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After completing her PhD in Biomedical Sciences with research in embryology, Dr Baker focused on education
for reproductive laboratory personnel and established the first curricular-based graduate programme in the USA
at the University of Kentucky, where she is professor and director of graduate studies in reproductive sciences.
She conducts research in reproductive microbiology and policy issues related to assisted reproduction
treatment. Her interest in the long-term clinical outcomes associated with assisted reproduction, especially
assisted fertilization, has led to collaborations with basic scientists with established expertise in gene
expression databases to study gene expression in murine blastocysts derived by different assisted fertilization
techniques.

Abstract The use of assisted reproduction treatment, especially intracytoplasmic sperm injection (ICSI), is now linked to a range of
adverse consequences, the aetiology of which remains largely undefined. Our objective of this study was to determine differences in
gene expression of blastocysts generated by ICSI as well as ICSI with artificial oocyte activation (ICSI-A) versus the less manipulative
IVF, providing fundamental genetic information that can be used to aid in the diagnosis or treatment of those adversely affected by
assisted reproduction treatment, as well as stimulate research to further refine these techniques. Murine blastocysts were gener-
ated by ICSI, ICSI-A and IVF, and processed for a microarray-based analysis of gene expression. Ten blastocysts were pooled for each
procedure and three independent replicates generated. The data were then processed to determine differential gene expression and
to identify biological pathways affected by the procedures. In blastocysts derived by ICSI versus IVF, the expression of 197 genes
differed (P < 0.01). In blastocysts derived by ICSI-A versus IVF and ICSI-A versus ICSI, the expression of 132 and 65 genes differed
respectively (P < 0.01). Procedural-induced changes in genes regulating specific biological pathways revealed some consistency
to known adverse consequences. Detailed investigation of procedure-specific dysfunction is therefore warranted. o 8
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Introduction mic sperm injection (ICSI) has become increasingly linked to
adverse consequences that can affect both the mother and

The use of assisted reproductive technology has increased her child. In the mother, this includes an increased incidence

dramatically over the last 30 years, providing an unprece-  of placental abruption, pre-eclampsia and stillbirths (Arav
dented opportunity for infertile couples to conceive a child. et al., 2010; Aytoz et al., 1998; Blumenfeld et al., 1992;
Unfortunately, the use of techniques such as intracytoplas- Bonduelle et al., 2005; Buckett et al., 2008; Devroey and
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Van Steirteghem, 2004; Katalinic et al., 2004; Lidegaard
etal., 2005; Lucifero et al., 2004; Osmanagaoglu et al., 2004;
Pinborg et al., 2005; Poret et al., 2010; Unger et al., 2004;
Woldringh, 2005). In children, dysfunction can range from
the development of tumours and carcinomas (Katalinic
et al., 2004; Lightfoot et al., 2004; Moll et al., 2003a,b; Nie-
mitz and Feinberg, 2004; Odone-Filho et al., 2002; Owen and
Segars, 2009; Toren et al., 1995; White et al., 1990) to con-
genital anomalies such as septal heart defects and cleft lip
or palate (Anthony et al., 2002; Bertelsmann and de Carvalho,
2008; Bonduelle et al., 2005; Hansen et al., 2005; Kallen
et al., 2005; Karpman et al., 2005; Katalinic et al., 2004;
Olsonetal., 2005; Orstavik, 2003; Poret et al., 2010; Reefhuis
etal., 2009; Rimm et al., 2004; Schieve et al., 2005; Sutcliffe
and Derom, 2006; Wennerholm et al., 2000; Williams et al.,
2010), as well as neurological problems that may result in
an intellectual lag (Bonduelle et al., 2005; Katalinic et al.,
2004; Lidegaard et al., 2005). Unfortunately, the aetiology
of these unwanted effects has proven difficult to determine,
in part due to the patient-, clinic- and doctor-specific prac-
tices that are associated with the use of these reproductive
techniques.

The extent to which assisted reproduction
treatment-induced defects can be traced back to an altered
pattern of embryonic gene expression is unknown. However,
aberrant gene expression within the blastocyst, the first dif-
ferentiated stage of development that occurs after any
manipulation of the gametes, could increase the incidence
of, or predisposition to, the multitude of defects that have
now been associated with the use of techniques such as
intracytoplasmic sperm injection (ICSl). The objective of
this study was to identify the genes and the biological path-
ways that they regulate, which differ in blastocysts gener-
ated by ICSI versus IVF. Because chemical activation of
the oocyte is now included in some ICSI protocols, aiming
to mimic the events within the oocyte that are induced by
the penetrating spermatozoon, the experimental design
was expanded to include ICSI with chemical activation
(ICSI-A) as an independent procedure in itself. The hypoth-
esis was that gene expression would differ in blastocysts
derived by ICSI versus IVF, and that these differences would
be negated by the inclusion of the chemical activation pro-
cedure to the ICSI protocol. In effect, artificial activation of
the oocyte would overcome some of the differences in gene
expression induced by the ICSI procedure. Determining how
these methodologies affect gene expression in the blasto-
cyst should stimulate research that will translate to
advances in the diagnosis, treatment and/or management
of patients and offspring adversely affected by these tech-
nologies, as well as in the refinement of these practices that
benefit so many. To facilitate this, the data generated are
provided in a manner as complete as possible, relying heav-
ily upon the use of supplementary tables (available online
only) that will allow the identification of specific gene tar-
gets for further investigation by others.

Materials and methods
Animals

All mice were purchased from Samtaco (lcrTacSam; Samta-
co, Seoul, Korea), housed under a 12:12 h light/dark cycle in

a temperature- and humidity-controlled room and provided
with food and water ad libitum. The protocol for the use of
these animals was approved by the Institutional Animal Care
and Use Committee of CHA University, Seoul, Korea.

Sperm collection and preparation

Epididymal spermatozoa were obtained from male BDF1
mice at 8—10 weeks of age. Spermatozoa used for IVF were
collected from the cauda epididymis in 200 ul drops of
Quinn’s Advantage Medium with Hepes (SAGE In-Vitro Fertil-
ization; Pasadena, CA, USA) and capacitated by incubation
for 1.5h at 37°C under 5% CO, in air. Spermatozoa used
for ICSI and ICSI-A were squeezed from the cauda epididymis
and placed in the bottom of 1.5-ml tubes containing 500 pl
of the same Quinn’s Advantage medium with Hepes. Sper-
matozoa were then allowed to ‘swim up’ for 5 min at room
temperature before being collected for the intracytoplas-
mic injections.

Oocyte collection

Six-week old female B6D2F1 mice were treated with 5 IU
pregnant mare’s serum gonadotrophin (PMSG; Sigma—
Aldrich, St. Louis, MO, USA) to induce follicular development
and 48 h later with 51U human chorionic gonadotrophin
(Sigma—Aldrich) to induce ovulation. At 12—15h after
human chorionic gonadotrophin, ovulated cumulus—oocyte-
complexes were retrieved from the ampullary region of each
oviduct and placed in Quinn’s Advantage Medium with Hepes.
Cumulus—oocyte-complexes to be used for IVF were then
transferred into fertilization drops of the same medium.
Cumulus—oocyte-complexes to be used for ICSI and ICSI-A
were first incubated in Quinn’s medium with the addition
of 0.1% bovine testicular hyaluronidase (Tokyo Kasei Kogyo,
Tokyo, Japan), effectively dispersing cumulus cells. The
cumulus-free oocytes were then washed in fresh Quinn’s
Advantage Medium with Hepes and used immediately for
ICSI.

IVF

Cumulus-intact oocytes in 200 ul drops of Quinn’s Advantage
Fertilization medium were incubated with capacitated sper-
matozoa at a final concentration of 100 spermatozoa/pl
medium. Gametes were co-incubated for 6 h at 37°C under
5% CO, in air. After the 6 h co-incubation, oocytes were
washed several times with fresh Quinn’s Advantage Medium
with Hepes. This protocol is based on the well-established
methodology of Hogan et al. (1994).

Intracytoplasmic sperm injection

A small volume of the sperm suspension was mixed with
Quinn’s Advantage Medium with Hepes containing 12% poly-
vinyl pyrrolidone. Injections were performed immediately
thereafter using a micromanipulator with a Piezo-electric
actuator (PMM Controller, model PMAS-CT150; Prima Tech,
Tsukuba, Japan). The head of each spermatozoa was sepa-
rated from the tail by applying pulses to the head-tail junc-
tion by means of the Piezo-driven pipette. Only the head of
one spermatozoon was injected into the cytoplasm of each
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metaphase ll-stage oocyte and the oocytes were injected in
groups of 10—15 (on a particular day), overall taking less
than 10 min per group. A photographic time-course of the
procedure is provided as Figure 1. Spermatozoa-injected
oocytes were then transferred into KSOM medium and cul-
tured at 37°C, 5% CO, in air. To activate the oocytes after
ICSI (ICSI-A treatment), injected oocytes were placed in
Ca?*-free CZB medium containing 10 mmol/l SrCl, at 60 min
after the injection and cultured for 1 h. ICSI-A oocytes were
then returned to culture in KSOM medium at 37°C, 5% CO, in
air. This protocol is based on the original work of Kimura
and Yanagimachi (1995).

Embryo culture

Following ICSI, ICSI-A and IVF, oocytes were placed in 50 pl
drops of KSOM medium and incubated at 37°C, 5% CO, in air.
The culture drops were contained in plastic culture dishes
and overlaid with mineral oil. Cultured embryos were then
evaluated for developmental progress after 24 and 96 h.

Table 1 Development of embryos obtained by IVF, intracyto-
plasmic sperm injection (ICSI) and ICSI with artificial oocyte
activation (ICSI-A).

Technique Fertilized 2-Cell embryos Blastocysts
oocytes
cultured
IVF 108 101 (93.52) 79 (78.22)
ICSI 130 111 (85.38) 57 (51.35)
ICSI-A 80 74 (92.50) 40 (54.05)

Data are the sum results from four independent experiments. Val-
ues are nor n (%).

Embryos were generated by the hands of a single experi-
enced embryologist, with the rates of fertilization and
development shown in Table 1. A comparison of cell num-
bers (total, inner cell mass and trophectoderm) for blasto-
cysts generated by ICSI, ICSI-A and IVF is presented in
Table 2.

Figure 1

Representative images taken during intracytoplasmic sperm injection. (A) Loading of an epididymal spermatozoa. (B)

Separation of head and tail. (C) The metaphase Il-staged oocyte ready for injection. (D) Penetration of the zona pellucida. (E)
Injection of the spermatozoa into the oocyte. (F) The injected oocyte.
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Table 2 Comparison of cell numbers in blastocysts derived by IVF, intracytoplasmic sperm injection (ICSI)

and ICSI with chemical activation (ICSI-A).

Mean cells/

Cells in trophectoderm

Cells in inner cell mass

Technique

(no. of blastocysts) blastocyst (n) % n %

IVF (n=10) 39.7 25.9+£1.2° 65.3+2.1° 13.8+1.0° 34.7 £2.1°
ICSI (n=10) 39.4 29.2+ 1.4 74.2 £ 1.7° 10.2 £ 0.92 25.8+1.7°
ICSI-A (n=9) 38.7 28.3 +3.5° 72.6 £2.7° 10.3+1.12 28.0+2.7°

Values are mean + SD.

Values in columns with different superscripts differ (P < 0.05).

Sample processing and microarray hybridization

Embryos that developed to the blastocyst stage in vitro
were collected for the microarray analysis, chosen because
at that stage of early development, blastocysts have differ-
entiated to have an inner cell mass and trophectoderm and
have a high chance of continuing in their development. Blas-
tocysts were not collected from naturally bred mice in vivo
as embryo-oviductal interactions that affect embryonic
gene expression would confound the results. Ten blastocysts
were pooled for each treatment group (ICSI, ICSI-A and IVF)
and three independent replicates for each treatment proce-
dure were collected. Pooling was required in order to obtain
sufficient RNA for the analysis and also to reduce the overall
chance of generating errors. Total RNA was extracted using
Trizol and purified using an RNeasy kit (Qiagen, Valencia,
CA, USA). Total RNA was then amplified and labelled using
the Nugen WT Ovation One-Direct RNA Amplification and
Nugen FL-Ovation cDNA Biotin Module V2 labelling Kits,
respectively (NuGen Technologies, San Carlos, CA, USA).
Microarray hybridization was then performed using Affyme-
trix Mouse 430—2.0 whole genome arrays (Affymetrix, Santa
Clara, CA, USA) by the Microarray Core Facility at the Uni-
versity of Kentucky, as previously described (Jeoung
et al., 2010; Jo et al., 2004). Three independent microarray
chips were hybridized for each treatment procedure.

Data analysis

Data from the microarray hybridization were sorted for each
analysis, excluding probe sets that consistently exhibited
absent or marginal detection calls (i.e. at least two of the
three detection calls for both treatment groups in a particu-
lar analysis were absent or marginal). The resultant datasets
were then processed using Pathways Studio 7.1 software
(Ariadne Genomics, Rockville, MD, USA) to: (i) identify probe
sets that differed among two treatment groups; and (ii) sort
the data into biological pathways regulated by treatment.
We have successfully used this software to analyse micro-
array datasets in the past (Jeoung et al., 2010). For the anal-
ysis to identify probe sets that differed among two treatment
groups, differential expression was defined as those tran-
scripts that exhibited a difference in expression of 2-fold or
greater and were statistically different (P < 0.01), as deter-
mined by the software package that utilizes a statistical algo-
rithm with a one-sided Mann—Whitney U-test to determine
P-values indicating significance. To sort the data into biolog-
ical processes regulated by treatment, the statistical

algorithm was relaxed (P < 0.05) and a Gene Set Enrichment
performed by the software package. The comparisons per-
formed were ICSI versus IVF, ICSI-A versus IVF and ICSI-A ver-
sus ICSI, with only biological processes that exhibited at least
five overlapping entities (genes) presented in the results.

Results

Gene expression I: ICSI versus IVF

Analysis of the microarray dataset identified 236 probes
reflecting 197 known genes that differed in blastocysts gen-
erated by ICSI versus IVF (P < 0.01). For each of these
genes, its probe set and Entrez gene identification number,
fold-change in level of expression and P-value comparing
the two treatment techniques are listed in Supplementary
Table 1 (available online only). The dataset was also pro-
cessed to reveal biological pathways that differed when
blastocysts were generated by these two techniques
(Table 3). Consistent with some of the developmental
anomalies that have been associated with the use of
assisted reproduction treatment (Anthony et al., 2002; Ber-
telsmann and de Carvalho, 2008; Bonduelle et al., 2005;
Hansen et al., 2005; Kallen et al., 2005; Karpman et al.,
2005; Katalinic et al., 2004; Olson et al., 2005; Orstavik,
2003; Poret et al., 2010; Reefhuis et al., 2009; Rimm
et al., 2004; Schieve et al., 2005; Sutcliffe and Derom,
2006; Wennerholm et al., 2000; Williams et al., 2010), the
analysis identified development as a primary biological pro-
cess affected by technique (ICSI versus IVF). Inclusive to this
were several genes regulating structural and organ-specific
processes, as well as those that were classified into more
general cellular categories. Several metabolic pathways
were identified to differ by procedure as well as a variety
of response processes, signalling and transport mechanisms.
As the purpose of this study is to provide the background
genetic information required to stimulate further research,
the results are presented without overt explanation or likely
bias to any one physiological mechanism. The complete list
of individual genes that were grouped into each biological
function is also presented as an expanded version of
Table 3 (Supplementary Table 2, available online only).

Gene expression Il: ICSI-A versus IVF

A total of 146 probe sets representing 132 known genes were
found to differ in blastocysts generated by ICSI-A versus IVF
(P < 0.01). Again, the individual probes and associated
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Table 3 Functional classification of genes that differed in blastocysts derived by intracytoplasmic sperm injection (ICSI) versus IVF

(P < 0.05).
Type Function Name Entities P-value
Development Cellular Multicellular organismal development 550 0.00062
Cell differentiation 332 0.00160
Ureteric bud branching 17 0.00264
Cell development 11 0.00627
Metanephros development 10 0.00767
Morphogenesis of a branching structure 5 0.00911
Growth Growth 18 0.00091
Neural Nervous system development 219 0.00419
Organ Organ morphogenesis 95 0.00008
Pancreas development 12 0.00142
Sex differentiation 11 0.00427
Endocrine pancreas development 9 0.00898
Inner ear morphogenesis 30 0.00905
Forebrain development 44 0.00979
Sex determination 9 0.00993
Structural Anatomical structure development 9 0.00047
Embryonic gut development 7 0.00061
Proximal—distal pattern formation 14 0.00119
Other Pattern specification process 27 0.00294
Metabolism Lipid catabolic process 57 0.00018
Xenobiotic metabolic process 14 0.00059
Lipid glycosylation 6 0.00155
Cholesterol metabolic process 42 0.00581
Taurine metabolic process 5 0.00958
Response Cellular Negative regulation of chondrocyte differentiation 5 0.00442
Positive regulation of ossification 10 0.00781
Negative regulation of erythrocyte differentiation 5 0.00854
Positive regulation of cell proliferation 209 0.00065
Negative regulation of angiogenesis 17 0.00089
Positive regulation of vasodilation 10 0.00223
Chemotaxis 57 0.00309
Proteoglycan biosynthetic process 6 0.00315
Positive regulation of survival gene product expression 7 0.00521
Neurotransmitter secretion 21 0.00580
Positive regulation of mitosis 11 0.00942
Response to glucocorticoid stimulus 58 0.01000
Immune Inflammatory response 111 0.00060
Immune response 202 0.00263
Response to wounding 31 0.00630
Positive regulation of T cell-mediated cytotoxicity 8 0.00637
Mechanical Response to mechanical stimulus 30 0.00023
Sperm motility 12 0.00102
Ciliary or flagellar motility 5 0.00812
Positive regulation of smooth muscle contraction 8 0.00868
Other Visual perception 93 0.00095
Response to stimulus 80 0.00139
Digestion 18 0.00204
Synaptic transmission 93 0.00014
Response to external stimulus 5 0.00568

(Table 3 continued on next page)
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Table 3 (continued)

Type Function Name Entities P-value

Signalling G-protein coupled receptor protein signalling pathway 210 0.00000
Signal transduction 789 0.00022
Cell—cell signalling 104 0.00069
Inositol phosphate-mediated signalling 5 0.00399
Wnt receptor signalling pathway, calcium modulating pathway 5 0.00455
Cytokine-mediated signalling pathway 41 0.00590
Elevation of cytosolic calcium ion concentration 38 0.00867

Transport Iron ion transport 22 0.00460
lon transport 281 0.00902

Miscellaneous Feeding behaviour 11 0.00016

information are listed in full (Supplementary Table 3, avail-
able online only). The biological process classification for
differentially expressed genes in blastocysts derived by
ICSI-A versus IVF (P < 0.05) is presented in Table 4 and
expanded to include gene listings in Supplementary
Table 4 (available online only). Interestingly, while differ-
ences in developmental processes were still found to differ
in blastocysts generated by ICSI-A versus IVF, the number of
classes identified was approximately halved. A large number
of response-type pathways were identified that ranged from
the specific (e.g. the regulation of ossification) to the gen-
eral (e.g. immune response) that should be evaluated in
the future in concert with the specific probes listed in the
supplementary tables.

Gene expression lll: ICSI or ICSI-A versus IVF

From the 197 genes that were found to differ when blasto-
cysts were derived by ICSI versus IVF, only 18 probe sets rep-
resenting 17 genes were common to those identified when
ICSI-A and IVF were compared. These 17 genes, their aver-
age intensities, fold changes and individual P-values are
identified in Table 5.

Gene expression IV: ICSI versus ICSI-A

The analysis identified 74 probe sets representing 65 known
genes that differed between the ICSI and ICSI-A treatment
groups (P < 0.01). Each of these 65 genes, its identity,
fold-change in level of expression and P-value comparing
the two treatment techniques are listed in Supplementary
Table 5 (available online only). The method of ICSI (i.e. with
or without artificial activation of the oocytes) used to gen-
erate blastocysts was also found to affect developmental,
metabolic and response processes in the biological pathway
analysis (P < 0.05; Table 6) with this information expanded
to include gene information in Supplementary Table 6
(available online only).

Discussion

Recent data from the US Centres for Disease Control and
Prevention indicate that ~7.3 million US couples suffer
from infertility and that ~140,000 assisted reproduction

cycles are performed per year (Wright et al., 2007;
http://www.cdc.gov/ART/). The benefit from the develop-
ment and use of these techniques is unquestionable; how-
ever assisted reproduction treatment and especially ICSI
have become increasingly linked to a broad range of
unwanted and often serious consequences to the mother
and/or her offspring. The objective of this study was to
determine, in the developing mouse embryo, genetic path-
ways affected by ICSI versus the less manipulative IVF. In
addition to this, this study evaluated whether artificial acti-
vation of oocytes would overcome some of the differences
in gene expression attributed specifically to the ICSI proce-
dure. Mice were used to generate the embryos as they rep-
resent a population of fertile, genetically homogenous and
healthy subjects. Determination of procedural-specific
changes in embryonic gene expression should stimulate
research that will translate into advances in clinical
practice, both in the management of prior treatment-
induced effects, as well as in the refinement of these tech-
niques in the future. Immediate advances could include
identifying an array of treatment-induced genes as genetic
markers, signalling the need for planned intervention and
management of certain diseases in the newborn, or increas-
ing the breadth of preimplantation genetic diagnosis for the
most serious consequences associated with these treat-
ments for infertility. The first live births after IVF and ICSI
were reported in 1978 (Steptoe and Edwards, 1978) and
1992 (Palermo et al., 1992), respectively. The field of
assisted reproduction treatment has grown at an unprece-
dented pace, making this analysis of treatment-induced
gene function a timely and necessary report.

