).

The oocyte MIl rate (on average 73.4£20.5% per cohort of
COCs retrieved) did not show any association with the 1O-to-
Den timing (Supplementary Figure SI), also when corrected for
maternal age and number of COCs retrieved in a generalized linear
model. Overall, 7999 MIl oocytes were inseminated, 5.5+3.2 (I-
12) per procedure. The mean hours |O-to-Den were 394+ 1.3 h
(36.5-42), the mean time of Den was 8.1 £ 3.8 min (2-20) and
the mean time of ICSI was 12.6+ 6.3 min (2-36). Among the
inseminated oocytes, 5774 were fertilized, on average 4.0 £2.6 (0—
12) per cohort, resulting in a mean fertilization rate of 71.0 +27.4%
(0-100%). The blastocysts obtained were 2818, [.9+1.8 (0-9)
per cohort of inseminated oocytes. The m-BR was 34.0 +27.9%
(0-100%).

Table | Patient and cycle data. All data are n (%) unless
stated otherwise.

Patients, n 1084

Maternal age year, mean & SD 38.1 £4.0 (21-45)
(min—max)
Paternal age year, mean 4= SD
(min—max)

40.8£5.7 (26-69)

Parental karyotype:
Normal
Abnormal

1064 (98.2)
20 (1.8)
Sperm concentration 10%/ml:
>15 1037 (71.8)
614 224, (5.5)

<5 129 (8.9)
Cryptozoospermia 54 (3.7)
Main cause of female infertility:
Idiopathic 900 (83.0)
Tubal factor 83 (7.7)
Endometriosis 70 (6.5)
Endocrine-ovulatory 31 (2.9)

ICSI cycles performed during the study
period:
One 824 (76.0)
Two 189 (17.4)
Three 46 (4.2)
Four 21 (1.9)
Five 4(0.4)

ICSI procedures per working day, 3.6+£2.2(1-14)

mean % SD (min-max)
Preimplantation genetic testing (PGT):
No 452 (31.3)
Yes 992 (68.7)
Protocol of ovarian stimulation:

Antagonist
Agonist

1374 (95.2)
70 (4.8)

Trigger of ovulation:
hCG 661 (45.8)

Agonist 783 (54.2)
Culture media:

Continuous 1165 (80.7)
Sequential 279 (19.3)
Incubator:

Standard 1024 (71.0)

Undisturbed 420 (29.0)

The time of Den and of ICSI are different
across different operators but do not
associate with the m-BR per cohort of
inseminated oocytes

The time of Den was significantly variable across the 14 operators
involved (Kruskal-Wallis test, P < 0.01). Figure la and b shows the
box plots of this timing across each operator and the related mean
values. The fastest operator denuded on average 5.4+3.2 (I-12)
oocytes across |74 procedures in 6.6+ 3.0 min (3-20), while the
slowest denuded 6.0 £3.3 (I-12) oocytes across 24 procedures in
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Table Il Main timings and embryological outcomes
per ICSI cycle. Data are mean £ SD (min—max) unless stated
otherwise. |O, induction of ovulation; Den, oocyte denudation;
MIl, metaphase II.

ICSl cycles,n 1444

Hours between 10 and Den 39.4+ 1.3 (36.5-42)
Duration of Den min 8.1 £ 3.8 (2-20)
Duration of ICSI min  12.6 +6.3 (2-36)

MIl oocytes,n 7999

MIl oocytes inseminated per cycle 5.5+3.2 (1-12)
Fertilized oocytes, n 5774
Fertilized oocytes per cohort of inseminated 4.0 +2.6 (0-12)
oocytes
Fertilization rate per cohort of inseminated 71.0427.4 (0—100)
oocytes, %
Blastocysts,n 2818
Blastocysts per cohort of inseminated 1.9 & 1.8 (0-9)
oocytes
Blastulation rate per cohort of inseminated 34.0 +27.9 (0-100)
oocytes, %

13.9 £ 5.1 min (6-20). Figure |c and d shows the mean time of Den
according to the operators’ experience clustered in three groups (<3,
4-6 and > 6 years). Also, in this case, a significant difference was
reported (Kruskal-Wallis test, P < 0.01). The statistically significant
association between the Den timing and the Den operator (partial eta-
squared 0.147, P < 0.01) was confirmed in a generalized linear model
(r-squared = 0.45) adjusted for the number of oocytes processed
(partial eta-squared 0.380, P < 0.01). Nevertheless, such variability had
no effect on the m-BR: neither the time of Den (P =0.5) nor the Den
operator (P = 0.8) associated with this outcome.