The majority of treatment cycles performed in the USA
utilize IVF and/or ICSI (>50% ICSI) with the other treatment
types, gamete and zygote intra-Fallopian transfer (GIFT and
ZIFT) accounting for <1% of all procedures (Wright et al.,
2007; http://www.cdc.gov/ART/). However, the data from
these reports also indicate that ICSI is proportionally
increasing in its use and routinely prescribed over IVF,
regardless of the aetiology of infertility; i.e. even when
the cause of infertility would indicate success with IVF
alone. This is extremely pertinent given the data presented
herein; 236 probe sets accounting for 197 genes differed in
blastocysts generated by ICSI versus IVF, suggesting
procedural-driven changes in embryonic gene expression
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Table 4 Functional classification of genes that differed in blastocysts derived by ICSI with chemical activation (ICSI-A) versus IVF

(P < 0.05).
Type Function Name Entities P-value
Development Cellular Ureteric bud branching 16 0.00469
Neural Peripheral nervous system development 14 0.00398
Neural crest cell development 5 0.00798
Organ Organ morphogenesis 98 0.00007
Thyroid gland development 5 0.00147
Inner ear morphogenesis 29 0.00197
Middle ear morphogenesis 6 0.00324
Embryonic gut development 5 0.00792
Pattern specification process 28 0.00890
Structural Cartilage development 28 0.00659
Embryonic skeletal system morphogenesis 26 0.00720
Metabolism Lipid glycosylation 7 0.00147
Retinol metabolic process 10 0.00297
Response Cellular Glial cell differentiation 10 0.00072
Elevation of cytosolic calcium ion concentration 40 0.00005
Cell adhesion 265 0.00036
Chemotaxis 59 0.00217
Regulation of ossification 7 0.00378
Positive regulation of cellular protein metabolic process 5 0.00605
Positive regulation of mitosis 12 0.00678
NAD biosynthetic process 6 0.00710
Cell—cell adhesion 52 0.00812
Cellular calcium ion homeostasis 36 0.00877
Cholesterol biosynthetic process 26 0.00889
Protein amino acid N-linked glycosylation 18 0.00963
Immune Inflammatory response 112 0.00000
Immune response 203 0.00002
Defence response to bacterium 26 0.00055
Antigen processing and presentation 18 0.00128
Complement activation, alternative pathway 5 0.00259
Complement activation, classical pathway 15 0.00723
Mechanical Response to mechanical stimulus 33 0.00154
Vasoconstriction 5 0.00188
Neural Axon guidance 59 0.00678
Synaptic transmission 98 0.00005
Other Detection of chemical stimulus involved in sensory perception of smell 5 0.00647
Visual perception 93 0.00001
Response to stimulus 84 0.00006
Digestion 17 0.00629
Acute-phase response 15 0.00840
Signalling G-protein coupled receptor protein signalling pathway 216 0.00000
Signal transduction 805 0.00008
Cell surface receptor linked signal transduction 115 0.00014
G-protein signalling, coupled to cyclic nucleotide second messenger 14 0.00026
Cell—cell signalling 103 0.00115
Inositol phosphate-mediated signalling 5 0.00651
G-protein signalling, coupled to cAMP nucleotide second messenger 10 0.00783

(Table 4 continued on next page)
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Table 4 (continued)

Type Function Name Entities P-value

Transport lon transport 286 0.00006
Calcium ion transport 68 0.00078
Iron ion transport 22 0.00197

Miscellaneous Feeding behaviour 11 0.00024
Axonal fasciculation 7 0.00188
Memory 21 0.00749

Table 5 Identification of the 17 genes that differed when blastocysts were derived by IVF versus

intracytoplasmic sperm injection (ICSI) and IVF versus ICSI with chemical activation (ICSI-A).

Name IVF versus ICSI IVF versus ICSI-A Probe set ID  Intensity average

Fold change P-value Fold change P-value IVF I1CSI ICSI-A
Unknown —3.5516 0.0020 —2.334 0.0035 1439599_at 598.6 172.9 259.6
ABHD14B —2.2566 0.0087 —2.0973 0.0055 1451326_at 1313.4 582.5 619.9
C100rf32 2.3728 0.0013 2.4465 0.0013  1419299_at 137.2  327.6 337.9
CA12 —6.8079 0.0026 —3.9913 0.0059 1428485_at 186.6 29.0 48.9
CUBN —2.1933 0.0041 —2.0282 0.0018 1452270_s_at 1921.2 886.1 949.9
DDA1 —12.5618 0.0100 —12.0678 0.0019  1429039_s_at  239.0 221 19.6
EPAS1 3.2595 0.0005 2.5005 0.0011  1449888_at 173.2  567.6 434.7
FNTB 4.7982 0.0061 4.1234 0.0057 1459043_at 82.3 381.3 321.4
GRB10 —5.5633 0.0004 —4.8841 0.0005 1425457 _a_at 755.8 135.6 154.3
GYLTL1B —2.162 0.0065 —2.2273 0.0027  1434007_at 671.5 315.6 304.4
HAS2 —14.8595 0.0064 —24.3663 0.0051  1449169_at 272.3 20.7 13.0
HMGA2 2.2213 0.0022 2.1215 0.0048 1450780_s_at 1068.8 2346.3 2250.7
IL6 —3.569 0.0017 —4.072 0.0054 1450297_at 1257.0 355.5 321.3
LARGE —2.0839 0.0075 —4.2598 0.0027 1417435_at 1017.6  478.2  240.3
NR3C1 2.8113 0.0007 2.1535 0.0007 1460303_at 4145 1174.6 895.2
RAB17 2.6639 0.0005 2.1843 0.0010 1422178_a_at 702.5 1868.9 1531.4
Sco2 —5.5218 0.0026 —3.4909 0.0046 1432181_s_at  450.7 81.4 126.5
TBX20 3.6076 0.0000 3.5279 0.0004 1453351_at 686.4 2477.4 2451.8

and, potentially, the unwanted consequences that have
been associated with assisted reproduction treatment.

Of the birth defects related to the use of these tech-
niques, the manifestation of aberrant growth and develop-
ment appears a common consequence (Anthony et al.,
2002; Bertelsmann and de Carvalho, 2008; Bonduelle
et al., 2005; Hansen et al., 2005; Kallen et al., 2005;
Karpman et al., 2005; Katalinic et al., 2004; Olson et al.,
2005; Orstavik, 2003; Poret et al., 2010; Reefhuis et al.,
2009; Rimm et al., 2004; Schieve et al., 2005; Sutcliffe
and Derom, 2006; Wennerholm et al., 2000; Williams
et al., 2010). One of the most readily recognizable of these
defects includes cleft lip and palate, condition(s) reflecting
an asymmetry in development. A septal heart defect is less
overtly recognizable, although a serious defect that is also
related to symmetry and assisted reproduction treatment.
Interestingly, this study identified the differential expres-
sion of 14 genes (ICSI versus IVF, Table 3 and Supplementary
Table 2) that were categorized to regulate proximal—distal
pattern formation (i.e. symmetry) in these early embryos.
That being said, developmental problems associated with

assisted reproduction treatment are not confined to those
manifested from asymmetry. Several specific syndromes
that include Beckwith—Wiedemann (Filippi and McKusick,
1970; Neelanjana and Sabaratnam, 2008) and Silver—Russell
(Abu-Amero et al., 2008; Neelanjana and Sabaratnam,
2008), which are characterized by overgrowth and intra-
uterine growth retardation, respectively, are also well rec-
ognized (DeBaun et al., 2003; Gicquel et al., 2003; Gosden
et al., 2003; Halliday et al., 2004; Katalinic et al., 2004;
Lidegaard et al., 2005; Lucifero et al., 2004; Maher et al.,
2003a,b; Niemitz and Feinberg, 2004; Niemitz et al., 2004;
Owen and Segars, 2009; Sutcliffe et al., 2006). In addition
to this, aberrant development extends to the manifestation
of neurological defects (Bonduelle et al., 2005; Katalinic
et al., 2004; Lidegaard et al., 2005) and the present study
identified procedural-induced changes in several genes reg-
ulating neural development when the expression profiles of
blastocysts derived from IVF and ICSI were compared.
Similar to the wide scope of developmental disorders
implicated with assisted reproduction treatment, a range
of metabolic consequences have been described including
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Table 6 Functional classification of genes that differed in blastocysts derived by intracytoplasmic
sperm injection (ICSI) versus ICSI with chemical activation (ICSI-A) (P < 0.05).

Type Function ~ Name Entities P-value
Development Cellular Somitogenesis 25 0.00686
Neural Peripheral nervous system development 12 0.00474

Central nervous system development 72 0.00824

Hindbrain development 28 0.00687

Structural Embryonic forelimb morphogenesis 6 0.00478

Negative regulation of striated muscle development 10 0.00266

Anatomical structure development 8 0.00717

Metabolism Insulin secretion 15 0.00180
Fucose metabolic process 6 0.00192

Response Cellular Receptor clustering 10 0.00151
Fertilization 19 0.00266

Protein localization 49 0.00039

Synaptic vesicle endocytosis 7 0.00847

Vesicle organization 7 0.00901

Immune Cytokine production 15 0.00822

Neural Synaptonemal complex assembly 8 0.00598

neonatal hypoglycaemia (Beckwith—Wiedemann syndrome
(Hussain et al., 2005; Kapoor et al., 2009; Palladino et al.,
2009)) and childhood-onset obesity (Prader—Willi and MatU-
PD14 syndromes, (Bouchard, 2009; Butler et al., 2009;
O’Neill et al., 2005)). Analysis of the present data indicated
differences in the expression of genes regulating several
metabolic pathways, including cholesterol and lipid metab-
olism/catabolism, in blastocysts derived from ICSI versus
IVF. The concomitant change in genes regulating organ mor-
phogenesis, as an example, pancreatic development, is con-
sistent with a metabolic consequence to assisted
reproduction treatment and suggests an underlying genetic
cause for the development of certain metabolic diseases.
Overall, the changes in gene expression that this study has
identified between ICSI and IVF indicate that further inves-
tigation into these pathways is vital. Although the refine-
ment of techniques to circumvent adverse consequences is
obviously a primary goal for the future, the development
of genetic markers indicating susceptibility to disease could
have a dramatic impact on the diagnosis and management
of several of the adverse consequences, including those of
a metabolic origin, that are associated with assisted repro-
duction treatment.

A more recent modification to the procedure of ICSI is
the inclusion of a chemical activation step (Dozortsev
et al., 1995), reviewed by Nasr-Esfahani et al., 2010, which
aims to mimic the events within the oocyte that occur dur-
ing the normal fertilization process; i.e. under normal con-
ditions, spermatozoon—oocyte fusion is followed by the
incorporation of, and interaction between, a demembranat-
ed sperm nucleus and the cytoplasm of the oocyte. The
nucleus of the spermatozoa is readily accessible to ooplas-
mic factors, with fusion of the gametes stimulating pivotal
intracellular calcium oscillations. Modifications to the zona
pellucida and release from meiotic arrest ensue. Artificial
methods to activate the oocyte have now been developed,
that improve the rate of fertilization (especially in cases

of low fertility) and can be performed using chemical agents
such as strontium chloride (Kumagai, 2006) and calcium
ionophores (Borges et al., 2009; Murase et al., 2004), or
by mechanical (Dirican et al., 2008) or electrical (Yanagida
et al., 1999) stimulation. In the experiments described
herein, strontium chloride was used. Although this tech-
nique has proven very effective (Murase et al., 2004;
Suttner et al., 2000), the utilization of activation after ICSI
(ICSI-A) appears to be clinic-specific with only a very limited
number of clinics activating oocytes after microinjection.

It is very interesting that when compared with IVF, the
inclusion of this chemical activation step to the ICSI proto-
col brought the sample clustering of the probe sets closer
together; i.e. ICSI-A clustered closer to IVF than to ICSI
alone, suggesting that this artificial activation step effec-
tively mimics, at the genetic level, a proportion of the
events initiated by sperm penetration. When gene expres-
sion in blastocysts derived by ICSI-A and IVF were analysed
independently, 146 probe sets were identified to differ, 90
fewer than the 236 probes identified to differ in the ICSI ver-
sus IVF analysis. In itself, this is a striking reduction in dif-
ferential gene expression and further illustrative of the
alignment of IVF and ICSI-A observed in the clustering anal-
ysis. When gene expression in blastocysts derived by ICSI
was compared directly to those generated with the optional
activation step (ICSI-A), 74 probe sets reflecting the differ-
ential expression of 65 known genes was revealed. The clas-
sification of development was highlighted by the biological
pathway grouping and differences in the expression of genes
regulating structural and neural developmental pathways
uncovered, consistent with known treatment-induced
dysfunction.

Overall, the expression of genes in blastocysts was
affected by the procedure used to generate the embryo
and classification of differentially expressed genes into bio-
logical pathways revealed consistency to known treat-
ment-induced adverse consequences. Obviously, further
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investigation is needed before these findings can be trans-
lated into clinical advances and the reader must remain cog-
nizant that these results were generated using blastocysts
of a murine origin, and not those obtained from an assisted
reproduction clinic. However, with the use of ICSI now
appearing to be dominant over IVF, regardless of the aetiol-
ogy of infertility, and ICSI-A not yet standardized into the
operating procedures of the majority of assisted reproduc-
tion clinics, deadlines for teasing out procedure-specific
consequences cannot be delayed.

The field of assisted reproduction treatment has grown
exponentially over the last 30 years, providing an unprece-
dented opportunity for infertile couples to conceive a child.
This genetic analysis was performed to stimulate research in
this field with the overall goal of advancing understanding
(and performance) of these most valuable treatment
options for infertility. It is hoped that future investigation
into the genes and pathways uncovered in this report will
prove fruitful and that advances made will be timely.
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STUDY QUESTION: Can recurrent embryo developmental problems after ICSI be overcome by assisted oocyte activation (AOA)?

SUMMARY ANSWER: AOA did not improve blastocyst formation in our patient cohort with recurrent embryo developmental
problems after ICSI.

WHAT IS KNOWN ALREADY: The use of AOA to artificially induce calcium (Ca") rises by using Ca®* ionophores (mainly calcimycin
and ionomycin) has been reported as very effective in overcoming fertilization failure after ICSI, especially in patients whose Ca*" dynamics
during fertilization are deficient. However, there is only scarce and contradictory literature on the use of AOA to overcome embryo
developmental problems after ICS, and it is not clear whether abnormal Ca** patterns during fertilization disturb human preimplantation
embryo development. Moreover, poor embryo development after ICSI has also been linked to genetic defects in the subcortical maternal
complex (SCMC) genes.

STUDY DESIGN, SIZE, DURATION: This prospective cohort single-center study compared ICSI-AOA cycles and previous ICSI cycles
in couples with normal fertilization rates (>60%) but impaired embryonic development (<15% blastocyst formation) in at least two previ-
ous ICSI cycles. In total, 42 couples with embryo developmental problems were included in this study from January 2018 to January 2021.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Of the 42 couples included, 17 underwent an ICSI-AOA cycle consisting of
CaCl, injection and double ionomycin exposure. Fertilization, blastocyst development, pregnancy, and live birth rates after ICSI-AOA were
compared to previous ICS| cycles. In addition, the calcium pattern induced by the male patient’s sperm was investigated by mouse oocyte
calcium analysis. Furthermore, all 42 couples underwent genetic screening. Female patients were screened for SCMC genes (TLE6, PADI6,
NLRP2, NLRP5, NLRP7, and KHDC3L) and male patients were screened for the sperm—oocyte-activating factor PLCZ].

MAIN RESULTS AND THE ROLE OF CHANCE: We compared |7 AOA cycles to 44 previous ICS| cycles from the same patient
cohort. After AOA, a total fertilization rate of 68.95% (131/190), a blastocyst development rate of 13.74% (18/131), a pregnancy rate of
29.41% (5/17), and a live birth rate of 23.53% (4/17) were achieved, which was not different from the previous ICSI cycles (76.25%
(321/421, P-value =0.06); 9.35% (30/321, P-value=0.18), 25.00% (I |/44, P-value =0.75), and 15.91% (7/44, P-value = 0.48), respec-
tively). Calcium analysis showed that patient’s sperm induced calcium patterns similar to control sperm samples displaying normal embryo
developmental potential. Genetic screening revealed |10 unique heterozygous variants (in NLRP2, NLRP5, NLRP7, TLE6, and PADI6) of un-
certain significance (VUS) in |4 females. Variant NLRP5 c.623-12_623-11insTTC (p.?) was identified in two unrelated individuals and variant
NLRP2 ¢c.1572T>C (p.Asp524=) was identified in four females. Interestingly, we identified a previously reported homozygous mutation
PLCZI, c.1499C>T (p.Ser500Leu), in a male patient displaying impaired embryonic development, but not showing typical fertilization
failure.

TThe authors consider that the first two authors should be regarded as joint First Authors.
© The Author(s) 2023. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology. All rights reserved.
For permissions, please email: journals.permissions@oup.com
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LIMITATIONS, REASONS FOR CAUTION: Our strict inclusion criteria, requiring at least two ICS| cycles with impaired embryo de-
velopment, reduced cycle-to-cycle variability, while the requirement of a lower blastocyst development not influenced by a poor fertiliza-
tion excluded couples who otherwise would be selective cases for AOA; however, these criteria limited the sample size of this study.
Targeted genetic screening might be too restricted to identify a genetic cause underlying the phenotype of poor embryo development for
all patients. Moreover, causality of the identified VUS should be further determined.

WIDER IMPLICATIONS OF THE FINDINGS: Strong evidence for AOA overcoming impaired embryonic development is still lacking
in the literature. Thus far, only one article has reported a beneficial effect of AOA (using calcimycin) compared to previous ICS| cycles in
this patient population, whilst two more recent sibling-oocyte control studies (one using calcimycin and the other ionomycin) and our re-
search (using ionomycin) could not corroborate these findings. Although no major abnormalities have been found in children born after
AOA, this technique should be reserved for couples with a clear Ca*-release deficiency. Finally, genetic screening by whole-exome se-
quencing may reveal novel genes and variants linked to embryo developmental problems and allow the design of more personalized treat-
ment options, such as wild-type complementary RNA or recombinant protein injection.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by the Flemish Fund for Scientific Research (grant
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F.V.M. have nothing to disclose. B.H. reports a research grant from the Flemish Fund for Scientific Research and reports being a board
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Introduction

Intracellular calcium (Ca®™) release in the oocyte is a hallmark event
during mammalian fertilization. The exact Ca®" pattern induced during
fertilization is species-specific, and it is characterized by the frequency,
amplitude, and duration of the Ca®" discharge (Stein et al., 2020).
Long-lasting Ca>" oscillations originate right after the sperm delivers
the phospholipase C zeta (PLCL) protein during gamete fusion. Once
PLCC is present in the oocyte cytoplasm, it promotes the production
of inositol trisphosphate (IPs), which stimulates the release of Ca*"
through its receptor, IP3R, located in the endoplasmic reticulum of the
oocyte (Kashir et al., 2010; Yeste et al., 2016). Free intracellular Ca*t
molecules activate several oocyte kinases in a time-dependent manner,
which trigger all events necessary to complete fertilization, including
cortical granule exocytosis, meiotic resumption, extrusion of second
polar body, pronuclei formation, and recruitment of maternal mRNAs
(Ducibella et al., 2002; Stein et al., 2020). Although these events re-
quire different numbers of Ca’" transients for their completion
(Ducibella et al., 2002), oocytes show a high degree of tolerance to-
ward aberrant Ca*" signals and can also be activated when the total
amount of Ca>" released reaches a minimum threshold (Ol et dl.,
2005; Téth et al., 2006). Insufficient or abnormal Ca* release, on the
other hand, has been reported to cause low fertilization or total fertili-
zation failure after ICSI (Yoon et al, 2008; Ferrer-Buitrago et al.,
2018b), which can be rescued by assisted oocyte activation (AOA)
(Rybouchkin et al., 1997). By AOA, artificial Ca>" oscillations are in-
duced in the oocyte cytoplasm using mainly Ca®" ionophores (iono-
mycin or calcimycin) (Vanden-Meerschaut et al., 2014b). These Ca*"
ionophores, although very efficient, induce only one or two Ca*"
spikes and thus, do not mimic the physiological Ca*" oscillatory pat-
tern observed during human fertilization (Ferrer-Buitrago et al.,
2018a). AOA has been repetitively used to rescue reduced fertilization
rates after ICS| (Bonte et al., 2019; Shan et al., 2022), resulting in nor-
mal embryo development and healthy live births (Vanden-Meerschaut

et al., 2014a; Mateizel et al., 2018) and has been shown to be very effi-
cient in patients with abnormal PLC{ protein content, where adequate
Ca?* dynamics are deficient (Torra-Massana et al., 2019; Meng et al.,
2020; Mu et dl., 2020).

The effect of aberrant Ca*" patterns on human preimplantation em-
bryonic development is still not clear. Some studies performed in
mouse and rabbit have shown that reduced or excessive Ca®" influx
affects both pre- and post-implantation events, as well as development
to term (Ozil and Huneau, 2001; Ozil et al., 2005, 2006). Since these
studies have highlighted the importance of Ca®t in post-fertilization
events, AOA was suggested as a possible treatment to overcome em-
bryo developmental problems after ICS| (Ebner et al., 2015; Mateizel
et al., 2022; Yin et al., 2022). In 2015, Ebner et al. (2015) reported a
significant benefit of AOA treatment for these couples, as blastocysts
rates were restored to normal values (~50%). In addition, there was a
significant increase in live birth rates in comparison to their previous
ICSI cycles without AOA (Ebner et dl., 2015). However, two more re-
cent oocyte sibling studies reported that AOA treatment was not able
to improve embryo development neither live birth rates in this patient
population (Mateizel et al., 2022; Yin et al., 2022). It is important to
highlight that the inclusion criteria for ‘embryo developmental prob-
lems after ICSI" was different between these three studies. While
Ebner et al. (2015) included patients with decreased blastocyst forma-
tion (<I15%), Yin et al. (2022) included patients with a low rate of
good quality Day 3 (D3) embryos (<30%), and Mateizel et al. (2022)
included patients with a low rate of good quality Day 5 (D5) embryos.
The differences in inclusion criteria, as well as study design and Ca>"
ionophore used during AOA may explain these contradictory findings
(Ebner and Shebl, 2022). In addition, none of these studies investigated
the underlying cause of the embryo developmental problems which
could have been caused both by sperm- or oocyte-related factors. In
particular, it would have been of interest to know whether the
patient’s sperm-induced normal or disturbed fertilization-related Ca**
dynamics, in order to determine whether AOA would be beneficial.
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Embryo developmental arrest (EDA) is a term used to define a mul-
tifactorial infertility condition where embryo development is stopped
at any developmental stage (zygote, cleavage stage, or morula) before
reaching the blastocyst stage (Mohebi and Ghafouri-Fard, 2019;
Sfakianoudis et al., 2021). Alternatively, the embryos of some couples
can achieve the blastocyst stage but at lower rates of success. The
later condition is generally described under the category ‘embryo de-
velopmental problems’ (Ebner et al., 2015; Ebner and Shebl, 2022;
Mateizel et al, 2022; Yin et al, 2022). Embryo arrest is a common
event observed after ICSI, as 40% of the total zygote cohort always
stop development before reaching the blastocyst stage (Sfakianoudis
et al, 2021). Moreover, half of the patients treated with ICSI always
show one arrested embryo in each cycle (Mohebi and Ghafouri-Fard,
2019). Nonetheless, when all embryos show EDA, sometimes during
repeated cycles, treatment options become very limited, and patients
often require gamete donation.

Until embryo genome activation occurs (in humans between the
four- and eight-cell stage), early cleavages are almost exclusively de-
pendent on oocyte-derived proteins and mRNAs, which are encoded
by maternal effect genes (MEGs) (Paonessa et al., 2021). Many knock-
out mice studies have demonstrated the occurrence of embryo arrest
at distinct stages after the interference of certain MEGs (Condic,
2016). However, research in human is still limited and only a few
MEGs that form the subcortical maternal complex (SCMC) have been
associated with EDA (Paonessa et al., 2021). The SCMC is a multipro-
tein complex, composed of at least six proteins, that participates in
embryo genome activation and thus is crucial for correct embryonic
development (Bebbere et al, 2016). Recently, mutations in the
SCMC-related MEGs (TLE6, PADI6, NRLP2, NRLP5, NRLP7, and
KDHC3L) have been detected in patients suffering from EDA, showing
different degrees of embryo arrest depending on the protein affected
and the type of mutation (Xu et al., 2016; Wang et al., 2018; Mu
et al., 2019; Lin et al., 2020; Zheng et al., 2021).

The present study aimed to investigate whether AOA using ionomy-
cin can overcome embryo developmental problems (<15% blastocyst
formation) as the literature shows contradictory results. In addition, to
understand the underlying cause of impaired embryonic development
seen in our patient cohort better, we investigated the cause for the
observed EDA. First, we studied whether the male partner’s sperm
were able to induce a normal Ca®' pattern during fertilization by
mouse oocyte calcium analysis (MOCA). Next, we performed genetic
screening of female SCMC components (NLRP2, NLRP5, NLRP7, TLE6,
PADI6, KHDC3L), which are critical for embryo development and of
PLCZ| to exclude a possible male factor.

Materials and methods

Ethical approval

Ghent University Hospital Ethical Committee approved the conducted
study (EC/2017/0819). All included patients signed informed consent
for the participation in this study and agreed to undergo AOA treat-
ment, to donate saliva samples for genetic screening, and to donate
sperm samples for MOCA. The use of laboratory animals for perform-
ing MOCA was approved by the Ghent University Hospital Ethical
Committee for Laboratory Animals (ECD no. 15/56 and no. 19/66).

Study design, setting, and participants

A prospective cohort study was performed between January 2018 and
January 2021, including 42 couples with a history of embryo develop-
mental problems. Patients were only included when they underwent
at least two fresh ICS| cycles at the Centre for Reproductive Medicine
at Ghent University Hospital. Furthermore, high fertilization (>60% 2
pronuclei (2PN)) with a minimum of |0 zygotes but low blastocyst
rates on D5 (<15%) (Ebner et al., 2015) (Supplementary Table SI)
were required before inclusion in the study (Supplementary Table SlI).
All couples were included for genetic screening, while 17 out of the 42
couples also underwent a fresh ICSI-AOA cycle from February 2018
until August 2019 at Ghent University Hospital (Supplementary Table
SHI). The time from the last ICSI cycle to the ICSI-AOA cycle was on
average 5 months. Except for two patients who used donor sperm (P3
and P7) and one where testicular sperm cells were used (P12), the
couple’s sperm samples were used to assess their Ca*t releasing ca-
pacity by means of MOCA. Therefore, male partners donated an ex-
tra sperm sample which was frozen until MOCA was performed. The
mean maternal age was 33.8 & 3.6 years (range: 28-38 years). Most of
the couples were diagnosed with unexplained female infertility (n=6;
P3, P5, P7, P9, P16, P17) or male factor infertility (due to poor sperm
quality determined as oligozoospermia, asthenozoospermia, or terato-
zoospermia) (n==6; P6, P8, PII, PI3, Pl4, PI5). The remaining
patients were diagnosed with polycystic ovarian syndrome (PCOS)

(n=1; PI), genetic disease (n=1; P4), tubal factor (n=1; P10), a
combination of endometriosis and tubal factor (n=|; P2), or obstruc-
tive azoospermia (n= I; P12).

MOCA procedure

MOCA was performed as previously described (Vanden-Meerschaut
et al, 2013). Metaphase Il (MIl) oocytes were collected from 8- to
|2-week-old B6D2F| female mice (Janvier Labs, France) [2—14h after
hCG administration and cultured in protein-free potassium simplex op-
timized medium (KSOM) supplemented with 0.4% bovine serum albu-
min (BSA) (Calbiochem, USA) at standard conditions (37°C in 6%
CO; and 5% O,). Frozen-warmed human patient and control sperm
were washed by centrifugation (315xg, 10min) using Sydney IVF
Gamete Buffer (Cook Ltd, Ireland). Mouse oocytes were first pre-
loaded in 7.5 M of Ca**-sensitive dye Fura-2 acetoxymethyl ester
(Fura 2-AM, Teflabs, USA) diluted in KSOM-BSA for 30 min at 37°C.
Afterwards, they were transferred to KSOM-HEPES supplemented
with 20% fetal bovine serum and gradually cooled (I0min at room
temperature and 10min at 15-17°C). Motile spermatozoa were se-
lected after swim-up, mechanically immobilized, demembranated with
0.2% lysolecithin (Instruchemie, The Netherlands) for | min, and im-
mediately microinjected into mouse Ml oocytes using piezoelectrical
pulses at 15-17°C. Within 30min after the first microinjection,
oocytes were placed in KSOM-BSA medium on a glass-bottom dish
(cat.no. P35G-0-14-C, MatTek Corporation, USA). Imaging was per-
formed on an inverted epifluorescence microscope (Olympus IX71,
Olympus Soft Imaging Solutions GmBH, Belgium) with a [0x objective
and a filter switch (Lambda DG-4 filter switch, Sutter Instrument
Company, USA), enabling excitation alternating between 340 and
380 nm wavelengths. Ca*" imaging was performed on a heated stage
and images were acquired every 5 over a period of 2 h. All Ca*™ pat-
terns were analyzed using Clampfit 10.2 software. The total amount of


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data

AOA for embryo developmental problems

875

Ca®" released was calculated as the product of the mean amplitude
(A) per mean frequency (F) of all oocytes injected per patient (from at
least 15 surviving oocytes). The AxF score has been described earlier
to detect oocyte activation deficiencies in the sperm of patients with
low or total failed fertilization after ICSI (Vanden-Meerschaut et dl.,
2013). AxF scores <9 indicate sperm-related deficiencies during oo-
cyte activation, whereas AxF scores >9 exclude this involvement.

ICSI and ICSI-AOA procedures

Female partners were stimulated according to a short agonist (35.3%;
n=~6), a long agonist (17.6%; n=3), or an antagonist (47.1%; n=8)
protocol. Ovulation was triggered by administering hCG. Only two
couples changed the stimulation protocol for the ICSI-AOA proce-
dure, compared to their previous ICSI cycle. At 36-h post-hCG admin-
istration, oocytes were aspirated from the follicles in the ovaries by
transvaginal ultrasound-guided puncture in HTF-HEPES medium
(Cooper Surgical). Cumulus cells were removed from the oocyte com-
plexes by means of enzymatic (Cumulase; Cooper Surgical) and subse-
quent mechanic denudation. Oocytes were cultured in Sydney IVF
Fertilization Medium (Cook Ltd, Ireland). For both treatments (ICSI
and ICSI-AQA), fresh ejaculated patient sperm or frozen-warmed do-
nor sperm (P3, P17, and P31) were used. For both, fresh and frozen-
warmed sperm samples, sperm selection was performed by density
gradient centrifugation using Sydney IVF Spermient (Cook Ltd, Ireland),
after which the sample recovered was washed by means of centrifuga-
tion (315xg, 10min) with Sydney IVF Gamete Buffer (Cook Ltd,
Ireland). The pellet was resuspended in Sydney IVF Gamete Buffer
(Cook Ltd, Ireland) and directly used for sperm immobilization. Only
motile spermatozoa were immobilized before injection into the
patient’s oocytes (standard ICS| technique).

The AOA procedure was performed as previously described (Bonte
et al., 2019). Briefly, fresh mature oocytes were injected with the
patient’s sperm together with 0.l mol/I CaCl, (Sigma-Aldrich,
Belgium). After a 30-min incubation period, oocytes were exposed
twice to 10 pmol/I Ca** ionophore ionomycin (19657, Sigma-Aldrich,
Belgium) for 10 min with a 30-min time interval, followed by extensive
washing. For both ICSI and ICSI-AOA cycles, the injected oocytes
were cultured in Sydney IVF Cleavage Medium (Cook Ltd, Ireland) un-
til D3 and in Sydney IVF Blastocyst Medium (Cook Ltd, Ireland) from
D3 to D5 under standard conditions (37°C in 6% CO, and 5% O,).
Embryo transfers were performed exclusively on D5, in fresh embryos
or after warming the cryopreserved embryos.

Embryo grading

D3 and D5 embryos were classified into four quality categories (excel-
lent: A; good: B; moderate: C; and poor: D) in accordance with
European Society for Human Reproduction and Embryology guidelines
(Alpha Scientists in Reproductive Medicine and ESHRE Special Interest
Group of Embryology, 201 1) (Supplementary Table SI). Good quality em-
bryo formation rate refers to embryos classified with Qualities A and B.

Genetic screening

Saliva samples from the 42 couples were collected in Oragene OG-500
saliva kits (DNA Genotek, Canada). Genomic DNA was extracted

from saliva and purified according to the manufacturer’s instructions,
using the ethanol precipitation protocol and the preplT+L2P reagent
(DNA Genotek, Canada). The extracted DNA was quantified using the
Qubit™ Ix dsDNA HS Assay Kit (ThermoFisher, USA). Coding
exons and flanking intronic sequences of PLCZI (NM_033123.4),
NLRP2 ~ (NM_001174081.1),  NLRP5  (NM_153447.4),  NLRP7
(NM_001127255.1), TLE6 (NM_001 143986.1), PADI6 (NM_207421.4),
and KHDC3L (NM_001017361.2) genes were amplified via singleplex
PCR (Lefever et al., 2017) and subjected to targeted next-generation
sequencing (MiSeq, lllumina, San Diego, CA, USA) at the Centre for
Medical Genetics Ghent (De Leeneer et al., 2015). The primers used
for genetic screening are described in Supplementary Table SIV.
Identified variants were classified according to the guidelines of the
American College of Medical Genetics (Richards et al., 2015)
employing Varsome (https://varsome.com) (Kopanos et al., 2019).
The identified variants were confirmed by bidirectional Sanger se-
quencing (ABI3730XL, Applied Biosystems, Foster City, CA, USA).
The mutations were named according to the Human Genome
Variation Society (HGVS) standards. Four different in silico predictive
algorithms scores, also implemented in the Varsome classification
tool, were reported: PolyPhen-2 (Polymorphism Phenotyping v2)
(http://genetics.bwh.harvard.edu/pph2/), SIFT (sorts intolerant
from tolerant) (http://sift.jcvi.org/), and PROVEAN (Protein
Variation Effect Analyzer) (http://provean.jcvi.org/index.php) assess
the potential pathogenic effects of missense mutations according to
protein structure, protein function, evolutionary conservation, and
sequence homology (Richards et al, 2015), while the Grantham
score quantifies the biochemical difference between two amino acids
(Grantham, 1974). The higher the Grantham score the greater evo-
lutionary distance.

Statistics

Fisher’s exact test was used for statistical analysis with the use of the
Statistical Package for Social Sciences (SPSS Statistics 25; [BM).
Fertilization (2PN/MII injected oocytes), D3 embryo formation (D3
embryos/2PN), blastocyst development (blastocyst/2PN), pregnancy
(+hCG/initiated cycle), and live birth rates (live births/initiated cycle)
were compared between ICS| and ICSI-AOA cycles. P-values <0.05
were considered as statistically significant.

Results

Mouse oocyte calcium analysis reveals
normal Ca®* patterns during fertilization

in patients with embryo developmental
problems

To study whether impaired embryo development was caused by
abnormal sperm-related Ca** patterns during oocyte activation, the
MOCA test was performed on the male partner’'s sperm and
compared to Ca®" response patterns observed with sperm from a
person with proven normal Ca?t oscillatory behavior and normal
embryo development.
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The majority of sperm samples, except for that from P13, assessed
by MOCA displayed Ca®" oscillatory patterns with high frequency
(>10 Ca*" spikes) during 2-h measurement in most of the oocytes
injected and showed AxF scores comparable to control sperm (Fig. ).
Moreover, all AxF scores were higher than 9, excluding a sperm-oo-
cyte-activating deficiency regardless of the sperm sample characteristics
(Supplementary Table SV) (Vanden-Meerschaut et al., 2013). Of all the
couples, only P13 showed a high proportion of oocytes with 0 or -2
Ca®" peaks and therefore they had the lowest AxF score with a value
of 24.1 AU. This patient suffered from severe asthenozoospermia, al-
though a previous vitality test revealed 59% live sperm cells
(Supplementary Table SV). During ICSI and ICSI-AOA, the hypo-
osmotic swelling (HOS) test was used to ensure injection of live sperm
cells (Ramu and Jeyendran, 2013). However, it was not possible to

perform the HOS test during MOCA and immotile sperm cells were
injected, of which some could have been dead at the moment of the
injection, explaining the decreased total Ca*" release observed.

Preimplantation embryo development and
clinical outcomes were not improved after
ICSI-AOA treatment in couples with
embryo developmental problems

In total, 17 ICSI-AOA cycles were compared to 44 previous ICS|
cycles from the same patient cohort (P1-P17). The detailed laboratory

and clinical outcomes obtained per couple after ICSI and ICSI-AOA
cycles are described in Supplementary Tables SII and SlII.

A
Patient P1 P2 P4 P5 P6 P7 P8 P9 P10 P11 P13 P14 P15 P16 Control
N oocytes 15 20 24 24 23 23 33 26 24 33 19 15 20 19 81
AxF (AU) 93.3 101.0 76.7 | 52.0 90.8 50.4 56.2 123.2 107.6 77.0 24.1 46.1 82.8 56.2 70.6

100%

90%
80%
70%
60%
50%
40%
30%
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10%

0%

P1 P2 P4 P5 P6  P7 P8 P9 P10 PI1

M +++ (>10 peaks)
M ++ (3-10 peaks)
+(1-2 peaks)

0 (0 peaks)

P13 P14 P15 P16 Control

Figure |. Mouse oocyte calcium analysis outcome in couples with embryo developmental problems (P1-P17). (A) The AxF product
reveals normal calcium (Ca>*) release (AxF > 9) similar to the control sample. (b) Frequency scoring of Ca*t oscillations. Oocytes were classified
according to the number of Ca®* rises observed during the 2-h measurement: ++-+: > 10 peaks; +-+: 3-10 peaks; +: 1-2 peaks; 0: O peaks; AxF:
product of the amplitude and frequency scores; AU: arbitrary units; N: number of oocytes surviving after Ca>* analysis.


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data

AOA for embryo developmental problems

877

From the ICSI-AOA cycles, a total number of 262 cumulus—oo-
cyte complexes (COCs) (mean 15.41 +7.60) were collected, from
which 190 MIl oocytes (mean |1.18+5.41) were used for treat-
ment. From previous ICSI cycles, a total number of 602 COCs
(mean 13.37+3.80) were obtained from which 421 (mean
9.12£3.21) were Mll oocytes. After ICSI-AOA, a total fertilization
rate of 68.95% (131/190) was achieved, which was not significantly
different from the fertilization rate of 76.25% (321/421) obtained af-
ter ICS| cycles (Table I). Embryo developmental capacity of fertilized
oocytes was assessed by evaluating embryo formation on D3 and
D5. After ICSI-AOA, a total D3 embryo formation rate of 66.41%
(87/131) and blastocyst formation of 13.74% (18/131) were
achieved, which were similar to D3 embryo formation of 71.96%
(231/321) and blastocyst formation of 9.35% (30/321) obtained af-
ter conventional ICSIl. No difference was found in the ratio of good
quality D3 embryo formation (41.12% vs 33.59%) and good quality
blastocyst formation (2.49% vs 3.82%) between ICSI| and ICSI-AOA
cycles, respectively (Table I). Of note, good quality embryo forma-
tion was substantially decreased in our patient population when
compared to the ICSI average rates obtained during the study pe-
riod in our IVF clinic (61.4% for good quality D3 embryo formation
and 22.0% for good quality blastocyst formation) (Supplementary
Table SVI).

The exact D3 and D5 embryo development obtained after ICSI and
ICSI-AOA treatments is shown per patient in Table Il. Only patient
P2, P13, and P17 showed more than a 20% increase in blastocyst de-
velopment after AOA, while only P12 showed more than 20% in-
crease in good quality D5 embryo formation. Overall blastocyst
formation remained very poor after AOA treatment (13.74%) in com-
parison to the average blastocyst rate obtained in our IVF clinic after
ICSI (57.3%) (Supplementary Table SVI).

Blastocysts were transferred in fresh or after vitrification/warming
when at least Blastocyst | quality (Supplementary Table SI) was
achieved. Exceptionally, four embryos with lower quality than
Blastocyst | (compacting) were transferred on D5 in some ICSI cycles
where the patients did not have a better option. Overall, after ICSI-
AOA, a total pregnancy rate of 29.41% (5/17) was achieved, which
was similar to the pregnancy rate of 25.0% (| | /44) obtained after per-
vious ICSI cycles (Table ). Previous ICSI cycles resulted in three bio-
chemical pregnancies, one miscarriage, and seven live births (15.91%,
7/44), while the ICSI-AOA cycles resulted in one ectopic pregnancy
and four live births (23.52%, 4/17) (Table I). None of the new-borns
had major or minor congenital malformations. Body weight and Apgar
scores were normal, but one live birth after ICSI ended up as preterm
delivery (Supplementary Table SVII) due to premature rupture of
membranes.

Table I Comparison of preimplantation embryo development and clinical outcomes after previous ICSI and subsequent
ICSI-AOA cycles in couples with embryo developmental problems (P1-P17).

Parameter

Cycles (oocyte retrievals)

Cumulus—oocyte complexes

Fertilization rate (2PN/MII)

D3 embryo formation rate (D3 embryos/2PN)

Good quality D3 embryo formation rate (D3 good quality embryos/2PN)?
Blastocyst formation rate (D5 embryos/2PN)

Good quality blastocyst formation rate (D5 good quality embryos/2PN)*
Embryos transferred in fresh®

Cryopreserved embryos

Embryos transferred after thawing

Oocyte retrievals with fresh or frozen embryo transfer (ET/initiated cycle)*
+hCG after fresh ET

+hCG after frozen-thawed ET

Pregnancy rate (+hCG//initiated cycle)

Biochemical pregnancy

Ectopic pregnancy

Miscarriage

Ongoing pregnancy (> 12 weeks)

Live birth after fresh ET

Live birth after frozen-thawed ET

Live birth rate (live births/initiated cycle)

ICSI AOA P-value
44 17
602 262
76.25% (321/421) 68.95% (131/190) 0.059
71.96% (231/321) 66.41% (87/131) 0.257
41.12% (132/321) 33.59% (44/131) 0.167
9.35% (30/321) 13.74% (18/131) 0.180
2.49% (8/321) 3.82% (5/131) 0.535
22 7
12 I
7 4
63.63% (28/44) 58.82% (10/17) 0.774
8 4
3 |
25.00 (11/44) 29.41% (5/17) 0.752
3 0
0 |
| 0
7 4
6 3
| |
15.91% (7/44) 23.53% (4/17) 0.481

?Good quality embryos are embryos with Qualities A and B following criteria described in Supplementary Table S1.
®Four embryos in compacting stage were transferred on D5 in some ICSI cycles where the patients did not have a better option.

‘Embryo transfer is considered as procedure. In one embryo transfer after ICS| and one embryo transfer after ICSI-AOA. Two embryos were transferred simultaneously.

AOA: assisted oocyte activation; 2PN: 2 pronuclei; Mll: metaphase Il oocytes; D2, D3, D5: Day 2, Day 3, Day 5 of embryo development; ET: embryo transfer procedure; +hCG: pos-

itive hCG test (> 10 mlU/ml).


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data
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https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data
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https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data

Table Il D3 and D5 embryo quality after ICSI and ICSI-AOA cycles in couples with embryo developmental problems (P 1-P17).