The time of ICSI was also significantly variable across the |12 oper-
ators involved (Kruskal-Wallis test, P < 0.01). Figure 2a and b shows
the box plots of this timing across each operator and the related
means. The fastest operator inseminated on average 5.54+3.2 (1-12)
oocytes across 197 procedures in 10.4 £ 5.4 min (2-36), while the
slowest inseminated 5.4 4+2.7 (2—11) oocytes across 23 procedures
in 18.7+ 8.3 min (9-36). Figure 2c and d shows the mean time of
ICSI according to the operators’ experience clustered in three groups
(<3, 4-6 and > 6 years). Also, in this case, a significant difference
was reported (Kruskal-Wallis test, P < 0.01). The statistically significant
association between the ICSI timing and the ICS| operator (partial eta-
squared 0.254, P < 0.01) was confirmed in a generalized linear model
(r-squared =0.74) adjusted for the number of oocytes processed
(partial eta-squared 0.713, P < 0.01). Nevertheless, also in this case,
such variability had no effect on the m-BR: neither the time of ICSI
(P=0.1), northe ICSl operator (P = 0.7) associated with this outcome.

Time 10-to-Den, maternal age and sperm
concentration are significantly associated
with the m-BR per cohort of

inseminated oocytes

A significant association was found between the m-BR per cohort of
inseminated oocytes and the hours from |O-to-Den. Specifically, Fig. 3a

shows the LOESS curve that outlines a constant decrease in the m-BR
between 36 and 38 h and a plateau between 38 and 42 h. Specifically,
the m-BR was 44.6 4= 27.5% when Den was started <37 h from the |O
(n = 62 cycles) then gradually decreased to 39.8 4= 27.2% for the range
37-37.5 h (n =59 cycles) to reach 36.9 £ 28.4% for the range 37.5-
38 h (n =102 cycles). Lastly, a stable 33.0 & 27.8% m-BR per cohort of
inseminated oocytes was reported when Den was started >38 h from
the IO (n = 1221 cycles).

The strongest association was reported between m-BR and maternal
age at OR (Fig. 3b). In detail, this outcome was stable for women
aged <35 years (n =234 cycles, 41.2 + 26.5%) then started decreasing
in the range 3540 years (n =54| cycles, 37.8 £27.7%), until it
dropped in women >40 years (n =669 cycles, 28.6 +27.6%). Also,
the categorized sperm concentration showed an association with the
m-BR (Fig. 3c) that resulted in a gradual decrease from 35.6 +28.6%
with a sperm concentration > |5 mil/ml to 26.0 £ 26.8% for crypto-
zoospermic patients (Kruskal-Wallis test: P < 0.01). The generalized
linear model (adjusted r-squared = 0.053) investigating the effect of all
putative confounders on the m-BR per cohort of inseminated oocytes
confirmed a significant association only for the time from |O-to-
Den (partial eta-squared =0.005, power =76%, P <0.01), maternal
age (partial eta-squared =0.04, power =99%, P <0.01) and sperm
concentration (partial eta-squared =0.017, power =99%, P < 0.01).

Of note, no association was reported between the m-BR per cohort
of inseminated oocytes and the sequential number of ICSI cycle
performed by each specific couple (P =0.12), even if adjusted for the
time 10-to-Den, maternal age and sperm concentration (P =0.61).
Supplementary Figure S2A shows the overall m-BR for first, second,
third, fourth and fifth ICSI cycles, while Supplementary Figure S2 B—
F shows the m-BR in each sequential ICSI cycle achieved by the
population of patients undergoingjust |, 2, 3,4 or 5 treatments during
the study period. In both cases, no significant difference was found.

No association was found between
ICSIl-related timings and operators with the
CDR among concluded treatments

The ICSl-related timings were tested for their association with
the CDR among concluded cycles (i.e. n =1345/1444, 93.1% of
the started cycles). Overall, 332 cycles resulted in at least one
live birth (n =332/1345, 24.7%). These data were addressed
separately for non-PGT and PGT cycles since the populations of
patients and cycle strategies were heterogenous in the two groups
(Supplementary Table I). The formerresultedina 17.7% (95% Cl 14.2—
21.8) CDR per concluded cycle (n =72/407; 45 cycles still open),
while the latter resulted in a 27.7% (95% Cl 24.9-30.7) CDR per
concluded cycle (n =260/938; 54 cycles still open). Table | presents
the ICSl-related timings across the concluded non-PGT and PGT cycles
resulting in no delivery versus at least one live birth. No difference was
reported for the |O-to-Den timing, while significant differences were
reported for the time of Den and of ICSI (Mann—Whitney U test,
P <0.01). However, both these associations were imputable to the
higher number of oocytes retrieved and therefore processed, during
the cycles resulting in at least one live birth (Mann—Whitney U test,
P <0.01), rather than to the procedural timings themselves. In fact,
when the Den and ICSI timings were assessed in a multivariate logistic
regression analysis adjusted for maternal age at OR and number of Ml
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Figure | Variability in the time of oocyte denudation (Den) among different operators. (A) Box plots showing the time of Den in
minutes versus the operators listed according to the number of procedures performed. (B) Years of clinical experience, number of procedures, mean
number of denuded oocytes per procedure and mean time of Den according to operator. (C) Time of Den according to years of operators’ clinical
experience clustered in three groups (<3, 4—6 and > 6 years). (D) Number of procedures, mean number of denuded oocytes/procedure and mean
time of Den according to operators’ clinical experience clustered in three groups (<3, 4-6 and > 6 years).