Patient ICSI D3 embryo Good quality Blastocyst Good quality ICSI-AOA D3 embryo Good quality Blastocyst
cycles, formation D3 embryo formation blastocyst cycles. n formation D3 embryo formation
n rate (D3 formation rate (D5 embryos/ formation rate (D3 formation rate (D5 embryos/
embryos/2PN) (D3 good quality 2PN) (D5 good quality embryos/2PN) (D3 good quality 2PN)
embryos/2PN) embryos/2PN) embryos/2PN)
Pl 3 42.86% (12/28) 7.14% (2/28) 0.00% (0/28) 0.00% (0/28) | 52.94% (9/17) 0.00% (0/17) 0.00% (0/17)
P2 4 96.43% (27/28) 75.00% (21/28) 14.29% (4/28) 7.14% (2/28) I 100.00% (5/5) 60.00% (3/5) 40.00% (2/5)
P3 2 90.00% (9/10) 50.00% (5/10) 10.00% (1/10) 10.00% (1/10) | 62.50% (5/8) 37.50% (3/8) 0.00% (0/8)
P4 3 65.71% (23/35) 34.29% (12/35) 11.43% (4/35) 2.86% (1/35) | 59.09% (13/22) 18.18% (4/22) 9.09% (2/22)
P5 2 80.00% (8/10) 50.00% (5/10) 10.00% (1/10) 0.00% (0/10) | 75.00% (3/4) 50.00% (2/4) 0.00% (0/4)
P6 2 42.86% (6/14) 7.14% (1/14) 7.14% (1/14) 0.00% (0/14) | 80.00% (4/5) 20.00% (1/5) 0.00% (0/5)
P7 2 66.67% (8/9) 55.56% (6/9) I1.119% (1/9) 11.119% (1/9) | 80.00% (8/10) 70.00% (7/10) 10.00% (1/10)
P8 2 41.67% (5/12) 0.00% (0/12) 8.33% (1/12) 0.00% (0/12) | 16.67% (1/6) 0.00% (0/6) 0.00% (0/6)
P9 2 55.56% (5/9) [1.119% (1/9) I1.11% (1/9) 0.00% (0/9) | 42.86% (3/7) 14.29% (1/7) 14.29% (1/7)
P10 4 89.58% (43/48) 50.00% (24/48) 10.42% (5/48) 2.08% (1/48) | 100.00% (8/8) 75.00% (6/8) 25.00% (2/8)
Pl 3 95.65% (22/23) 82.61% (19/23) 8.70% (2/23) 0.00% (0/23) I 100.00% (4/4) 100.00% (4/4) 25.00% (1/4)
P12 2 60.00% (9/15) 26.67% (4/15) 6.67% (1/15) 0.00% (0/15) | 40.00% (2/5) 40.00% (2/5) 20.00% (1/5)
P13 2 53.33% (8/15) 20.00% (3/15) 6.67% (1/15) 0.00% (0/15) | 50.00% (5/10) 10.00% (1/10) 40.00% (4/10)
P14 2 50.00% (5/10) 40.00% (4/10) 10.00% (1/10) 0.00% (0/10) | 83.33% (5/6) 66.67% (4/6) 16.67% (1/6)
P15 4 60.87% (14/23) 34.78% (8/23) 13.04% (3/23) 0.00% (0/23) | 0.00% (0/1) 0.00% (0/1) 0.00% (0/1)
P16 2 78.57% (11/14) 21.43% (3/14) 7.14% (1/14) 0.00% (0/14) | 83.33% (5/6) 16.67% (1/6) 0.00% (0/6)
P17 3 100.0% (18/18) 83.33% (15/18) 11.11% (2/18) I1.11% (2/18) | 100.0% (7/7) 71.43% (5/7) 42.86% (3/7)
TOTAL 44 71.96% (231/321)  41.12% (132/321)  9.35% (30/321) 2.49% (8/321) 17 64.41% (87/131)  33.59% (44/131) 13.74% (18/131)

Good quality
blastocyst
formation

(D5 good quality
embryos/2PN)

0.00% (0/17)
20.00% (1/5)
0.00% (0/8)
0.00% (0/22)
0.00% (0/4)
0.00% (0/5)
0.00% (1/10)
0.00% (0/6)
14.29% (1/7)
12.50% (1/8)
0.00% (0/4)
20.00% (1/5)
0.00% (0/10)
16.67% (1/6)
0.00% (0/1)
0.00% (0/6)
0.00% (0/7)
3.82% (5/131)

AOA: assisted oocyte activation; 2PN: 2 pronuclei; MIl: metaphase Il oocytes; D2, D3, D5: Day 2, Day 3, Day 5 of embryo development.
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Genetic screening does not identify
pathogenic variants in SCMC genes in
couples with embryo developmental
problems

To unravel a possible genetic defect causing embryo developmental
problems following ICSI, DNA sequence analysis of several recently
identified female genes (NLRP2, NLRP5, NLRP7, TLE6, PADI6, and
KHDC3L) associated with EDA was conducted. In addition, analysis of
the PLCZI gene of the patient’s partner DNA was performed to ex-
clude a possible male factor involved in abnormal calcium release. The
patient cohort being sequenced consisted of 42 couples, including the
|7 couples that underwent ICSI-AOA (P1-P17) and 25 additional cou-
ples that met the inclusion criteria (P18-P42), but who did not un-
dergo AOA (Supplementary Table Il). Two samples (female P15 and
male P33) could not be screened due to poor DNA quality.
Moreover, PLCZ| was not screened in P3, P17, and P31 as these cou-
ples used a sperm donor.

Sequencing of the selected genes revealed several variants, which
were categorized according to the guidelines of the American College
of Medical Genetics (ACMG) (Richards et al., 2015). No Class 4 (likely
pathogenic) or Class 5 (pathogenic) variants were detected, however,
some interesting Class 3 (variants of uncertain significance, VUS) were
observed. We identified 10 unique heterozygous VUS in SCMC genes
(Table M) in 14 female patients. Most of the variants were predicted
to be tolerated by at least one in silico prediction algorithm, except for
the TLE6 .1 |00C>T (p.Pro367Leu) variant encountered in P4, that it
is predicted to be damaging by the three in silico pathogenicity predic-
tion tools and has a high Grantham score (Table Ill). P4 did not
benefited from ICSI-AOA, as both D3 and D5 embryo development
were similar to the rates obtained after ICSI. Specifically, blastocyst de-
velopment remained very poor (9.09% blastocyst and 0% good quality
blastocyst rate) after AOA treatment (Table Il). In addition, we identi-
fied a synonymous NLRP2 c.1572T>C (p.Asp524=) variant in four
unrelated patients (P3, P12, PI17, and P32) and the intronic NLRP5
€.623-12_623-11insTTC (p.?) in two unrelated patients (Pl and P24)
(Table Ill). The prevalence of both variants in the affected individuals
in our cohort (9.5% and 4.8%, respectively) is significantly increased
compared to its prevalence in the control population (0.61% and
0.69% gnomAD, respectively). From these patients, PI, P3, P12, and
P17 underwent ICSI-AOA treatment. ICSI-AOA treatment was not
beneficial for PI and P3, as both patients remained with 0% blastocyst
formation. However, P12 showed a 20% increase in good quality blas-
tocyst formation after AOA, while P17 had a more than 20% increase
in blastocyst formation but the quality of the embryos did not improve
(Table Il). However, the benefit observed after AOA in P17 requires
further investigation as this patient used a sperm donor sample.

Interestingly, while PLCZ| mutations were not expected in this pa-
tient population, we identified a previously reported homozygous
PLCZ| mutation (c.1499C>T; p.Ser500Leu) in P35, displaying impaired
embryonic development, but not showing typical fertilization failure.
Although this variant is classified as benign, mostly because its preva-
lence in the control population is 3%, it is predicted to be damaging by
SIFT and PROVEAN in silico predictive tools (Table Ill). The same mu-
tation has been previously reported at a high frequency (9/37, 24.3%)
in patients suffering from fertilization failure after ICSI (Yoon et dl.,
2008; Torra-Massana et al., 2019). In this case, the patient showed

74.1% (20/27) fertilization rate, but 0% (0/20) blastocyst formation af-
ter ICSI (Supplementary Table SlI). ICSI-AOA treatment has been rec-
ommended to the couple, but they have not yet undergone another
IVF cycle.

Discussion

In this study, we showed that AOA treatment using ionomycin neither
improved preimplantation embryo development nor clinical outcomes
in our patient cohort with repetitive embryo developmental problems
after ICSI (<15% blastocyst formation) (Table I). Impaired embryo de-
velopment not influenced by a poor fertilization or by cycle-to-cycle
variability was ensured by our strict inclusion criteria.

At present, there is abundant evidence that ICSI in combination
with AOA increases fertilization rates and consequently blastocyst for-
mation in patients with total fertilization failure or low fertilization
(<33%) after ICSI (Bonte et al., 2019; Li et al, 2019; Shan et dl,
2022). The rationale behind the success of this treatment is that oo-
cyte activation failure (either sperm or oocyte-related) is mostly
caused by a deficiency in sperm or oocyte factors participating in the
Ca®" releasing machinery, thus the artificial induction of Ca*" oscilla-
tions during fertilization helps to overcome this problem. Likewise,
when the deficiency occurs in proteins acting downstream of the Ca>*
oscillations, AOA is likely to not be beneficial (Sang et al., 2018;
Cardona Barberan et al., 2020). In the past years, AOA has also been
suggested for couples with other indications, such as embryo develop-
mental problems after ICSI regardless of the patient infertility condition
(Ebner et al., 2015; Mateizel et al., 2022; Tsai et al., 2022; Yin et dl.,
2022), but also for specific infertile populations that generally suffer
from IVF failure, such as diminished ovarian reserve (Tsai et al., 2022),
PCOS, primary ovarian insufficiency (POI), advanced maternal age, and
female unexplained infertility among others (Lv et al., 2020). However,
the benefit of AOA to treat embryo developmental problems is still
not clear and literature shows contradictory results (Ebner et al.,
2015; Lv et al., 2020; Mateizel et al., 2022; Tsai et al., 2022; Yin et al.,
2022).

Ebner et al. (2015) proposed the use of AOA with calcimycin
(GM508 Cult-Active) to treat 57 couples with fertilization rate >30%
and EDA (no transfer), complete developmental delay (no morula/
blastocyst on D5), or reduced blastocyst formation (<15%) in at least
one ICSI cycle. The authors’ hypothesis was based on different reports
showing a correlation between cell division and Ca®" availability
(Berridge, 1995), and reporting that the Ca*" fluctuations normally
preceding mitotic division, disappear in arrested embryos (Sousa et al.,
1996). Moreover, some studies performed in animal models also sug-
gest that altering the Ca®>" released during oocyte activation burdens
both fertilization but also embryo development (Ozil and Huneau,
2001; Ozl et al., 2005, 2006). All these data seem to support the use
of AOA for these couples and in accordance, Ebner et al. (2015)
showed a highly significant increase in blastocyst formation for all pa-
tient groups in comparison to their previous ICSI cycle. In addition, an
increase in implantation, clinical pregnancy, and live birth rates was
also reported (Ebner et al., 2015).

Although Ebner et al. (2015) showed promising results, two more
recent sibling-oocyte studies could not corroborate the benefit of
AOA to treat embryo developmental problems (Mateizel et al., 2022;


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/dead051#supplementary-data

Table Il Variants of uncertain significance detected in SCMC genes and PLCZ| in couples with embryo developmental problems (P 1-P42).

Patient Gene c.Nomenclature p.Nomenclature  RefSNP Classification Classification MAF Polyphen® SIFT® PROVEAN® Grantham® State
criteria—Pathogenic® criteria—Benign® (gnomAD -all)

Pl NLRP5  ¢.623-12_623-11insTTC p.? rs538671525 / / 0.006874 NA NA NA NA HET
P3 NLRP2 c.1572T>C p.Asp524=* rs61735084 / BP7 0.006 144 NA NA N 0 HET
P4 TLE6 c.1100C>T p.Pro367Leu rs140669738 PM2 / 0.000113 PD D D 98 HET
Pé6 TLE6 c.805A>G p.Lys269Glu rs147398793 PM2 BP4 0.000071 B T N 56 HET
Pl2 NLRP2 c.1572T>C p.Asp524=* rs6 1735084 / BP7 0.006144 NA NA N 0 HET
PI3 NLRP2 ¢.2920C>G p.Leu974Val rs61735074 PM2 / 0.004792 PD T N 32 HET
P16 NLRP2 c.1217C>G p.Thr406Arg rs139903547 PM2. PP3 / 0.006266 PD T D 71 HET
P17 NLRP2 c.1572T>C p.Asp524=* rs61735084 / BP7 0.006144 NA NA N 0 HET
P18 NLRP7 c.930G>T p.GIn310His rs145973556 PM2 / 0.001744 PD T N 24 HET
P24 NLRP5  ¢.623-12_623-11insTTC p.? rs538671525 / / 0.006874 NA NA NA NA HET
P32 NLRP2 c.1572T>C p.Asp524=* rs61735084 / BP7 0.006 144 NA NA N 0 HET
P35 PLCZI c.1499C>T* p.Ser500Leu™* rs10505830 PMI. PP2 BAI. BP4. BP6 0.030961 T D.T D 145 HOM
P36 TLE6 c.893C>T p.Thr298Met rs141406529 PM2 BP4 0.000039 PD T D 8l HET
P38 PADI6 c.286G>A p.Ala96Thr rs181841908 PM2 BP4 0.001099 B T N 58 HET
P40 NLRP2 c.1346C>T p.Thr449Met rs144271525 PM2 / 0.000182 PD T N 8l HET

Variant classification was checked in Varsome (https://varsome.com) in February 2022.

*Variant of uncertain significance with some benign evidence (synonymous variants).

**Variant classified as benign. Although it has been reported previously in patients with fertilization failure both in heterozygous and homozygous state.

?Classification criterion according to guidelines from the American College of Medical Genetics.

®Mutation assessment by Polyphen. SIFT. PROVEAN and Grantham.

RefSNP: reference single-nucleotide polymorphism number; MAF: major allele frequency; GnomAD: The Genome Aggregation Database; NA: not available; D: damaging; PD: probably damaging; T: tolerated; N: neutral; B: benign; HET: het-
erozygous; HOM: homozygous.
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Yin et al, 2022). Yin et al. (2022) included 140 patients with normal
fertilization rate >70%, but D3 good quality embryo rate <30% in
previous ICSI cycles. After AOA treatment with ionomycin no differ-
ences were seen in cleavage, D3 good quality embryos and available
non-AOA and AOA groups.
Additionally, implantation, miscarriage, clinical pregnancy, and live birth
rates were not influenced by AOA (Yin et al., 2022). Mateizel et al.
(2022) included 19 patients with fertilization rate >30% and D5 poor
embryo quality in at least one previous ICSI cycle. In the subsequent
cycle, AOA treatment with calcimycin (GM508 Cult-Active) did not in-
crease fertilization, D5 good embryo quality, or utilization rates in

blastocyst rates between the

comparison to the non-AOA sibling control group (Mateizel et dl.,
2022). Even though these two studies differed in inclusion criteria and
in the Ca>* ionophore selected for AOA treatment, the use of sibling
oocytes as control group provides a more unbiased dataset to evalu-
ate the effect of AOA than comparing the AOA results to previous
ICSI cycles as performed by Ebner et al. (2015) and this study.
Nonetheless, we ensured that all patients had at least two ICSI cycles
showing embryo developmental problems, while Ebner et al. (2015)
compared the ICSI-AOA cycle to the immediately preceding ICSI cycle
regardless of the patients having more than one ICSI cycle with im-
paired embryonic development. While 23/57 of the patients included
in that study had more than one ICSI cycle with abnormal embryo de-
velopment, 34 patients couples had only one failed ICSI cycle (Ebner
et al.,, 2015). The latter group may have introduced some bias as there
is difference in gamete quality between cycles.

Additionally, we have formerly reported that calcimycin (GM508
Cult-Active) shows less calcium releasing and fertilizing potential than
jonomycin in both mouse and human oocytes (Nikiforaki et al., 2016).
Noteworthy, the activation rate in both mouse and human oocytes
was very low (<15%) after calcimycin treatment (Nikiforaki et al.,
2016). Furthermore, it has also been reported that for patients with
fertilization failure after ICSI, AOA treatment using ionomycin gives
higher activation than when using calcimycin (Jia et al., 2023) and that
failed ICSI-AOA cycles using calcimycin can be rescued using ionomy-
cin (Ebner et al,, 2021). The later may be explained by the fact that
some patients might require more potential stimuli than others (Ebner
and Shebl, 2022). Considering this, our study agrees with Yin et al.
(2022) and Mateizel et al. (2022) and reports new valuable data on
the inefficacy of ionomycin treatment at fertilization to improve em-
bryo development.

Some articles have also studied the effect of AOA on specific infer-
tility conditions that are likely to cause IVF failure due to poor embryo
quality. Tsai et al. (2022) reported an increase in cleavage rate and
good quality D3 embryos after ICSI-AOA in comparison to ICSI in
patients with diminished ovarian reserve >40years that fulfilled
POSEIDON Group 4 criteria (Tsai et al., 2022). In addition, Lv et al.
(2020) treated patients with different infertility indications (male factor
infertility caused by oligoastenoteratozoospermia (OAT), female factor
infertility caused by advanced age, unexplained cause, PCOS, POI, or
a combination of male and female factors) and observed that higher
live births were obtained in all groups except POI after AOA treat-
ment, but blastocyst rates were only improved in the OAT group,
unexplained female infertility and combined male and female infertility
(Lv et al,, 2020). Although AOA seems beneficial for some of these
patient populations, the total initial cleavage and blastocyst rates
obtained after ICSI in both studies were already high (Lv et al., 2020;

Tsai et al., 2022), which may question the necessity for AOA treat-
ment in these patient groups.

Recently, there was a case report of a patient with PN arrest, who
benefited from a later AOA application (Xi et al., 2020). Calcium re-
lease during fertilization in this patient was enough to induce PN for-
mation but not to promote first mitotic cleavage. Later ionophore
application at the time of embryo arrest (Day 2) recovered mitotic ac-
tivity, then good quality blastocysts were produced and a live birth
was achieved (Xi et al., 2020). For patients with successful fertilization
but later developmental arrest, AOA application at the time of the ar-
rest, making the treatment patient-specific, could be a better strategy
to recover embryo development (Sousa et al., 1996; Ebner and Shebl,
2022). Studying whether patients with embryo developmental prob-
lems have a calcium deficiency during the first cleavage stages would
increase our knowledge on calcium dynamics during embryonic devel-
opment and will help identify specific patient populations that could
benefit of later AOA treatment. As mentioned before, AOA will in
theory only benefit patients suffering from a Ca’" deficiency.
Therefore, for the first time, we also investigated whether the male
partner’s sperm in couples with embryo developmental problems
were able to induce normal Ca®" oscillatory patterns during oocyte
activation. All sperm samples (except that from PI3) showed a high
frequency of Ca®" spikes and AxF scores similar to the control sample
when injected into mouse oocytes (MOCA) (Fig. |) (Vanden-
Meerschaut et al., 2013), meaning that the embryo developmental
problems observed in our patient cohort may have been caused by
oocyte-related factors that cannot be restored by AOA. All MOCA
experiments were performed with frozen-warmed sperm samples for
practical reasons, and although fresh sperm was used for all ICS|
cycles, previous research performed in our lab confirmed that frozen-
warmed human sperm gives comparable calcium oscillation patterns as
fresh sperm (Vanden-Meerschaut et al., 2013). In addition, the use of
swim-up for sperm processing technique during MOCA was preferred
as it is a faster method than density gradient centrifugation. From the
literature, it has been reported that there is no difference in fertiliza-
tion rates and thus, calcium-releasing capacity, when using sperm sam-
ples processed with density gradient centrifugation or direct swim-up
method (Palini et al., 2017). In addition, PLC{ content has been
showed to be reduced after cryopreservation (Moreau et al., 2019),
but even though MOCA results could show a slightly reduced calcium
release in comparison to the situation in which fresh sperm is used,
frozen-warmed patient samples were compared to a frozen-warmed
control patient with normal fertilization and embryo development and
the results showed no signal of calcium deficiency.

Normal Ca** release was expected from all patients included in the
study as we excluded those with fertilization rates <60%, similar to
Yin et al. (2022). However, we detected one patient (P13) that, al-
though having normal fertilization (93.75%), showed a high proportion
of oocytes with 0 or 1-2 Ca®" peaks and therefore had the lowest
AxF score (24.1 AU). This patient suffered from asthenozoospermia,
but vitality test by eosin-nigrosin staining revealed 59% live sperm cells.
During ICSI and ICSI-AOA treatments, the HOS test was performed
to ensure injection of live sperm, as reflected by the high fertilization
rates observed in this patient. The HOS test evaluates the sperm
membrane integrity in hypo-osmotic conditions. Live sperm cells in a
hypo-osmotic media control osmotic pressure by swelling, while dead
sperm cells cannot control it and swell until the membrane disrupts
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(Ramu and Jeyendran, 2013). The advantage of this test is that live
sperm are identified by a swollen tail and can still be used for ICSI.
We could not perform this test before MOCA, which explains why
some oocytes did not show calcium release. P13 showed a consider-
able improvement in the blastocyst rate, increasing from 6.67% (1/15)
after ICSI to 40.0% (4/10) after ICSI-AOA treatment (Table II).
However, this couple did not have good quality blastocysts after either
ICSI (0.0%, 0/15) or ICSI-AOA (0.0%, 0/10).

Embryo developmental problems after ICSI can be caused by a
broad variety of factors (Mohebi and Ghafouri-Fard, 2019; Paonessa
et al., 2021; Sfakianoudis et al., 2021). Recent research has brought to
light the important role the SCMC plays during first embryo cleavages
(Bebbere et al., 2016), as different patients suffering from embryo de-
velopmental problems have been detected to present with variants in
SCMC genes (Xu et al., 2016; Wang et al., 2018; Mu et al., 2019; Lin
et al., 2020; Zheng et al., 2021). In this article, we also investigated the
underlying genetic causes of the embryo developmental problems ob-
served in our patient cohort by screening for genetic variants in female
SCMC components (TLE6, PADI6, NRLP2, NRLP5, NRLP7, and
KDHC3LY) and in PLCZI to exclude a possible male factor. No major
pathogenic variants (Classes 4 and 5) were detected, but we did en-
counter some VUS (Class 3) in SCMC genes (Table Ill). Classification
of variants was performed using the Varsome platform, a search en-
gine that integrates information from more than 130 genomic data-
bases and combines different types of data (i.e. computational,
predictive, functional, population, segregation) to classify human ge-
netic variants according to the ACMG guidelines (Kopanos et dl.,
2019). Varsome is regularly updated, refined, and assessed, thus vari-
ant classification can change depending on the moment of the consult.
At the time of consultation, we did identify 10 heterozygous VUS var-
iants. Of note is the TLE6 variant c.| I00C>T (p.Pro367Leu) encoun-
tered in P4, which is predicted to be damaging by all in silico
pathogenicity prediction tools and is found in a very low frequency in
the general population (Table Il). This variant is present in one of the
7 beta-transducin repeat domains (WD domains) that TLE6 contains
and is required for protein interaction. All disease-causing variants
reported in TLE6 are located in the WD repeat domains of the pro-
tein which makes it very likely that this variant is also causal (Alazami
et al,, 2015; Lin et al., 2020). In addition, AOA treatment was not able
to overcome the impaired embryonic development observed after
ICSI (Supplementary Table SIl) and both D3 embryo (59.1%, 13/22)
and blastocyst formation (9.1%, 2/22) rates, as well as good quality
D3 embryo (18.2%, 4/22) and good quality blastocyst formation
(0.0%, 0/22) rates remained very low (Table Il). This result agrees
with the fact that the male partner’s sperm was able to induce normal
Ca®" release (Fig. ). Yet, functional analysis tests should be per-
formed to assess the causality of variants reported in this article. To
assess pathogenicity of SCMC variants, multiple strategies could be ap-
plied: immunostaining of the specific protein in unfertilized or arrested
embryos from the patient (Xu et al., 2016), comparison of protein lev-
els after transfection of Hela cells with complementary RNA (cRNA)
constructs containing the protein of interest with and without the mu-
tation (Mu et al., 2019), as well as production of mouse models carry-
ing the variant (Yu et al., 2014).

All SCMC variants reported in the literature are identified in homo-
zygosis or compound heterozygosis, in contrast to the findings in this
article (Alazami et al., 2015; Xu et al, 2016). Since only exonic and

flanking intronic regions were sequenced, there may be disease-causing
variants in other intronic regions such as promotors or enhancers that
were not detected. We cannot exclude the possibility that other het-
erozygous variants are present in undiscovered genes also participating
in early preimplantation embryonic divisions. During recent years, muta-
tions in other female genes involved in oocyte maturation arrest, like
PATL2 and TUBBS, have also been detected in patients showing EDA
(Chen et dl,, 2017; Wu et al., 2019), meaning that other proteins par-
ticipating in crucial pathways occurring prior to embryonic develop-
ment, like cocyte maturation and fertilization, can have a later effect in
embryo development. Finally, the detection rate of SCMC mutations
reported in the literature is rather low (Mu et al, 2019; Lin et dl,
2020). For instance, Lin et al. (2020) only detected TLE6 mutations in
3/403 individuals screened. Moreover, many mutations in SCMC have
been identified in patients from consanguineous families which have an
increased risk for recessive genetic disorders (Xu et al., 2016; Wang
et al, 2018; Zheng et al., 2021). Consanguinity is more common in
north and sub-Saharan Africa, the Middle East, and central and south
Asia (Bittles and Black, 2010). This may explain why we did not identify
any clear pathogenic variant screening 42 Caucasian patients. Finally,
targeted genetic screening seems insufficient to detect pathogenic muta-
tions causing impaired embryonic development as this is a multifactorial
condition, with many required molecular factors not discovered yet. A
better strategy would be to perform whole-exome or whole-genome
sequencing, although these techniques are more expensive and require
complex bioinformatic analysis (Capalbo et al., 2021).

Unexpectedly, we did find a homozygous mutation in PLCZI
(c.1499C>T; p.Ser500Leu), previously reported to cause fertilization
failure after ICSI| in 9/37 patients screened within one study (Torra-
Massana et al., 2019). Functional analysis revealed no decreased fertili-
zation rate after injecting IVM human oocytes with mutated PLCZ/
p.Ser500Leu cRNA in comparison to wild-type (WT) PLCZ| cRNA
(Torra-Massana et al., 2019). This result could partially explain the phe-
notype seen in P35, as this couple had normal fertilization rate after
routine ICS| (74.07%), but all embryos arrested before achieving the
blastocyst state (Supplementary Table SllI). Further research should in-
vestigate whether sperm with PLCZ/ p.Ser500Leu cRNA is able to
support embryo development until blastocyst stage as does PLCZI
WT cRNA in mouse oocytes (Saunders et al., 2002). Moreover, AOA
was able to restore fertilization rates in these patients, regardless of
the PLCZI c.1499C>T (p.Ser500Leu) mutation being in heterozygous
or homozygous state, and live births were achieved (Torra-Massana
et al., 2019). Unfortunately, P35 has not undergone an ICSI-AOA cycle
yet. AOA will most possibly overcome the impaired embryo develop-
ment, as it seems to be caused by a PLC{ deficiency. Moreover, to
confirm the causality of the PLCZ/ variant, the Ca>" releasing pattern
induced by the patient sperm sample remains to be studied.

In conclusion, our data show that AOA treatment is not indicated
for patients with a history of embryo developmental problems after
ICSI (<15% blastocyst formation), as it probably results from oocyte-
related factors not linked to disturbed Ca®" patterns. Despite the
sample size being low, we decided to stop the study and not include
more patients, as no beneficial effect was observed after ICSI-AOA.
Besides, there is only scarce evidence in the literature to support the
direct benefit of AOA treatment for couples suffering from this condi-
tion. Moreover, patient heterogenicity complicates the comparison of
the results in these studies and brings to light the necessity for a strict
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definition of embryo developmental problems to reduce AOA over-
treatment. Although no major abnormalities have been found in chil-
dren born after ICSI-AOA (Vanden-Meerschaut et al., 2014a; Mateizel
et al, 2018; Shan et al., 2022), this technique should be reserved for
couples with a clear deficiency in post-fertilization oocyte Ca*" dynam-
ics (Ferrer-Buitrago et al., 2018b; Cardona Barberan et al., 2020). In
addition, we also described different heterozygous SCMC VUS variants
in patients with embryo developmental problems; yet, causality should
be determined by functional assessment. It also remains to be investi-
gated whether PLCZ| variants can cause both fertilization failure and
EDA infertility phenotypes. Finally, genetic screening using whole-
exome sequencing techniques may reveal novel genes and variants in-
volved in embryo development and allow the design of more appro-
priate and personalized treatment options for these couples. For
patients with clear molecular defects, WT cRNA or recombinant pro-
tein injection during ICSI may restore the abnormal protein content
and allow correct embryonic development. Injection of WEE2, TRIPI3,
and CDC20 WT cRNA molecules in patients with the corresponding
mutation could restore oocyte maturation and fertilization potential
(Sang et al., 2018; Zhang et al., 2020; Zhao et al., 2020). For patients
with and without clear molecular defects, but still oocyte-suspected cy-
toplasmic deficiency, nuclear transfer (NT) could represent a more
general approach. NT consists of replacing poor-quality oocyte or zy-
gote cytoplasm (containing abnormal proteins required for fertilization
and/or embryo development) with good-quality cytoplasm from a
healthy oocyte or zygote (Craven et al., 2017). Recently, using an em-
bryo arrest mouse model, NT was shown to significantly increase blas-
tocyst formation rates (Costa-Borges et al., 2020; Tang et al., 2020).
Moreover, in humans, NT has already been proposed to overcome
EDA (Zhang et al., 2016) as well as fertilization failure after ICSI-AOA
(Tang et al., 2022).

Supplementary data

Supplementary data are available at Human Reproduction online.
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Abstract

Background: Calcium (Ca*h) ionophores are now mainly considered as efficient treatments for fertilization failure.
Recently, its application for rescuing poor embryo development was proposed but still non-routine. This study aimed
to explore whether Ca?* ionophore improves embryo development and pregnancy outcomes in patients with poor
embryo development in previous intracytoplasmic sperm injection (ICSI) cycles.

Methods: This study included 97 patients undergoing assisted oocyte activation (AOA) with Ca’* ionophore (calci-
mycin, A23187) treatment. Preimplantation embryonic development and clinical outcomes were compared between
ICSI-AOA cycles (AOA group) and previous ICSI cycles of the same patients in which poor embryo developmental
potential was present (non-AOA group). Subgroups stratified by maternal age (< 35, 35-40, > 40years, respectively)
were analyzed separately.

Results: A total of 642 Ml oocytes were collected in AOA group, and 689 in non-AOA group. Significantly higher
day 3 good quality embryo rate (P=0.034), good quality blastocyst formation rate (P< 0.001), and utilization rate

(P< 0.001) were seen in AOA group. Similar results were seen in each subgroup. For pregnancy outcomes, there were
significant differences in clinical pregnancy rate (P=0.039) and live birth rate (P=0.045) in total group. In subgroup
aged < 35years, biochemical (P=0.038), clinical (P=0.041), and ongoing pregnancy rate (P=0.037) in AOA group
were significantly higher than that in non-AOA group. No significant improvement for clinical outcomes for sub-
groups aged 35-40 and aged >40.

Conclusion: The study suggests that calcimycin could improve preimplantation development and pregnancy out-
comes in patients aged < 35 years with embryo developmental problems in previous ICSI cycles.

Keywords: Poor embryo development, Assisted oocyte activation, Calcium ionophore, Age

Introduction

Infertility has become a health problem of global con-
cern affecting about 15% of couples and 80% of them
could find a solution with the advancement of assisted
reproductive technology (ART) [1]. Part of failed patients
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positively correlated to pregnancy outcomes [2, 3], but
the cause of poor embryo development is still unclear
and there is a lack of effective treatment in clinic [4, 5].

Some studies reported that Calcium (Ca*") signal
deficiency or insufficiency during oocyte activation
is associated with embryo arrest, cleavage anomalies,
or poor preimplantation development and blastocyst
quality [6-9]. During mammalian fertilization, sperm
releases sperm-specific phospholipase C zeta (PLC{)
into the ooplasm immediately after the fusion of sperm
and oocyte plasma membranes, and then results in Ca*"
oscillations which are essential for normal fertilization
and the onset of embryogenesis by triggering down-
stream signaling pathways. This process is known as
oocyte activation [10-12]. A sequence of cellular events
during oocyte activation, including maternal mRNA
recruitment, cytoskeletal rearrangement, embryonic
genome activation, and initiation of cleavage [13-16],
is the premise of oocyte-to-embryo transition and early
embryonic development [11, 17, 18] and dependents
on various amount of Ca®* oscillations [13]. In general,
increase of Ca’" during activation has later effect on
subsequent embryonic development [19, 20] and oppo-
sitely, oocyte activation failure resulting from sperm- or
oocyte-related calcium insufficiency could lead to poor
embryo development.

Assisted oocyte activation (AOA), including mechani-
cal, electrical, and chemical stimuli, has been consid-
ered as a feasible approach which can increase Ca?" in
the oocyte and induce oocyte activation efficiently [8].
Calcium ionophores including ionomycin and calcimy-
cin (A23187) are the most common approaches used for
AOA in ART [21], and have been widely used for rescuing
fertilization failure and globozoospermia [22]. Recently,
researchers tried to improve embryo development with
AOA at intracytoplasmic sperm injection (ICSI) in
patients with various early embryo developmental prob-
lems. It has been reported that successful cleavage after
calcium ionophore treatment could be achieved in cases
with previous embryo arrest at the pronuclear stage [23].
A multicentric prospective study reported that calcium
ionophore could rescue patients with completely devel-
opmental arrest or delay, or reduced blastocyst formation
rate [24]. But a study using sibling oocytes as the control
group in the same cycle reported that calcium ionophore
was not able to improve embryo laboratory outcomes
as well as pregnancy outcomes in patients who suffered
from poor embryo development but achieved more than
70% normal fertilization rate in previous ICSI cycles [25].

Previous studies were still sparse, based on small sam-
ple size, and no consensus has been reached. Of central
concern, AOA treatment protocols as well as targeted
patients were obviously different among these studies.
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AOA was sometimes performed immediately after ICSI
for 15minutes and sometimes performed after 60 min-
utes of ICSI for 10minutes [24—26]. In fact, Ca®* oscil-
lations begin at 15-30 minutes after ICSI [27, 28], which
might be relevant to delayed release of PLC{ due to
delayed disintegration of spermatozoa plasma mem-
brane at ICSI [29]. Thus, we applied calcium ionophore at
15-30 minutes after ICSI and aimed to evaluate the effect
of calcium ionophore on patients with poor embryo
developmental potential in previous ICSI cycles.

Materials and methods

Patients

The study was performed at the Hospital for Reproduc-
tive Medicine Affiliated to Shandong University. A total
of 97 female patients undergoing calcimycin (A23187)
treatment for AOA (AOA group) were collected from
March 2020 to December 2021 and met one of the fol-
lowing AOA indications in previous ICSI cycles: (1) no
good quality embryo on day 3 and no good quality blas-
tocyst; (2) at least one good quality embryo on day 3 but
no good quality blastocyst; (3) or less than 20% good
quality blastocyst formation rate [24]. Their preceding
conventional ICSI cycles without AOA served as the con-
trol group (non-AOA group). Patients with normal ferti-
lization rate <30% in previous ICSI cycles were excluded
because that is conventional indication for AOA [24].
Patients with MII oocyte retrieved <2 were also ruled
out, which was a compromise between minimizing the
contingency of poor embryo development and adequate
sample size. The patients were divided into three sub-
groups by their age (<35, 35-40, > 40years, respectively)
in order to explore the effect of AOA at different age
stages.

ICSI and ionophore oocyte activation

Controlled ovarian hyperstimulation (COH) protocols
were determined by experienced physicians depending
on the patients’ baseline data and willing. Follicle growth
was initiated by either recombinant follicle stimulating
hormone or human menopausal gonadotropin in general.
Ovulation was induced by human chorionic gonadotro-
pin (hCG) at a dose of 4000-10,0001IU. Oocyte retrieval
was performed 36hours after hCG administration. The
time interval between removing granule cells and per-
forming ICSI in non-AOA cycles was same as that in
AOA cycles. Routinely, the time interval ranges from
0.5h to 2h, which depends on the maturation rate of the
obtained oocytes and the number of ICSI patients on the
day of oocyte retrieval. The ICSI procedure was identi-
cal in both non-AOA and AOA cycles and performed by
experienced operators. Sperm used for ICSI were all fresh
sperm and most were ejaculated sperm. During calcium
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ionophore oocyte activation cycles, MII oocytes were
exposed to A23187 (5uM, Sigma, St. Louis, MO, USA)
for 15 minutes after 15 minutes of ICSI, and then rinsed
for three times. The base solution for oocyte activation
is cleavage-stage medium, which is G1-plus (Vitrolife) in
our center.

Embryo culture and transfer

Embryos were cultured with sequential culture media
supplied by Vitrolife (G-IVE, G1 and G2; Scandinavian
IVF Science, Sweden). Puissant’s criteria [30] was used
for embryo scoring on day 3. Embryo transfer was con-
sidered on the third day of embryo culture when at least
one available embryo was formed, and no more than
three fresh cleaved embryos were transferred at once.
Alternatively, all embryos were cultured up to blastocyst
stage. Blastocyst scores were assessed according to Gard-
ner and Lane’s criteria [31]. In general, only blastocysts
over 4BC grade were graded as good quality and trans-
ferrable in our center. If there were transferrable blas-
tocysts, fresh embryo transfer with one blastocyst was
performed. Surplus embryos after fresh embryo trans-
fers were all incubated up to blastocyst stage and frozen.
During IVF cycles, if there was a risk of ovarian hyper-
stimulation syndrome, or there were any conditions that
might have impaired endometrial receptivity or patients’
specific wishes, embryos were all cultured for blastocyst
cryopreservation and fresh embryo transfer would not
be performed. Embryos used for frozen embryo trans-
fers were all at blastocysts stage in the study and only one
blastocyst was transferred in each frozen embryo trans-
fer cycle. Frozen embryo transfer procedure was reported
previously [32, 33].

Outcomes

Primary outcomes included day 3 good quality embryo
rate (good quality embryos on day 3/2PN (pronuclear)
zygotes), and good quality blastocyst formation rate
(good quality blastocysts/2PN zygotes). Secondary out-
comes were utilization rate ((day 3 good quality embryos
transferred*0.55+day 3 non-good quality embryos
transferred*0.45 + blastocyst transferred or frozen*1.00)/
MII oocytes), biochemical pregnancy (a rising hCG con-
centration >25IU/L 12days after transfer) rate, clinical
pregnancy (visualization of gestational sacs through an
abdominal ultrasound) rate, miscarriage (spontaneous
pregnancy loss before 28 weeks of gestation) rate, and
live birth (delivering at least one live-born infant after
>28 weeks of gestation) rate.

Statistical analysis
Variables were tested for normal distribution using Kol-
mogorov-Smirnov test or Shapiro-Wilk test based on the
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sample size. According to the outcome of distribution,
either paired t test or Wilcoxon sign rank test was applied
for descriptive data and McNemar test or chi-square test
for categorical variables.

All statistical analyses were performed using SPSS soft-
ware, version 26.0. A 2-sided P value less than 0.05 was
considered statistically significant.

Results

Participants

A total of 97 female patients were included in this
study and each patient was included only once. Patients
underwent ICSI were due to unexplained infertility
(44.33%), male factor infertility (41.24%), and female
factor infertility (14.43%). The mean (+ SD) maternal
age was 34.84+4.92years, body mass index (BMI) was
23.87 +2.86kg/m?, anti-Mullerian hormone (AMH) was
2.914+2.20ng/ml, and they had undergone 2.24+1.40
previous ICSI cycles. No significant difference was
observed between non-AOA and AOA cycles in total
group and each subgroup as far as COH protocols and
gonadotropin dose were concerned (Table 1 and Table S1
in Additional File 1). There was no significant difference
between non-AOA and AOA cycles in terms of growth
hormone application in each subgroup (Table S2 in Addi-
tional File 1). 7 male patients supplied epididymal or tes-
ticular sperm in their both AOA cycles and non-AOA
cycles and the rest were all ejaculated sperm (Table S2 in
Additional File 1).

Total included patients

When all included infertile patients were analyzed,
642 MII oocytes for ICSI were collected in AOA group
and 689 in non-AOA group. After ICSI, significantly
lower normal fertilization rate was found in AOA
group (P=0.006). There was no significant difference
in multi-PN formation rate (P=0.112) and cleavage
rate (P=0.575). However, day 3 good quality embryo
rate (P=0.034), good quality blastocyst formation rate
(P<0.001), and utilization rate (P<0.001) were signifi-
cantly higher in AOA group than that in non-AOA group
(Table 1).

Seventy-one embryos were transferred in 46 trans-
fer cycles in non-AOA group and 86 embryos were
transferred in 69 transfer cycles in AOA group. No sig-
nificant difference in terms of biochemical pregnancy
rate (P=0.098), but clinical pregnancy rate (P=0.039),
ongoing pregnancy rate (P=0.021), and live birth rate
(P=0.045) were significantly higher in AOA group
than that in non-AOA group. 4 babies were delivered
in non-AOA group and 16 in AOA group. No signifi-
cant difference in early miscarriage rate (P=0.726) and
late miscarriage rate (P=0.421) between AOA group
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Table 1 COH characteristics and preimplantation development outcomes in non-AOA and AOA group for total patients
Non-AOA AOA Pvalue

Cycles, n 97 97
Age, year 33.62+£525 3484+492
COH protocol, n (%) 0.122

GnRH-agonist protocol 50 (51.55%) 46 (47.42%)

GnRH-antagonist protocol 38 (39.18%) 36 (37.11%)

Other unconventional protocol 9 (9.28%) 5(15.46%)
Gn total dose, IU 217155+£932.35 2273.33+£1018.15 0379
No. of MIl oocytes, n 689 642
Normal fertilization rate, n (%) 503 (73.00%) 422 (65.73%) 0.006*
Multi-PN formation rate, n (%) 19 (2.76%) 22 (3.43%) 0.112
Cleavage rate, n (%) 493 (98.01%) 413 (97.87%) 0.575
Day 3 good quality embryo rate, n (%) 145 (28.83%) 163 (38.63%) 0.034*
Good quality blastocyst formation rate, n (%) 18 (3.58%) 7 (27.73%) < 0.001*
Utilization rate, n (%) 50.60 (7.34%) 144.65 (22.53%) < 0.001*

Values are presented as mean = SD or n (%). "P<0.05.

COH, controlled ovarian hyperstimulation; Gn, gonadotropin; MIl, metaphase II; PN, pronuclear.

Table 2 Clinical outcomes in non-AOA and AOA group for total

patients
Non-AOA AOA P value

Embryo transfer cycles, n 46 69
No. of embryos transferred,n 71 86
Biochemical pregnancy 28.26% (13/46) 43.48% (30/69) 0.098
rate, %
Clinical pregnancy rate, % 19.57% (9/46)  37.68% (26/69) 0.039*
Ongoing pregnancy rate, %  10.87% (5/46)  28.99% (20/69) 0.021%
Ectopic pregnancy rate, % 11.11% (1/9) 0 -
Pregnancy loss rate, %

Early miscarriage rate 3750% (3/8)  23.08% (6/26) 0.726

Late miscarriage rate 12.50% (1/8) 3.85% (1/26) 0421
Live birth rate, % 8.70% (4/46)  23.19% (16/69) 0.045*

Values are presented as % (n/total n). "P<0.05

and non-AOA group (Table 2). One ectopic pregnancy
occurred in non-AOA group. No birth defects were
found.