oocytes collected (i.e. the only confounders found significant from the
univariate analyses), no association was found (odds ratio in non-PGT
cycles: 0.93 and 1.0 for Den and ICSI timing, respectively; odds ratio in
PGT cycles: 0.99 and 1.0 for Den and ICSI timings, respectively). No
association was reported also for the Den and ICSI operators involved
in each procedure (Fig. 4a and b; Fig. 5a and b).

Discussion

This study was designed to fill the main research gaps in our knowledge
regarding the putative effect of ICSl-related timings and operators on
the key embryological and clinical outcomes in a modern ART unit.
To this end, we focused on m-BR per cohort of inseminated oocytes
and the CDR per concluded treatment in ICSI cycles with or without
PGT. The study was conducted in infertile and mostly-AMA women,
which represent an unselected population of patients at our Italian
IVF unit. All procedures performed in a single round with up to 12
fresh oocytes, and ejaculated non-donor fresh sperms were included
to ensure a homogenous population of gametes. The only procedures
excluded were the ones involving azoospermic male partners, due to

the clear impact of this condition on the fertilization and blastulation
rates (Palermo et al., 1999; Balaban et al., 2001; Vernaeve et al., 2003;
Loutradi et al., 2006; Mazzilli et al., 2017). The EWS was adopted as
a tool to automatically, systematically and objectively register all the
procedural timings and operators. The only timing that was retrieved
from our relational database was the hour and date of 10O as confirmed
by the patient to the embryologists according to what planned with the
clinician.

The pre-incubation time between OR and ICSI ranks among the
main issues addressed by several previous papers, whose authors
were concerned of both the achievement of oocyte cytoplasmic
maturity and the prevention of oocyte in vitro aging. These papers
came to contrasting indications but most importantly highlighted the
wide variability in the time between IO and OR across different
laboratories, which ranges between 34 and 38 h (Rienzi et al., 1998;
Van de Velde et al., 1998; Yanagida et al., 1998; Andrews et al., 2001;
Hassan, 2001; Jacobs et al., 2001; Ho et al., 2003; Isiklar et al., 2004;
Dozortsev et al., 2004; Falcone et al., 2008; Patrat et al., 2012; Garor
et al., 2015; Barcena et al., 2016; Mizuno et al., 2019). In other terms,
a consensus on this topic is clearly missing also because of different
modus operandi regarding how OR procedures are scheduled. In this
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>
o~

Kruskal-Wallis test: p<0.01
|

o] e o0} s
s
o w -
< < ~ ol B s -
- : 2428 1] £2| ¢
g g g + N & S
o P S . A H
) X X -
“ < = g
o ol % S
e o N 2
2] Pt = = < &7 N
=1 o [S] Ny
T €@ T T
T e M S 3 3 3 ) % , g
=15 6-14 S Crypto
Hours I0-to-Den Maternal age (yr) Sperm factor (mil/ml)

Figure 3 Mean blastulation rate (m-BR) per cohort of inseminated oocytes according to hours between induction of ovulation
and oocyte denudation (I0-to-Den) (A), maternal age at oocyte retrieval (B) and categorized sperm concentration (C). The gray
spots in panels A and B identify the outcome achieved in each specific cycle, while the dotted red lines represent the locally estimated scatterplot

smoothing (LOESS) curves. For sperm concentration, the data are summarized through box plots and average = SD values.

020z Alenige g0 uo Jasn uelelqi] oyl Aq £968695/2€/1/SEARISqR-8oIe/daiwny/wod dnoolwepeoe//:sdiy Woly papeojumod



ICSI outcomes according to timings and operators 39

Table Il Absence of an association between the ICSl-related procedural timings (adjusted for maternal age and number
of oocytes inseminated) with the cumulative delivery rate (CDR) per concluded non-PGT and PGT cycle. Data are
mean =+ SD (min—max). A cycle was considered concluded when at least one live birth was achieved or no blastocysts were left available
for transfer. PGT, preimplantation genetic testing.