Significantly higher proportion of cryo-embryo trans-
fer (P<0.001) and blastocyst transfer (P<0.001) were
noted in AOA group (Table S3 in Additional File 1).
When pregnancy outcomes of cleavage and blastocyst
transfers were analyzed separately, there was no signifi-
cant difference between AOA and non-AOA group in
cleavage-stage embryo transfer cycles in terms of bio-
chemical, clinical and ongoing pregnancy rate as well as
live birth rate (P=0.441, P=0.645, P=0.109, P=0.722,
P=0.722, respectively) (Table 3). In blastocyst transfer
cycles, quality of embryos transferred in AOA group
is higher than that in non-AOA group although the
difference was not statistically significant (Table S4
in Additional File 1). Significantly higher biochemi-
cal pregnancy rate (P=0.003) and clinical pregnancy
rate (P=0.008) were observed in AOA group than
that in non-AOA group, while no significant difference

Table 3 Pregnancy outcomes in non-AOA and AOA group for cleavage-stage embryo transfer and blastocyst transfer cycles

Cleavage-stage embryo transfer

Blastocyst transfer

Non-AOA AOA P value Non-AOA AOA P value
Biochemical pregnancy rate, % 36.36% (12/33) 26.92% (7/26 0.441 7.69% (1/13) 53.49% (23/43) 0.003*
Clinical pregnancy rate, % 24.24% (8/33) 19.23% (5/26, 0.645 7.69% (1/13) 48.84% (21/43) 0.008*
Ongoing pregnancy rate, % 12% (4/33) 15.38% (4/26, 0.722 7.69% (1/13) 37.21% (16/43) 0.092
Live birth rate, % 12% (4/33) 15.38% (4/26, 0.722 0 27.91% (12/43) -

Values are presented as % (n/total n). *P<0.05
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in ongoing pregnancy rate (P=0.092) was found in
spite of a discrepancy of nearly 20%. No live birth was
achieved in non-AOA group and 12 babies were born
in AOA group (0 vs. 27.91%). 3 ongoing pregnancies in
AOA group were still in the third trimester (Table 3).

Subgroup analysis

Fifty-two patients were included in the subgroup aged
<35years, 27 in the subgroup aged 35—40years, and 18 in
the subgroup aged >40years. Preimplantation embryonic
development outcomes for each subgroup are shown in
Table S1 (Table S1 in Additional File 1).

In women aged <35years, 408 MII oocytes were col-
lected in non-AOA group and 399 in AOA group. Nor-
mal fertilization rate, multi-PN formation rate and
cleavage rate did not differ between AOA and non-AOA
group (P=0.063, P=0.701, P=0.735, respectively).
However, AOA significantly improved day 3 good quality
embryo rate (P=0.001), good quality blastocyst forma-
tion rate (P<0.001), and utilization rate (P<0.001).

In women aged 35-40, 175 MII oocytes were retrieved
in non-AOA group and 148 in AOA group. There were
no significant differences in normal fertilization rate,
multi-PN formation rate, cleavage rate, and day 3 good
quality embryo rate between AOA group and non-AOA
group (P=0.669, P=0.285, P=0.109, P=0.540, respec-
tively). Good quality blastocyst formation rate (P<0.001)
and utilization rate (P=0.001) were significantly higher
in AOA group than that in non-AOA group.

In women aged >40years, 106 MII oocytes were
obtained in non-AOA group and 95 in AOA group.
Normal fertilization rate was significantly lower in
AOA group (P=0.007). There were 3 multi-PN zygotes
in AOA group and no multi-PN zygotes were formed
in non-AOA group (3.16% vs. 0). No significant differ-
ence in cleavage rate and day 3 good quality embryo rate
between AOA and non-AOA group was found (P>0.999,
P=0.789, respectively). Nevertheless, AOA improved
good quality blastocyst formation rate (P=0.002) and
utilization rate (P=0.006) significantly.

In terms of pregnancy outcomes, significant differ-
ence between non-AOA group and AOA group was
only observed in subgroup aged <35years. For this sub-
group, 42 embryos were transferred in 26 transfer cycles
in non-AOA group and 56 embryos were transferred
in 44 transfer cycles in AOA group. More cryo-embryo
transfers (P =0.004) and blastocyst transfers (P =0.005)
were carried out in AOA group (Table S3 in Additional
File 1). Biochemical pregnancy rate (P =0.038), clinical
pregnancy rate (P =0.041), and ongoing pregnancy rate
(P =0.037) were statistically higher in AOA group com-
pared with non-AOA group. 3 babies were delivered
in non-AOA group and 12 babies in AOA group. No
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significant difference in live birth rate between non-AOA
and AOA group was seen (11.54% vs. 27.27%, P =0.121)
(Fig. 1). Of note, 3 ongoing pregnancies in AOA cycles
(33weeks, 35weeks, 39weeks of gestation, respectively)
had not completed clinical follow-up yet when the arti-
cle was done. There was one early pregnancy loss in
non-AOA group and 4 in AOA group, which was not sig-
nificantly different (P >0.999) (Table S5 in Additional File
1). In subgroups aged 35-40 and aged >40, no significant
difference between non-AOA group and AOA group was
observed in terms of biochemical pregnancy rate, clinical
pregnancy rate, ongoing pregnancy rate, live birth rate
(Fig. 1), as well as pregnancy loss rate (Table S5 in Addi-
tional File 1).

Discussion

Calcium ionophore can promote extracellular calcium
influx as well as calcium release from intracellular store,
which can compensate oocyte- or sperm-borne calcium
insufficiency [34]. Improvements in cases of globozoo-
spermia or fertilization failure with the application of
calcium ionophores for AOA have been repeatedly dem-
onstrated [22, 35]. However, only few studies explored its
effect in cases with embryonic development problems
and no consistent conclusions were achieved yet. Clini-
cal use of calcium ionophore in these patients is still not
considered as conventional treatment measure. Given the
importance of calcium for oocyte activation and embry-
onic development, we supposed that Ca?* oscillations
induced by PLC{ after sperm-ooplasm fusion were far
from enough to complete preimplantation embryonic
development in patients with previous ICSI failure due
to embryo developmental problems. Once intracellular
calcium stores have been exhausted, oocytes need exog-
enous calcium supplement [36].

In this study, we showed that calcimycin treatment
significantly improved day 3 good quality embryo rate,
good blastocyst formation rate, as well as utilization
rate. Calcimycin seemed be able to help embryos step
over the developmental arrest point by making up for
calcium deficiency. Moreover, advanced age does not
limit the application of calcimycin. Meanwhile, calci-
mycin significantly improved post-implantation devel-
opment as well as pregnancy outcomes. Importantly,
significant improvement of clinical outcomes only
observed in women <35years old. Higher implanta-
tion rate after AOA was reported as long as the oocytes
were derived from patients younger than 36years [37].
It is well known that fertility declines with maternal age
because of reduced oocyte quality except for prema-
ture follicles recruitment, increasing ovulatory disor-
ders, and impaired luteal phase [38]. Intrinsic defect of
oocytes from patients with advanced age, such as oocyte
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aneuploidy and mitochondrial dysfunction, instead of
oocyte activation failure, is responsible to age-related
infertility and may not be able to be rescued by AOA
[26]. Besides, current ionophores used in human oocytes
can only induce single transient Ca®* shock, unlike Ca*"
oscillations in physiologic condition, but their benefits
were still significant [21]. Calcium ionophore may acti-
vate fully cellular events during oocyte activation which
are essential for embryo development by promoting
adequate calcium release for oocyte activation. Multiple
lines of evidence showed that oocyte activation and sub-
sequent development were results of calcium signal sum-
mation [39], and oocytes can be fully activated as long as
calcium release reaches a specific threshold [13]. And the
molecular effects induced by ionophores are comparable
with that in physiologic condition [17]. Oocytes can be
tolerant to the change of physiologic calcium pattern to
some extent [36]. However, single Ca®" transient induced
by AOA is still considered as a limited solution. We sus-
pected that oocytes derived from women of advanced age
cannot be tolerant to artificial Ca*" fluctuations as the
younger women. Excessive Ca?" after AOA may be even
noxious stimuli for aging oocytes.

Interestingly, although AOA significantly improved
embryonic development, we noted that normal fertili-
zation rate in AOA group was lower. Subgroup analysis
found that the lower normal fertilization rate in AOA
group was only present in women aged >40years. The
explanation is that female’s age grew in AOA cycles
compared to their own previous non-AOA cycles, and
fertility rapidly declines over 40years old [40]. Mean-
while, age-related reduction of oocytes retrieved partially
contributed to the lower fertilization rate. Some stud-
ies reported that less retrieved oocytes are associated to
total failed fertilization [41, 42]. However, progressing
aging was inevitable in clinical practice when AOA was
considered to be used to rescue previous poor embryo
quality.

The study on sibling oocytes reported that AOA per-
formed 1hour after ICSI did not improve embryo and
pregnancy outcomes in patients with previous poor
embryo development but more than 70% normal ferti-
lization rate [25]. They concluded that patients without
fertilization problems might have normal Ca®" signal
pattern and normal development. Some studies have
emphasized that AOA is not beneficial for all patients
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with oocyte activation deficiency [18, 26]. Besides, short
of calcium during oocyte activation is not the only rea-
son for poor embryo development. Sperm DNA damage,
sperm chromatin abnormalities, oocyte abnormalities in
structural proteins and mitochondria, or transcription
factors and other regulatory proteins could also lead to
poor prognosis of embryo [43, 44], which cannot be res-
cued by AOA. Maternal age and fertilization rate may act
as significant reference indicators for application of AOA
in cases with poor embryo development.

The lack of homogeneous AOA protocols impairs the
inter-study comparison. We applied calcium ionophore
at 15-30minutes after ICSI in order to mimic natural
calcium rise in conventional ICSI mode. Variations in
Ca”* response and oocyte activation rate between differ-
ent AOA protocols have also been mentioned [34]. Dou-
ble ionophore application were proposed to rescue some
patients’ developmental problems, which might benefit
from simulating a more physiologic calcium signal pat-
tern [36]. Recombinant PLC{ protein can be considered
for triggering Ca*" oscillations in oocytes but there are
still many limitations on its application, such as low
activity, the use of fusion proteins, and unassessed post-
implantation development [21]. Determining the scope
of ionophore application and standardizing agents, dos-
age, timing, duration, and times of ionophore exposure
are necessary [45].

Our results showed that calcimycin was a safe treat-
ment in terms of pregnancy outcomes and congeni-
tal defect, confirming previous safety studies [35, 46].
Follow-up studies of children born following calcium
ionophores activation reported reassuring results about
neurodevelopmental and language developmental out-
comes [47, 48]. But more large-scale prospective stud-
ies with long-term follow-up of AOA-born children are
still needed.

The study included all day 3 and blastocyst transfers,
fresh and frozen embryo transfers to observe the over-
all condition of clinical outcomes. More blastocysts
were formed and frozen in AOA group, which con-
tributed to more frozen embryo transfers. It has been
reported that frozen or fresh transfer have no signifi-
cant effects on clinical outcomes [49], while the effect
of embryo stage when transferring is debatable [50-52].
It is commonly accepted that clinical pregnancy rate of
blastocyst transfer is significantly higher than that of
cleavage-stage embryo transfer [52—54]. There was part
of included patients with relative normal day 3 good
quality embryo rate in non-AOA cycles but significant
lower good quality blastocyst formation rate whose
pregnancy outcomes may be improved by early-stage
embryo transfer and in vivo early embryo develop-
ment [55]. Therefore, improved pregnancy outcomes by
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AOA were only observed in blastocyst transfer cycles
in our study. In non-AOA group, embryos marginally
developed into blastocyst stage and were transferred or
frozen. AOA significantly improved the quality of blas-
tocysts, allowing preferential selection of most optimal
grade embryos for transfer that may have higher devel-
opment potential [56]. In addition, AOA may improve
post-implantation development that contributed to
more satisfactory pregnancy outcomes. Admittedly, the
present study is limited by small sample size and intrin-
sic deficits of retrospective analysis. We plan to study
further with multicenter joint and expanded sample
size in the future.

Conclusion

In conclusion, calcimycin treatment is now mainly used
for fertilization failure and its application for improv-
ing embryonic development is still non-routine. In this
study, with a stratified analysis of age, we show for the
first time that calcimycin can be applied as a feasible
treatment in women aged <35years with poor embryo
development in previous ICSI cycles.
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The effect of assisted reproduction technology (ART) on language development is still

unclear. Moreover, different techniques are introduced at rapid pace and are not always
accompanied by extensive follow-up programmes.

Aims

To investigate the language development of 3—10-year-old children born following ART
using intracytoplasmic sperm injection (ICSI) combined with assisted oocyte activation
(AOA), which is a highly specialized technique applied in cases with a history of

fertilization failure following conventional ICSI. Secondly, a comparison is made between
the language development of singletons and twins.
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singletons compared with twins. For the geheral language, none of the children scored
within the clinical zone for language disability corresponding with a percentile lower than
5.

Conclusion & Implications

This study presents the first data concerning language outcome in 3-10-year-old children
born following AOA. General language scores of the AOA children in this study are
located within the normal ranges. The language development of singletons was
significantly better compared with twins. Although the results are reassuring for
language development, in future long-term follow-up studies in this population are
necessary.
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Abstract Artificial oocyte activation using Ca*ionophores or similar compounds is a widely applied technique in IVF laboratories.
This is all the more interesting as most of the agents aiming for intracellular Ca?* increase do not result in physiological Ca?* oscil-
lations but much rather cause a single Ca* transient. Two observations from mammals may explain why a rather non-physiological
single Ca”* peak caused by ionophores is sufficient to rescue cycles showing severe male factor infertility, deficient oocyte matura-
tion, developmental problems in humans, or both. On the one hand, it has been shown that it is mainly the initial Ca?* rise that drives
further downstream events, in particular calcium/calmodulin-dependent protein kinase Il (CaMKIl) action, and on the other, it is pos-
sible that this enzyme remains active even in the absence of Ca*. It therefore seems that mammalian oocytes can respond to a wide
range of intracellular Ca?* signals and have a surprisingly high degree of tolerance for changes in cytosolic Ca*. As epigenetic con-
sequences or differences in gene expression have not been studied to date, artificial oocyte activation has to be considered as ex-

perimental and should only be applied with a proper indication. s
© 2015 Reproductive Healthcare Ltd. Published by Elsevier Ltd. All rights reserved.
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It has been known for decades that periodic changes in in-
ternal Ca?* mediate a large range of cell functions involved
in oocyte activation and subsequent cell function. The ef-
fectiveness of these calcium oscillations depends on their
number, frequency, temporal modulation and amplitude.

On the other hand, cytosolic calcium deficiency, regard-
less of whether the problem is sperm- or oocyte-born, will
have a profound effect on cell physiology. Evidence shows that
in such cases, fertilization after intracytoplasmic sperm in-
jection (ICSI) (Ebner et al., 2012, 2015a; Montag et al., 2012)
and mitotic cleavage (Ebner et al., 2015b) may be severely
impaired. After all, it is generally acknowledged that intra-
cellular Ca%" is limited and, once internal stores have been
depleted, the oocyte is reliant on influx of extracellular Ca*
to compensate for this loss (Berridge et al., 1998). The AOA
technique would facilitate such a mechanism.

http://dx.doi.org/10.1016/j.rbmo.2015.12.004

As Vanden Meerschaut et al. (2014a) highlighted, AOA, in
particular using CaZionophores such as A23187 or ionomycin,
is a widely applied technique in human IVF laboratories. The
problem with AOA, however, is that all application modes pub-
lished to date (Vanden Meerschaut et al., 2014a) are all but
standardized, which would be a prerequisite for the safe han-
dling of oocytes in clinical use, as well as preventing mean-
ingful comparison between different IVF studies. In general,
it is interesting that artificial activation is widely used, as most
of the compounds used for AOA do not result in physiologi-
cal Ca?* oscillations but much rather cause a single Ca?*
transient.

Although it is evident that oscillatory Ca? signalling is the
normal stimulus during mammalian fertilization, Ducibella
et al. (2003) have highlighted whether periodical changes in
Ca* are indeed necessary for normal development.

1472-6483/0© 2015 Reproductive Healthcare Ltd. Published by Elsevier Ltd. All rights reserved.
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In mammalian fertilization, the spatio-temporal informa-
tion about internal Ca?* is transduced by downstream factors
that mediate oocyte activation and subsequent preimplan-
tation embryonic development. One such effector, CaMKIl,
has been found to oscillate in temporal synchrony with re-
petitive Ca?*peaks (Markoulaki et al., 2003). This was dem-
onstrated not only after regular fertilization but also after
parthenogenetic activation (Winston and Maro, 1995) and mul-
tiple sequential ionophore pulses (Markoulaki et al., 2003).
It indicates that artificial Ca?* recruitment results in a proper
biological downstream response. Even more interestingly,
CaMKII activity obviously rises and falls with the initial Ca?
transient in a directly proportional manner (Markoulaki et al.,
2003), thus reflecting the situation commonly found in AOA
(presence of a single calcium rise). Although oscillatory Ca*
signalling may be a mechanism to maintain the sensitivity of
CaMKII for the duration of CaZ* signalling in regular fertiliza-
tion (Ducibella et al., 2003), autophosphorylation of CaMKII,
once activated, may keep the enzyme active even without
the presence of calcium (Johnson et al., 1998); a scenario that
would explain how a Ca?* stimulus can be transmitted in the
absence of its physiological repetitive pattern.

Moreover, evidence shows that, in humans, any reduc-
tion in the frequency of Ca*" peaks can be compensated by
both a higher amplitude and a longer total duration of the
same, thus increasing the total amount of calcium released
(Nikiforaki et al., 2014). This hypothesis is in agreement with
mammalian data showing that oocyte activation is tolerant
to perturbations in the calcium oscillation pattern as long as
the total amount of calcium release is uncompromised and
passes a critical threshold (Ozil et al., 2005; Toth et al., 2006).
For daily practice, this would mean that an increase in length
and number of exposures to ionophore could indeed show a
benefit in selected cases (although this contradicts the need
for a standardized procedure).

Taken together, it seems that mammalian oocytes can
respond to a wide range of intracellular Ca?* signalling pa-
rameters (Ducibella et al., 2003) and have a surprisingly high
degree of tolerance for prolonged changes in cytosolic Ca?
(Ozil et al., 2005; Toth et al., 2006).

The simple fact, however, that AOA can rescue cycles
showing severe male factor infertility, deficient oocyte
maturation (Kim et al., 2015), developmental problems, or
both, should not mask the non-physiological nature of iono-
phore treatment. Given the key role of Ca? oscillations in
regular ovum activation, it has been speculated that they
are linked to long-term development, possibly via chroma-
tin remodelling and reprogramming of gene expression
(Ducibella et al., 2003). The observed failure in the comple-
tion of oocyte activation (Vitullo and Ozil, 1992) as well as
the impairment in postimplantation viability of parthenoge-
netically activated mammalian oocytes (Ozil and Huneau,
2001) indicates that defective Ca?* treatment could inter-
fere with epigenetic reprogramming of the genome which,
in turn, could result in an altered gene expression pattern
(Ozil and Huneau, 2001). This would affect protein synthe-
sis and degradation during the first cell cycle (Kurokawa
and Fissore, 2003).

Recently, it became evident that the placenta of off-
spring born via assisted reproductive technologies has a
reduced methylation level at H19 (Nelissen et al., 2013), which
might explain the parallel finding that the epigenetic status

of children conceived after IVF or ICSI differs from that after
spontaneous conception (Whitelaw et al., 2014). The actual
extent to which AOA, as one of the upcoming laboratory tech-
nologies, might affect DNA methylation is unclear; however,
the absence of imprinting disorders in AOA live-births re-
ported so far (Deemeh et al., 2015; Vanden Meerschaut et al.,
2014b) suggests that theoretical changes in methylation might
not be correlated with the overall transcriptional levels of the
associated genes (Rancourt et al., 2012).

Considering the additional fact that most assisted repro-
duction techniques, such as ICSI, prolonged in-vitro culture
or cryopreservation are thought to be related to an altered
gene expression (Giritharan et al., 2010; Monzo et al., 2012),
it is a realistic scenario that AOA could affect gene expres-
sion. It seems, however, to be less than expected. Com-
pared with conventional IVF, the combination of ICSI with a
chemical activation step resulted in a gene expression pattern
that was found to be closer to IVF than to ICSI alone, sug-
gesting that AOA effectively mimics, at the genetic level, a
proportion of the events initiated by sperm entrance (Bridges
et al., 2011).

So it is reassuring that the continuous follow-up of chil-
dren born after AOA revealed that neonatal and
neurodevelopmental outcome of children aged between 3 and
10 years is within expected ranges (Vanden Meerschaut et al.,
2014b) and so is their language development (D’haeseleer
et al., 2014).

Most likely, it is the rather inflationary use of AOA sub-
stances that has led some scientists to comment on the im-
minent scenario of using AOA, particularly Ca%-ionophores,
as a routine procedure (Santella and Dale, 2015; van Blerkom
et al., 2015). These authors consider ionophores as still “ex-
perimental”, which they actually are, and the authors of this
comment fully support that notion. A more open-minded com-
mentary dealing with ionophore has stated that “it is defin-
ing modifications in treatment strategies that concurrently
advances our knowledge of human fertilization and opens new
avenues for research into the subcellular complexity of the
earliest stages of development” (Albertini, 2015). This re-
flects the history of IVF, where we have to acknowledge that
certain procedures were introduced without full understand-
ing of the underlying mechanism. Moving forward does imply
following a line that transfers a procedure from research to
experimental to clinical. The history of AOA is probably one
of the best examples and is currently in the transition process
from experimental to clinical - provided that it is applied with
a proper indication. To conclude, there is definitely a need
for more prospective studies with a larger number of pa-
tients to confirm the observations so far and to further address
the safety of AOA.
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and aneuploidy screening using NGS or aCGH (ICSI n=31, average 10.55
embryos per couple and IVF n=100, average 13.02 embryos per couple).
Fresh ejaculated sperm samples were used for fertilization in both groups.
Patients with poor sperm (<5M/ml and <10% motility) and those with
known translocations were excluded from analysis to avoid any influence
on ploidy rates. GEE models were used to compare ploidy rates per couple
in the IVF and ICSI cohorts, taking into account female age at oocyte
retrieval.

RESULTS: ICSI cycles resulted in a significantly higher embryo aneu-
ploidy rate per couple compared to IVF, 79.1% vs. 70.9% respectively
(p=0.001) adjusting for female age, which was not significantly different be-
tween the two groups (ICSI 36.9 yrs, IVF 38.3 yrs; p=0.13). Aneuploidy
rates were not affected by the incidence of banking with no significant differ-
ence in the data between those embryos which were frozen-thawed before bi-
opsy and those which were biopsied as part of a fresh cycle. Considering that
only euploid embryos were transferred, there was no significant difference in
clinical pregnancy rate between each fertilization method (45.7% ICSI vs.
46.1% IVF). However, blastulation rates were significantly higher in euploid
IVF embryos (47.7% vs. 23.0%), so utilisation rate improved compared to
ICSI which could indicate higher cumulative pregnancy rates in the future.

CONCLUSIONS: Embryo aneuploidy rate (per couple) was significantly
higher when oocytes were fertilized by ICSI, compared to those that were
fertilized by IVE. ICSI was initially developed to overcome male factor infer-
tility, accounting for 40% of couples seeking ART. However, the proportion
of ICSI cycles worldwide is 66%, with some regions almost exclusively do-
ing ICSI. There is currently no evidence that ICSI is beneficial for couples
with no underlying male factor. The use of ICSIis increasing, often being uti-
lized even when sperm is suitable for IVF; where embryo selection is based
on morphological development alone without PGS, this could unknowingly
increase the risk of an aneuploid embryo being transferred, and be a contrib-
uting factor to cycle outcome.

Supported by: This study was kindly supported by Westmead Fertility
Centre.
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OBIJECTIVE: Repeated fertilization failures in ICSI are rare but distress-
ful events for patients. Therefore, oocyte activation by calcium (Ca) iono-
phore following ICSI has been applied to enhance fertilization. However,
few follow up studies regarding children born after Ca ionophore have
been reported and no statistically significant differences in fetal development
at birth were indicated compared to those without artificial oocyte activation.
The present study was conducted to clarify whether Ca ionophore activation
affected on the babies development until 5 years old.

DESIGN: Retrospective cohort study.

MATERIALS AND METHODS: Development of 24 babies born from
ICSI treated with Ca ionophore for repeated fertilization failures from
2004 to 2016 were investigated by sending questionnaires to their parents.
Sex retio, gestational age, congenital abnormalities at birth, birth weight
and height were compared to the data of national growth survey on preschool
children collected by Ministry of Health, Labor and Welfare (MHLW) of
Japan. Height, weight and congenital abnormalities diagnosed at the age of
1 and a half, 2, 3 and a half and 5 were also followed up in 6 babies out of
24. Physical development including body weight and height until 5 years
old was assessed by comparing to the range between the 97" and 3™ percen-
tile curves of the national growth survey.

RESULTS: The sex ratio (f/m) was 0.6 (15 males and 9 females, respec-
tively). Average gestational age (days) was 272.5+11.9. 21 trisomy was
confirmed in one baby. Average birth height (cm) of males and females
were 48.35+1.85 and 49.17 £2.50, respectively. Average birth weight (kg)
of males and females were 2.89 £ 0.43 and 2.92 £ 0.42, respectively. Birth

FERTILITY & STERILITY®

height of all babies were plotted between the 97th and 3rd percentile curves
of the national growth survey. Birth weight of 20 babies were plotted between
the 97th and 3rd percentile curves, but 4 babies were out. Except for one
male, height and weight of all 5 babies at the age from 1 to 5 were plotted
between the 97th and 3rd percentile curves. There were no significant differ-
ences in physical development between the data of babies born from ICSI
with Ca ionophore and national average by MHWL. Any abnormalities
were not diagnosed until 5 years old.

CONCLUSIONS: The present study demonstrates that oocyte activation
with Ca ionophore does not influence physical development of children.
However, the safety of Ca ionophore should not be concluded from the pre-
sent study due to sample size. 21 trisomy was confirmed in one baby. It is
known as the result of a chromosome abnormality which occurs in the first
meiotic cell cycle and is also known to be caused by chromosome non-
disjunction during the early stages of embryo cleavage. Further scrutiny is
required to determine the influence of Ca ionophore on the prognosis of ba-
bies.
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INVESTIGATION OF FERTILIZATION AND CLIN- [R—
ICAL OUTCOMES FOLLOWING ICSI IN PATIENTS '.)
WITH PRIMARY CILIARY
DYSKINESIA. H. Ishimoto,” S. Mizuta,” K. Yamaguchi,®

H. Matsubayashi,h K. Kitaya,” T. Takeuchi," T. Ishikawa.® “Reproduction
Clinic Tokyo, Tokyo, Japan; "Reproductive Medicine, Reproduction Clinic
Osaka, Osaka, Japan; “Reproduction Clinic Osaka, Osaka, Japan.

OBJECTIVE: This retrospective study investigated the testicular sperm
extraction (TESE)-ICSI outcomes of 9 couples with male Primary Ciliary
Dyskinesia (PCD) between September 2013-December 2017 at one fertility
clinic. Two pronuclei (2PN) rate, blastocyst development rate, good-quality
blastocyst (Grade 3BB and above on day 5 by the Gardner scale) rate, clinical
pregnancy rate (CPR), and live birth rate were investigated and compared be-
tween embryos derived from motile testicular spermatozoa, immotile testic-
ular spermatozoa and ejaculated sperm.

DESIGN: A retrospective study in a reproductive center.

MATERIALS AND METHODS: TESE was performed on 9 PCD patients
following semen analysis. Oocytes for TESE-ICSI were collected over a total
of 18 oocyte retrieval cycles. All testicular spermatozoa retrieved were
immotile and treated with pentoxifylline. The HOST was conducted on sper-
matozoa in which stimulating motility was unsuccessful to ensure viable
spermatozoa was used for ICSI. All embryos were transferred by single
frozen-thawed embryo transfers (FET). All patients involved gave written
consent and international review board approval was granted. Statistical sig-
nificance was calculated by application of the student T-test with a p-value of
<0.05.

RESULTS: The mean female and male ages were 32.5+3.8 and
36.2£5.4, respectively. Sperm retrieval rate was 100% (9/9) with 22.2%
(2/9) motile sperm retrieval following pentoxifylline treatment. Of the 9 pa-
tients who underwent TESE, motile sperm could be confirmed in the ejac-
ulate of 1 patient. No significant differences in TESE-ICSI results using
motile testicular spermatozoa, immotile spermatozoa and ejaculated sperm
were reported in terms of 2PN rate (71.1%, 65.4%, 73.7%, respectively),
blastocyst development rate (37.5%, 23.4%, 53.8%, respectively) and
good-quality blastocyst rate (6.3%, 10.9%, 38.5%, respectively). CPR
was 27.3% (3/11), 36.4% (4/11) and 50.0% (2/4), respectively, with no sig-
nificant difference between the groups. Live birth rate using motile sperm,
immotile sperm and ejaculated motile sperm were 33.3% (1/3) with 1
couple reporting miscarriage and 1 ongoing pregnancy, 75.0% (3/4),
50.0% (1/2), respectively. There are currently four female infants from
testicular spermatozoa and one male infant from ejaculated sperm. No peri-
natal anomalies were reported.

CONCLUSIONS: Our results indicate sperm derivation does not affect
fertilization or clinical outcomes following TESE-ICSI for patients with
PCD. We therefore suggest that ejaculated motile sperm is used as first means
of treatment, followed by fresh TESE and sequential HOS test following
failed attempts.

e347


http://crossmark.crossref.org/dialog/?doi=10.1016/j.fertnstert.2018.07.968&domain=pdf

clinicians, reproductive professionals
and researchers.” Expert review of
molecular diagnostics vol. 19,6 (2019):
443-457. doi:10.1080/
14737159.2019.1614916.

Muratori, M et al. “Sperm selection
with density gradient centrifugation
and swim up: effect on DNA fragmen-
tation in viable spermatozoa.” Scien-
tific reports vol. 9,17492.16 May.
2019, doi:10.1038/541598-019-43981-
2.

https://doi.org/10.1016/j.rbmo.2026.105555

7.3

ARTIFICIAL OOCYTE
ACTIVATION: A RESCUE
APPROACH FOR PATIENTS WITH
NO BLASTOCYST FORMATION

M Karagianni1'*, C Oraiopoulou1,

A Papatheodorou1,

M | Papadopoulou’, L Thivaiou',

N Christoforidis', A Chatziparasidou’

1 Embryolab Fertility Clinic, Thessaloniki, Greece

Introduction: Low or absent blastocyst
formation remains a major cause of
cycle cancellation in IVF, leaving
patients without embryos available for
transfer. Artificial oocyte activation
(AOA) using calcium ionophores can
enhance oocyte activation and early
embryonic development, yet evidence
for its benefit in patients with recurrent
poor blastulation remains limited. This
study aimed to determine whether
AOA improves fertilization, blastocyst
formation, and clinical outcomes in
patients with a history of low or no blas-
tocyst rate, thereby reducing cycle can-

cellation and providing new
opportunities for embryo transfer.
Method: This prospective paired

study analyzed 104 ICSI cycles from
52 patients with <30 % or no blasto-
cyst formation in a previous cycle.
Each patient served as her own con-
trol, comparing a non-AOA cycle with
a subsequent AOA cycle. AOA was
performed using Ca®* ionophore
(A23187, CultActive, Gynemed) for
15 min post-ICSI. Wilcoxon signed-

rank tests compared continuous vari-
ables; McNemar test evaluated can-
cellation rate; Fisher’'s exact test
compared clinical outcomes.

Results: No significant differences
were observed between cycles with-
out and with artificial oocyte activa-
tion (AOA) regarding the number of
retrieved oocytes, mature oocytes, or
fertilization rates (p > 0.05). In con-
trast, AOA enhanced blastocyst
development, with the blastocyst for-
mation rate increasing from 11.9% to
40.9% (p < 0.001). Consequently,
the cycle cancellation rate decreased
from 65.4% to 11.5% (p < 0.001).
Importantly, 28 patients who previ-
ously had no embryo transfer
achieved at least one transfer follow-
ing AOA. Among embryotransfer
cycles, pregnancy (62.1% vs 33.3%,
p=0.13), clinical pregnancy (44.8%
vs 6.7%; p = 0.02), ongoing (37.9% vs
6.7%; p = 0.04), and live-birth (37.9%
vs 6.7%; p=0.04) rates were all
higher after AOA. The miscarriage
rate per pregnancy decreased from
80.0% to 38.9% (p = 0.16), indicating

no increase in early pregnancy loss

and suggesting improved embryo
developmental competence after
AOA.

Conclusion: AOA markedly improved
blastocyst formation and reduced
cycle cancellation, enabling embryo
transfer in most previously non-trans-
ferable cases. Post-transfer outcomes,
including clinical and ongoing preg-
nancy and live birth, were significantly
higher in AOA cycles, with no
increase in miscarriage. AOA may
therefore represent a valuable labora-
tory strategy to enhance developmen-
tal competence and clinical outcomes
in patients with recurrent poor blasto-
cyst formation.

Disclosures: No external funding or
competing interests.
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EMBRYO ABANDONMENT
PATTERNS AND PATIENT
DISPOSITION CHOICES WITH
AUTOMATED DIGITAL BILLING: A
SINGLE-CENTRE STUDY
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M Richards', C Chan"?®

"Markham Fertility Centre, Markham, Canada
2 Fertility Billing Solutions, Toronto, Canada
3 University of Toronto, Toronto, Canada

Introduction: Advances in assisted
reproductive  technologies  have
enabled long-term cryopreservation
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Raw semen DGC Zymot P Effect size
Sperm concentration (x10%mL)  58.37; 12.9 * [29.68 — 87.07] 13.26; 3.1 ° [6.42 — 20.11] 13.70; 3.5 ° [5.91 — 21.49] 0.002 0.630
Progressive motility (%) 60.73; 3.3 %[ 53.48 — 67.98]  60.18; 8.1 % [42.18 - 78.18]  92.46; 1.3 ® [89.55 — 95.36] 0.001 0.594
Acrosome integrity (%) 83.09; 2.6 * [77.40 — 88.80]  55.91;3.18 ° [48.83 — 62.99] 68.46; 6.07 “* [54.93 — 81.98]  <0.001 0.555
High mitochondrial activity (%) 68.32; 2.9 * [61.93 —74.70] _ 77.82;2.9 * [71.43 —84.21]  93.32; 2.4 " [88.11 — 98.52] <0.001 0.727

CONCLUSIONS: Zymot efficiently selects sperm with intact mitochon-
dria and progressive motility, but highly affects acrosome integrity.

IMPACT STATEMENT: This study adds important information regarding
sperm recovered by the Zymot device, showing that embryologists should be
aware that the acrosome structure is affected by this method, which could,
ultimately, impair oocyte fertilization.

SUPPORT: Sao Paulo Research Foundation (grant # 2019/05879-7).
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AN INCREASED INCIDENCE OF ABNORMALLY-
FERTILIZED EMBRYOS IN IN VITRO FERTILIZATION
CYCLES (IVF) USING INTRA-CYTOPLASMIC SPERM
INJECTION (ICSI). Alvin To, M.D., M.PH,' Timothy Dunn, M.D.,>
Anna Claire Reynolds, M.D.,> Jean-Claire Dillon, MD,”> Laurie McKenzie,
M.D.,! Laura Detti, M.D.? 'Baylor College of Medicine, Dept. of Obstetrics
and Gynecolo§y, Division of Reproductive Endocrinology & Infertility,
Houston, TX; “Houston, TX; 3Baylor College of Medicine, Houston, TX.

SPERM CRYOPRESERVATION IS ASSOCIATED WITH .

OBJECTIVE: To assess if there is any increased incidence of abnormally-
fertilized embryos when using semen cryopreservation for IVF/ICSI cycles.

MATERIALS AND METHODS: A retrospective analysis was performed
of all consecutive IVF/ICSI cycles at our academic program from 2018-2021.
To evaluate the effect of sperm cryopreservation on the formation of
abnormal pronuclei (PN) oocytes, we excluded any cycles where review of
the medical record identified a contributing component of male-factor infer-
tility per the doctor of record. We also excluded any cycles performed for
oocyte cryopreservation or those that utilized donor oocytes or conventional
insemination. In this remaining patient cohort, we evaluated for any relation-
ship of sperm cryopreservation with the occurrence of any abnormally-fertil-
ized embryos; defined as an embryo with either 1 or 3 pronuclei (PN). We did
not exclude cycles using cryopreserved donor sperm for the analysis if used
in cases without male-factor infertility. Fertilization in all cycles was as-
sessed 18 hours after ICSI by time-lapse imaging to ensure correct pronuclei
assessment. For statistical analysis, SPSS software was employed for all an-
alyses. Univariate analyses were performed using -tests for continuous vari-
ables, while categorical variables were compared with x> and Fisher’s exact
test where appropriate. For any variables found to be significant on univariate
analysis, a generalized linear model was used to control for these variables.
For all statistical assessments, p<0.05 was considered significant. Odds ra-
tios (OR) were calculated for abnormal PN occurrence, with an adjusted
OR developed by controlling for maternal age.

RESULTS: 390 cycles were identified for evaluation, 328 (84.1%) cycles
utilizing fresh semen samples and 62 (15.9%) using cryopreserved semen
specimens. 43 of the 62 (69.4%) frozen semen samples were donor sperm
specimens. 39 of these (90.7%) were utilized by LGBTQ+ couples. 31.7%
(104/328) of fresh semen cycles had one or more abnormally-fertilized em-
bryo compared to 45.2% (28/62) of cycles using frozen semen. The OR for
any abnormal fertilization event was 1.815, with 95% confidence interval
(CI) of (1.048, 3.145; p<0.05). After adjusting for maternal age, the OR re-
mained statistically significant at 1.843 (95% CI of 1.056, 3.22; p<0.05).

CONCLUSIONS: In the absence of male-factor infertility, utilization of
frozen sperm in IVF/ICSI cycles was associated with increased odds of
abnormally-fertilized embryos.

IMPACT STATEMENT: Sperm cryopreservation is associated with
increased odds of having abnormally-fertilized embryos after ICSI.

SUPPORT: No relevant disclosures
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AND CLINICAL OUTCOMES WITH TESTICULAR
SPERM EXTRACTION WITH RESPECT TO THE
ETIOLOGY OF AZOOSPERMIA. Yuka Iwamoto, B.S.,I
Shimpei Mizuta, M‘HS.,2 Kohei Yamaguchi, M.D., Ph.D.,2 Takumi Takeu-

THE ASSESSMENT OF SPERM RETRIEVAL RATES
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chi, M.D., PH.D.,3 Hidehiko Matsubayashi, M.D., PH.D.,2 Tomomoto Ish-
ikawa, M.D., PH.D.” 1Reproduction Clinic Osaka, Osaka-Shi, Osaka, Japan;
2Reproduction Clinic Osaka, Osaka, Japan; 3Reproduction Clinic Tokyo, To-
kyo, Japan.

OBJECTIVE: Sperm retrieval rates (SRR) and clinical outcomes after in-
tracytoplasmic sperm injection (ICSI) in testicular sperm extraction (TESE)
cases in relation to the etiology of azoospermia have not well been investi-
gated yet. Here we report our latest nine-year experience in TESE.

MATERIALS AND METHODS: This study investigated SRR of conven-
tional TESE in obstructive azoospermia (OA) and microdissection TESE in
cryptozoospermia and non-obstructive azoospermia (NOA) patients be-
tween September 2013 and January 2023 (2217 TESE attempts with
2123 patients). The etiologies of NOA were categorized as unexplained,
Klinefelter’s syndrome (KS), post chemotherapy, post orchiopexy, and mi-
crodeletion of azoospermia factor (AZF) ¢ on the Y chromosome. A total of
944 couples had 2259 TESE-ICSI cycles (257 couples and 610 cycles with
OA and 446 couples and 1069 cycles with NOA) were evaluated with
respect to fertilization, embryonic development and clinical pregnancy
rates (CPR).

RESULTS: SRR of patients with first TESE attempts (47.6%) was signif-
icantly higher than that of patients who previously failed sperm retrieval
(38.6%) (P<0.001). In the first TESE cases, SSRs were 100% (256/256) in
OA, 21.4% (160/748) in unexplained NOA, 51.7% (93/180) in KS, 44.1%
(37/84) in post chemotherapy, 75.4% (46/61) in post orchiopexy, and
81.8% (45/55) in AZFc microdeletion, respectively. SRR of OA was signif-
icantly higher, while that of unexplained NOA was lower than any other
groups. Normal fertilization rates in OA (62.6%) and post chemotherapy
(59.4%) were significantly higher, but that of AZFc microdelecion (35.7%)
was significantly lower than any other groups. Blastocyst development rate
and good-quality blastcyst rate in AZFc microdeletion (30.6 and 11.9%)
were significantly lower than in OA (52.0% and 23.7%), unexplained NOA
(45.7% and 21.0%), post chemotherapy (50.8% and 24.0%), post orchiopexy
(45.6% and 17.7%) and KS (42.0% of blastulation).CPRs per embryo trans-
fer were lower in unexplained NOA (33.9%), AZFc microdeletion (31.0%),
and post orchiopexy (29.4%) than in OA (41.9%). We have had a total of 719
newborns so far with comparable congenital anomaly rate comparing to
those with ejaculated sperm-ICSI.

CONCLUSIONS: The success of sperm recovery, fertilization and pre-
and post-implantation development was significantly influenced by the etiol-
ogy of azoospermia.

IMPACT STATEMENT: Our study emphasizes that the etiology of NOA
provides clinically valuable prognostic information to couples considering
surgical sperm retrieval.
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USE OF CALCIUM IONOPHORE OOCYTE ACTIVA-
TION POST-ICSI RESULTS IN HIGHER BLASTOCYST .
FORMATION RATES. Julia G. Kim, M.D., M.PH," Sergio

Vaccari, PH.D.,' Peter Klatsky, M.D., M.PH,” Nam D. Tran,

MD, PhD,I Mark Dhruba Sikder, MS,3 Gayathree Murugappan, M.D.,f
Monica C. Pasternak, B.A., M.B.A., M.D.,'“L Debra A. Minjarez, M.D.”
'Spring Fertility San Francisco, San Francisco; *New York, NY; *Mark
Dhruba Sikder, San Jose, CA; 4Spring Fertility, San Francisco, CA; 5Spring
Fertility, Sunnyvale, CA.

OBIJECTIVE: It is known that sperm-induced calcium oscillations trigger
mitochondrial respiration, thus causing adenosine triphosphate release.
Decreased or absent calcium oscillations result in arrested embryonic devel-
opment and impaired cleavage division. To date, the literature has primarily
investigated calcium ionophore as a therapeutic for poor fertilization rates,
but has not reached consensus regarding improvement in blastocyst forma-
tion rates. The purpose of this study is to determine if artificial oocyte acti-
vation with calcium ionophore improves blastocyst formation rates in
patients with a known history of poor blastocyst formation.
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Age Group (years) Control blast rate Ca++ blast rate p-value Control euploid rate Ca ++ euploid rate P-value
<35 81/342 (23%) 144/350 (41%) <0.05 50/81 (62%) 100/144 (69%) 0.76
35-37 160/651 (24%) 321/822 (39%) <0.05 70/160 (44%) 182/321 (47%) <0.05
38-39 135/618 (22%) 333/918 (36%) <0.05 44/135 (33%) 154/333 (46%) <0.05
40-42 58/268 (22%) 147/423 (35%) <0.05 10/58 (17%) 46/147 (31%) 0.06
>42 31/135 (23%) 47/178 (26%) 0.66 5/31 (16%) 6/47 (13%) 0.91

MATERIALS AND METHODS: This was a retrospective cohort study
evaluating patients undergoing ICSI at a single private-practice. Patients
with <25% blastocyst formation per 2PN rates were offered the option to
apply assisted calcium activation in a subsequent cycle. Patients’ initial cy-
cles served as controls, and these patients’ subsequent cycles using calcium
ionophore served as the experimental arm. In cycles using calcium ionophore
(Tocris ionomycin, Fisher Scientific), post-ICSI oocytes were exposed to cal-
cium ionophore within an hour of undergoing ICSI. Blastocyst culture was
performed as is routine thereafter and blastocyst formation rate was defined
as the number of day 5 or 6 blastocysts divided by the number of 2 pronuclei
embryos post-fertilization.