Non-PGT cycles Association with PGT cycles Association with
the CDR the CDR
No live birth >1 live birth Multivariate No live birth >1 live birth Multivariate
achieved achieved odds ratio, achieved achieved odds ratio,
n=2335 n=72 95% ClI; n=678 n=260 95% CI;
p-value p-value
Maternal age year 39.0+4.2 332427 0.76, 39.7+33 373134 0.84,
(21-45) (26-40) 0.70-0.82, (26-45) (28-44) 0.81-0.88,
<0.01 <0.01
MIl oocytes 35+£27 72432 1.29, 54429 74+£29 1.21,
(1-12) (1-12) 1.17-1.42, (1-12) (1-12) 1.15-1.28,
<0.01 <0.01
Time 10-to-Den hour 393+1.3 390+ 1.3 0.89, 394+ 1.2 394413 0.96,
(36-42) (36-41) 0.70-1.13, (36-42) (36-42) 0.85-1.09,
0.35 0.53
Time of Den minutes 6.7+3.5 93+44 0.93, 80+3.4 9.4+42 0.99,
(2-20) (3-20) 0.84-1.04, (2-20) (3-20) 0.94-1.04,
0.21 0.64
Time of ICSI minutes 94+57 159+6.8 /.0, 124+5.8 15.61+6.1 1.0,
(2-36) (4-33) 0.92-1.08, (2-36) (4-36) 0.97-1.04,
0.99 0.77

CDR per concluded cycle across Den operators
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Figure 4 Cumulative delivery rate (CDR) per concluded cycle across different oocyte denudation (Den) operators (op.). Non-
PGT (A) and PGT (B) cycles. Light gray = number of concluded cycles with no live birth (LB) achieved; light green = number of concluded cycles with
at least one LB achieved; continuous light green line = CDR per Den operator; dotted dark green line = overall CDR per concluded cycle. Chi-squared
tests were conducted for statistics.

study, the ICSI| procedures were performed 4.1 £1.2 h (2-7) after * A crucial aspect of our workflow was pre-incubating the oocytes
the OR, but this time interval was not evaluated by itself: it was instead . still enclosed in their cumulus until ICSI, which is another practice still
added to the time between IO and OR to produce an inclusive and . awaiting for a general consensus (Rubino et al., 2016). Our rationale

more standardized parameter, named |O-to-Den time. - was to prevent (i) the potential impact of the absence of cumulus cells
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Figure 5 CDR per concluded cycle across different oocyte ICSI operators (op.). Non-PGT (A) and PGT (B) cycles. Light gray = number
of concluded cycles with no live birth (LB) achieved; light green = number concluded cycles with at least one LB achieved; continuous light green line =
CDR per ICS| operator; dotted dark green line = overall CDR per concluded cycle. Chi-squared test was conducted for statistics. PGT, preimplantation

genetic testing; LB, live birth.

on both embryonic metabolism and oxidative stress (McKenzie et al.,
2004; Fatehi et al., 2005), and (i) the exposure of the eggs to Hepes-
buffered media twice in a few hours (Phillips et al., 2000; Will et al.,
201 1). In this regard, the group of Barcena and Pujol recently published
two important studies claiming that long pre-incubation timings before
ICSI do not affect the reproductive potential of the oocytes obtained
from both young fertile women (Barcena et al., 2016) and AMA infertile
ones (Pujol et al., 2018). Yet, a negative trend was shown in the latter
population when the pre-incubation timing was extended beyond 10 h
(Pujol et al., 2018). Of note, in both Barcena’s and Pujol’s studies, the
oocytes were denuded on average ~| h after OR and ~4 h before
ICSI. In this study, we reported that |O-to-Den timings up to 42 h (of
which 4.1 £ 1.2 h from 2 to 7 h in vitro) in presence of the surrounding
cumulus cells do not impact the CDR per concluded treatment (with
or without PGT), thereby in part confirming Barcena’s and Pujol’s data
with a different oocyte pre-incubation strategy in vitro. An association
was instead found with the m-BR per cohort of inseminated oocytes,
namely an outcome that is missing from several previous studies
(mostly based on a Day 2/3 ET strategy). In this study, we reported
the highest m-BR for |O-to-Den timings <38 h (~37-45%) and then
a plateau up to 42 h (~33%), a trend which is not imputable to the in
vitro maturation of immature oocytes along extended pre-incubation
timings. In fact, the oocyte Ml rate was very stable (~74%) across the
whole |O-to-Den time interval. Therefore, future investigations of the
oocyte Ml rate and m-BR are warmly suggested from centers that pre-
incubate the oocytes before ICSI in the absence of their surrounding
cumulus cells.

Maternal age represented the only putative confounder significantly
associated with both embryological and clinical outcomes, while sperm
concentration was confirmed only for its association with the former
(Mazzilli et al., 2017). Standing these evidences, we suggest scheduling

the daily workload so that the ICSI procedures of poor prognosis
couples (i.e. AMA, reduced sperm count and/or ovarian reserve) are
performed within an |O-to-Den time interval < 38 h. Such expedient
might in fact elicit a slight, yet significant, beneficial effect on the
related outcomes. In other terms, those busy IVF units where ORs are
planned across the whole working day might benefit from proactive
communication between the embryologists and the clinicians aimed at
a reasoned and more efficient organization of the daily workload.

The use of the EWS, like in Barcena’s and Pujol’s studies, provided
us with the unprecedented possibility of investigating ICSl-related
timings across the operators involved in the Den and ICSI procedures.
Similarly, the Den and ICSI ‘operator’ variables were tested for their
association with both the m-BR per cohort of inseminated oocytes
and the CDR per concluded cycle. Interestingly, both the Den and
ICSI timings were highly variable across the operators, mainly as a
consequence of a shorter/longer clinical experience in years, even
when the model was adjusted for the number of oocytes processed.
However, this did not translate in an impact on the embryological
and clinical outcomes under investigation. Indeed, neither the Den nor
the ICSI timings associated with the m-BR per cohort of inseminated
oocytes and the CDR per concluded treatment. These results are
reassuring towards less experienced operators or operators that have
just completed their training for the ICSI procedure. Clearly, the
maximum timings were 20 and 36 min for Den and ICSI, respectively,
to inject no more than |2 fresh oocytes with ejaculated fresh sperm
in standard conditions (Alpha and ESHRE, 201 |; Rubino et al., 2016;
ESHRE and Alpha, 2017). Therefore, future studies should be con-
ducted in different conditions to confirm the reproducibility of these
evidences.

Our study represents the first comprehensive investigation of the
ICSl-related timings and operators with respect to the embryological
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outcomes up to the blastocyst stage and the CDR across concluded
non-PGT and PGT cycles. Future studies are warranted to investigate
the reproducibility of these results in a different setting and in the
hands of other operators. Of note, different operators in our clinical
workflow performed the different procedures required along each
cycle (Den, ICSI, biopsy, vitrification, warming, transfer). This might
represent a bias when investigating the outcomes and their correlation
with the operator involved in each procedure. Nevertheless, in several
studies previously published from our group we already defined the
absence of an impact due to different biopsy, vitrification and warming
operators (Capalbo etal., 2016; Cimadomo et al., 2018; Maggiulli
et al, 2019). Therefore, further investigation is suggested mainly to
address whether the embryo transfer operator might affect the clinical
outcomes after IVF.

This study involves a sufficient amount of cycles (n = 1444 with 7999
MII oocytes from 1084 patients) to achieve an adequate statistical
power to outline the main variables significantly affecting the m-BR
per cohort of inseminated oocytes and the CDR per concluded
cycle. Nevertheless, further investigations focused on all the other
putative confounders (here found not significant) are warranted. For
instance, a sequential culture strategy and an undisturbed incubation
were respectively adopted only in ~20 and ~30% of the cycles
included in this study; therefore, future studies conducted only
with a sequential culture media and/or only with an undisturbed
incubation strategy are suggested. Similarly, the putative association
of the main outcomes defined in this study with the different
strategies of ovarian stimulation and trigger of ovulation, or with
the strategies for endometrial preparation and ET, as well as with
repeated ICSI cycles undertaken from the same patient, requires
deeper investigation.

Lastly, this study outlines also how the EWS, via an automatic and
systematic registration of each procedure-related timings and opera-
tors, represents a valuable tool to define key performance indicators
(KPIs) internal to each IVF unit. Such KPIs might then be prospectively
adopted to constantly monitor on operators’ performance, as well as
shared with the international scientific community in reports like in
Barcena’s and Pujol’s.

Conclusion

Neither ICSl-related procedural timings nor operators affected the
CDR per concluded cycle, even when mostly-AMA women undergo
the insemination of fresh own oocytes pre-incubated in presence of
their surrounding cumulus cells (for 4 h on average, from 2 to 7 h from
oocyte retrieval), culture to the blastocyst stage and untested/euploid
ET.
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Supplementary data are available at Human Reproduction online.
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