RESULTS: 202 patients underwent initial cycles without use of calcium
ionophore and then subsequently proceeded with 365 cycles using calcium
ionophore. Fertilization was not significantly different between the control
and experimental cycles. Total blastocyst formation rates rates were signifi-
cantly higher in all age groups except for those over 42yo, and euploidy rates
were significantly higher in patients aged 35-39.

CONCLUSIONS: Calcium ionophore can improve blastocyst formation
rates in patients with a history of poor embryonic development. Further pro-
spective data is needed to evaluate the impact of calcium ionophore on
euploidy.

IMPACT STATEMENT: As blastocyst culture has become increasingly
the standard, use of calcium ionophore may represent a useful treatment op-
tion for patients whose embryos have difficulty progressing to the blastocyst
stage.

SUPPORT: No support was received for this study
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BLASTOCYST DIAMETER AND INNER CELL MASS [r———
AREA AS EMBRYO PARAMETERSTO PREDICT .
BLASTOCYST QUALITY AND PREGNANCY

RATE. Marta Ribeiro Hentschke, MD, PhD,1

Fabiana Mariani Mariani Wingert, DVM,” Victoria Campos Dornelles,
MD, M.Sc,3 Isadora Badalotti Teloken, Student,3 Natalia Fontoura Vascon-
celos, Student,3 Alvaro Petracco, MD, PhD,"l Mariangela Badalotti, MD,
PhD' 'Porto Alegre, Rs, Brazil; 2Fertilitat—Reproductive Medicine center,
Porto Alegre, Brazil; 3Fertilitat—Reproductive Medicine Center, Porto Ale-
gre, Brazil; 4Fertilitat-Reproductive Medicine Center, Porto Alegre, Rs,
Brazil.

OBJECTIVE: To verify whether there is an association between the blas-
tocyst diameter and its inner cell mass (ICM) area with blastocyst embryo-
scope parameters and pregnancy rates.

MATERIALS AND METHODS: A retrospective observational study was
performed in a reproductive medicine center in Brazil. Data was collected
from November/2020 to March/2023. A total of 156 single frozen embryo
transfers (FET) were evaluated. Inclusion criteria included women less
than 40 years old, autologous oocytes only, single pregnancies, no genetic
test performed, only blastocyst stage transfers. All embryos went through a
time-lapse incubator (EmbryoScope®, Vitrolife®), and received the Kid-
Score. The measurement of the ICM area and the entire embryo diameter
were performed just before transfer. The samples were divided into two
groups: G1, pregnant versus G2, not pregnant. After that, the entire sample
was divided according to Kidscore, with Cutoff in 7. Variables were ex-
pressed as mean+tstandard deviation (SD). Student and chi-square tests
were applied; and also Pearson correlation. Statistical significance was
defined as p<0.05.

RESULTS: The pregnancy rate was 73/156 (46.79%) and the clinical preg-
nancy rate was 62/156 (39.74%). Comparing clinical pregnancy (G1) versus
no pregnancy (G2), the following results were found, respectively: ICM area,
#mz, 2721.55+765.84 vs. 2636.94+829.71, p=0,527; blastocyst diameter,
pm, 165.15£19.6 vs. 158.82+23.2, p=0.080 and blastocyst diameter/ICM
area, um/,umz, 0.06£0.002 vs. 0.066+0.035, p=0.506. When data were
compared according to KidScore (<7 versus >7), the following results
were found, respectively, pregnancy rate, 43/96 (44,8%) vs. 30/60 (50%)
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p=0.526; clinical pregnancy rate, 37/96 (38.5%) vs. 25/60 (41.7%),
p=0.698; blastocyst diameter, um, 151.49£19.46 vs. 176.96+16.28,
p<0.001; ICM area, um?, 2688.98+886.50 vs. 2640.88-£661.47, p=0.719;
blastocyst diameter/ICM area, ,um/,umz, 0.062+0.04 vs. 0.0740.02,
p=0.059. A positive correlation between KidScore and blastocyst diameter
was observed (r=0.567, p<0.001).

CONCLUSIONS: Data obtained by time-lapse has allowed the identifica-
tion of new variable information about morphokinetics as additional markers
for embryo viability and implantation potential. Previous studies reported
that blastocyst expansion was a predictor for live birth. In our study, there
was no difference regarding blastocyst parameters and pregnancy rate.
When the blastocyst diameter was compared between Kidscore values, it
was observed to have a higher diameter when Kidscore was >7, also showing
a positive correlation between both.

IMPACT STATEMENT: In this report, it was not seen an association be-
tween the blastocyst diameter and its ICM area with pregnancy rates. How-
ever, a positive correlation was seen between Kidscore and blastocyst
diameter. Although there is no statistical difference in the pregnancy rate
when the kidscore is higher, or when the blastocyst diameter is larger, our
findings can be used in practice as a predictor of good quality embryos. It
is believed that a larger sample could increase the pregnancy rate for embryos
with higher Kidscore and larger diameter.

ORAL ABSTRACT SESSION: FERTILITY
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VARIATIONS IN APPROACHES TO SPERM BANKING
IN ADOLESCENT BOYS WITH CANCER: A MIXED .
METHODS STUDY. Dona Jalili, B.S., M.S.,! Sophia M.

Liles, BA,2 Cynthia Gerhardt, PH.D," Ashley Housten,

MSCI, OTD,* Susan T. Vadaparampil, Ph.D.,” Gwendolyn P. Quinn,
PH.D.,B.S.,M.S..° Leena Nahata, M.D.” '"NYU Grossman School of Med-
icine, New York, NY; >The Abigail Wexner Research Institute at Nationwide
Children’s Hospital, Columbus, OH; 3The Research Institute at Nationwide
Children’s Hospital, Columbus, OH; 4Washington University in St. Louis;
SMoffitt Cancer Center, Tampa, FL; *New York University School of Medi-
cine, Department of Obstetrics and Gynecology, New York, NY; "Nation-
wide Children’s Hospital, Columbus, OH.

OBJECTIVE: Despite sperm banking as an established, effective, fertility
preservation option, pre-treatment sperm banking rates remain low at many
pediatric centers.">> This study aimed to identify institutional barriers and
facilitators to sperm banking and decision-making for adolescent males
with cancer among allied health professionals who had completed Oncofer-
tility-related communication and fertility training.

MATERIALS AND METHODS: This explanatory, sequential, mixed-
methods study utilized a survey and two subsequent qualitative focus groups
to assess the process of adolescent male sperm banking among former learners
of ECHO (Enriching Communication skills for Health professionals in Onco-
fertility) and ENRICH (Educating Nurses about Reproductive Issues in Can-
cer Healthcare). The survey examined clinician perspectives and practices
surrounding support of sperm banking decision-making. A semi-structured
focus group guide included a vignette of an adolescent male newly diagnosed
with cancer, followed by questions regarding the sperm banking process, bar-
riers, and facilitators. Descriptive statistics were utilized to report survey data.
Focus group transcripts were analyzed using constant comparison.

RESULTS: ECHO/ENRICH alumni (N=108) responded to an online sur-
vey (31% social workers; 25% psychologists; 14% nurses; 15% nurse prac-
titioners; 10% other). Most participants (67%) reported they never or rarely
used a sperm banking decision tool as they had no access or were not aware of
one; 98% reported such tools would be helpful. Focus groups were conducted
with 15 participants, who were mostly nurses/nurse practitioners (60%) and
social workers (27%). There was great variability between and within sites as
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Neurodevelopmental status of
children aged 12 to 60 months
conceived with artificial oocyte
activation in a Cross-Sectional
study

Kotaro Miyazaki?, Mitsutoshi Yamada'™, Kazuhiro Akashi', Seung Chik Jwa?, Hiroki Utsuno?,
Shintaro Kamijo!, Takeshi Arimitsu*, Mariko Hida*, Yasunori Sato®, Yasushi Hirota®,
Satoshi Narumi*, Mamoru Tanaka?, Yutaka Osuga® & Naoaki Kuji”

The potential effect of artificial oocyte activation (AOA) following intracytoplasmic sperm injection
(ICSI) on neurodevelopment remains uncertain. Since AOA does not fully replicate the physiological
Ca?* oscillations essential for fertilization, concerns persist regarding its safety. This study evaluates
neurodevelopmental outcomes in children conceived via ICSI-AOA compared to conventional ICSI.
A multicentre, cross-sectional study was conducted at Keio University Hospital and eight affiliated
institutions, assessing 158 children (ICSI: n=81, ICSI-AOA: n=77) aged 12-60 months using the
Japanese Ages and Stages Questionnaire, 3rd Edition (J-ASQ-3), covering communication, gross
motor, fine motor, problem-solving, and personal-social skills. No significant differences were found
in J-ASQ-3 subdomain scores across age groups, and fully adjusted models showed no significant
differences in children scoring below the monitoring zone. Subgroup analyses compared differences
between AOA protocols (A23187: n=59; ionomycin: n=15). AOA protocols were not significantly
associated with score variations. Neurodevelopmental outcomes in children conceived via ICSI-AOA
were comparable to those conceived via conventional ICSI, suggesting that AOA does not adversely
affect early childhood neurodevelopment. These findings support the safety of AOA in assisted
reproduction, though further longitudinal research is needed to assess long-term outcomes.

Keywords Intracytoplasmic sperm injection (ICSI), Artificial oocyte activation (AOA), Safety, Ages and
stages questionnaires 3rd edition (ASQ-3), Neurodevelopment

Artificial oocyte activation (AOA) supports fertilization by temporarily elevating calcium (Ca?*) concentrations
in oocytes and is an effective treatment for oocyte activation deficiency (OAD). The three AOA methods include
chemical, electrical, and mechanical stimulations. We previously demonstrated that the live birth rate was
significantly higher for couples with fertilization rates < 50% through ICSI-alone in the intracytoplasmic sperm
injection (ICSI)-AOA (ICSI-AOA) group (18.0% [57/316]) than in the ICSI-alone group (4.7% [4/85]) across
4,893 oocytes, 198 couples, and 649 oocyte retrieval cycles at 18 Japanese facilities!. Recent reports indicate
that clinical pregnancy rates were higher for infertile couples with fertilization failure history using ICSI-AOA
(41.6%, n=35/84) than using ICSI-alone (8.3%, n="5/60)2. Several studies have reported that ICSI-AOA using a
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Ca?* ionophore (A23187 or ionomycin), classified as chemical stimulation, is effective for addressing male factor
fertilization failure>*.

AOA cannot replicate the normal patterns of calcium oscillation’raising concerns about longitudinal
neurodevelopment in children®. Although a meta-analysis on AOA showed that the risk of adverse obstetric,
neonatal, or congenital outcomes in children born via ICSI-AOA is comparable to those born via ICSI-alone
(relative risk=1.27, 95% confidence interval [CI] =0.70-2.28)”aberrant DNA methylation and gene expression
changes have been reported in rodent offspring treated with ionomycin®® and in human cleavage-stage embryos
exposed to A23187 19, suggesting that ICSI-AOA poses a potential risk of neurodevelopmental and psychiatric
disorders>1C.

Recent studies have reported aberrant DNA methylation in imprinted genes (e.g., H19, SNRPN)—associated
with Beckwith-Wiedemann, Angelman, and Prader-Willi syndromes—in human embryos following AOA!!.
While these epigenetic changes appear to resolve during later developmental stages, the study included only seven
live births after ICSI-AOA, leaving long-term implications uncertain. To date, no phenotypic abnormalities have
been documented in children born following AOA; however, existing evidence remains limited by small sample
sizes and short follow-up periods. Given the expanding clinical application of AOA, rigorous long-term safety
assessments are essential. These should include molecular investigations of neurodevelopment and imprint
stability, complemented by extended longitudinal follow-up of children.

A 2020 survey by the Japanese Ministry of Health, Labour, and Welfare reported that 67.3% of assisted
reproduction facilities had adopted AOA'?and it has been covered by insurance since 2022. In the United
Kingdom, the Human Fertilization and Embryology Authority (HFEA) removed AOA from its list of treatment
add-on interventions lacking sufficient evidence of effectiveness in 2023 due to growing evidence supporting its
efficacy and classification as a clinical-grade procedure!®. The HFEA specified that AOA use should be cautiously
limited to cases with specific clinical indications, including OAD, fertilization rates <30%, or cephalic round
globozoospermia'®. Additionally, the European Society of Human Reproduction and Embryology Special
Interest Group has advised caution regarding ICSI-AOA, avoiding the use of the term “recommendation”!* due
to insufficient evidence regarding its safety.

Therefore, we aimed to investigate the impact of ICSI-AOA on paediatric neurodevelopment. A cross-
sectional design was employed, involving Keio University and eight affiliated institutions under the Japanese
Institute for Standardization of Assisted Reproductive Technology (JISART), supported by Tokyo Medical
University and the University of Tokyo. Neurodevelopmental assessment was conducted using the Japanese
version of the Ages and Stages Questionnaires, 3rd Edition (J-ASQ-3), which evaluates communication, gross
motor, fine motor, problem-solving, and personal-social skills.

Results

Cohort characteristics

Overall, 158 cases were analysed, among which 81 and 77 were in the ICSI-alone and ICSI-AOA groups,
respectively, with one twin pregnancy in the ICSI-AOA group. The median maternal age at delivery (ICSI, 35.0
[interquartile range =32.0-38.0] vs. ICSI-AOA, 36.0 [33.0-39.0] years) and paternal age (ICSI, 38.0 [34.5-41.0]
vs. ICSI-AOA, 37.0 [33.0-40.0] years), the proportion of mothers employed as office workers (ICSI, 17.3% vs.
ICSI-AOA, 28.9%), and maternal educational background were comparable (Table 1). Household income, which
was categorized into five ranges from <3 to >10 million yen, did not differ significantly between the groups.
Fathers were significantly more likely to be employed as teachers in the ICSI-AOA group (9.2%) than in the
ICSI-alone group (1.2%).

We examined the influence of sibling presence and social engagement on neurodevelopment by analysing
singleton birth rates, sibling composition, and levels of social engagement between the groups. The singleton
birth rates were 98.7% and 100% in the ICSI-AOA and ICSI-alone groups, respectively, showing comparable
rates. No significant differences in sibling composition were observed between the groups. The proportion of
children participating in social activities was similar between the ICSI-AOA (77.9%) and ICSI-alone (85.2%)
groups (Table 1).

J-ASQ-3 evaluation between ages 12 and 60 months

All81and 77 children in the ICSI-alone and ICSI-AOA groups, respectively, completed the J-ASQ-3 questionnaire
without any missing responses. The participants were categorized into nine groups based on age, each completing
the corresponding age-appropriate J-ASQ-3 questionnaire. Specifically, the ICSI-alone and ICSI-AOA groups
showed no significant differences in any of the five J-ASQ-3 subdomain scores—communication, gross motor,
fine motor, problem-solving, or personal-social skills—across all age groups (Fig. 1). Among the 45 fully adjusted
mean differences evaluated, a single P-value (the personal-social skills score at 48 months) reached the threshold
for statistical significance between the ICSI-AOA and ICSI-alone groups (adjusted mean difference =7.76; 95%
CI=0.47-15.05; P=0.038) (Table 2). However, Q-Q plot analysis demonstrated that this value was well within
the expected null distribution, indicating no evidence of systematic deviation or a true effect (Supplementary
Fig. S1). This result underscores the observed data consistency with the expected random variation, reinforcing
the findings™ overall reliability. Subsequently, the number of cases below the cutoff and within the monitoring
zone for the five J-ASQ-3 subdomain scores were compared, revealing no significant developmental differences
in the five subdomains between the ICSI-alone and ICSI-AOA groups (Table 3).

J-ASQ-3 evaluation between A23187 and ionophore

Each AOA method poses distinct neurodevelopmental risks. Therefore, we evaluate the J-ASQ-3 scores
associated with each reagent used for AOA. The AOA protocol comprised 59, 15, and 3 cases treated with
A23187, ionomycin, and electrical stimulation, respectively. No mechanical stimulation, SrCl,, or phospholipase
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Variable ICSI ICSI-AOA P-value
No. 81 76
Maternal characteristics
Age at delivery, median (IQR), y 35.0 (32.0-38.0) 36.0 (33.0-39.0) 0.14
Educational level (%)
High school dropout 2(2.5) 0(0) 0.50
High school graduate or vocational school graduate | 29 (35.8) 26 (34.2) 0.87
College dropout 1(1.2) 1(1.3) >0.99
College graduate 43 (53.1) 43 (56.6) 0.87
Graduate school degree holder 3(3.7) 6(7.9) 0.32
Declined or unknown 3(3.7) 0(0) 0.25
Profession (%)
Healthcare worker 19 (23.5) 12 (15.8) 0.24
Office worker 14 (17.3) 22 (28.9) 0.09
Teacher 7 (8.6) 8(10.5) 0.79
Public servant 3(3.7) 2(2.6) >0.99
Manufacturing worker 1(1.2) 2(2.6) 0.61
Agriculture 2(2.5) 0(0) 0.50
Business/store owner 1(1.2) 2(2.6) 0.61
Service provider 12 (14.8) 5 (6.6) 0.13
Housewife 20 (24.7) 23(30.3) 0.48
Declined or unknown 2(2.5) 0(0) 0.50
Paternal characteristics
Age at delivery, median (IQR), y 38.0 (34.5-41.0) 37.0 (33.0-40.0) 0.55
Educational level (%)
High school dropout 0(0) 0(0) >0.99
High school graduate or vocational school graduate | 30 (37.0) 25(32.9) 0.62
College dropout 1(1.2) 3(3.9) 0.36
College graduate 42 (51.9) 39 (51.3) >0.99
Graduate school degree holder 6 (7.4) 9(11.8) 0.42
Declined or unknown 2(2.5) 0(0) 0.50
Profession (%)
Healthcare worker 9(11.1) 4(5.3) 0.25
Office worker 31(38.3) 32 (42.1) 0.63
Teacher 1(1.2) 7(9.2) 0.03
Public servant 9 (11.1) 3(3.9) 0.13
Manufacturing worker 9(11.1) 9(11.8) >0.99
Agriculture 0(0) 1(1.2) 0.48
Business/store owner 10 (12.3) 7(9.2) 0.61
Service provider 10 (12.3) 9(11.8) >0.99
Househusband 0(0) 2(2.6) 0.23
Declined or unknown 2(2.5) 2(2.6) >0.99
Family income (%)
<3 million yen/year 1(1.2) 1(1.3) >0.99
3 million yen/year<, <5 million yen/year 7 (8.6) 11 (14.5) 0.32
5 million yen/year<, <7 million yen/year 24 (29.6) 17 (22.4) 0.36
7 million yen/year<, <10 million yen/year 30 (37.0) 25(32.9) 0.62
10 million yen/year< 16 (19.8) 22 (28.9) 0.20
Declined or unknown 3(3.7) 0(0) 0.25
Children characteristics
Obstetrical complications (%)
GDM 3(3.7) 2(2.6) >0.99
HDP 3(3.7) 4(5.3) 0.71
Placenta previa 3(3.7) 1(1.3) 0.62
Vaginal delivery 48 (59.3) 45 (58.4) 0.92
Gestational age at birth, median (IQR) 39.0 (38.0-40.0) 39.0 (37.0-40.0) 0.79
Preterm < 36 weeks (%) 2(3.7) 5(6.5)
Continued
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Variable ICSI ICSI-AOA P-value
Full-term 37-41 weeks (%) 79 (97.5) 72 (93.5)

Post-term > 42 weeks (%) 0(0) 0(0)

Birth weight, median (IQR) 3120.0 (2928.0-3418.0) | 3045.0 (2776.0-3324.0) | 0.19
<2,500 g (%) 5(6.2) 12 (15.6)

2,501-2,999 g (%) 26 (32.1) 22 (28.6)

3,000-3,499 g (%) 37 (45.7) 31 (40.3)

3,500-3,999 g (%) 10 (12.3) 11 (14.3)

>4,000 g (%) 3(3.7) 1(1.3)

Sex (%)

Female 42 (51.9) 38 (49.4) 087
Male 39 (48.1) 39 (50.6)

Number of the offspring (%)

Singleton 81 (100.0) 75 (98.7)

Twin 0(0) 1(1.3) 048
Sibling composition (%)

Yes 47 (58.0) 41 (53.2)

No 32(39.5) 36 (46.8) 0.43
Declined or unknown 2(2.5) 0(0)

Use of group childcare services (e.g., preschools or daycare)

Yes 69 (85.2) 60 (77.9)

No 10 (12.3) 17 (22.1) 0.12
Declined or unknown 2(2.5) 0(0)

Table 1. Parental and children Characteristics. IQR interquartile range, ICSI intracytoplasmic sperm injection,
AOA artificial oocyte activation, y years, GDM gestational diabetes mellitus, HDP hypertensive disorders of
pregnancy.

@ ICSI
i ICSI-AOA
Communication Gross motor Fine motor Problem solving Personal-social
80 80 80 80 80
% 60 60 60 60 60
= 40 40 40 40 40
S 20 20 20 20 20

0+ 0+ 0+ 0+ 0+
12 24 36 48 60 12 24 36 48 60 12 24 36 48 60 12 24 36 48 60 12 24 36 48 60

Age (months)

Age (months) Age (months) Age (months) Age (months)
Fig. 1. J-ASQ-3 cores at age 12-60 months | Total raw scores on each J-ASQ-3 domain (communication,
gross motor, fine motor, problem-solving, and personal-social) for children born via ICSI alone and ICSI-
AOA at 12, 18, 24, 30, 36, 42, 48, 54, and 60 months of age. No significant group differences are found in any
of the J-ASQ-3 domains (A-E). Error bars represent 95% confidence intervals, indicating variation within the
sample. J-ASQ-3 Japanese version of the Ages and Stages Questionnaire 3rd Edition, ICSI intracytoplasmic

sperm injection, AOA artificial oocyte activation.

C zeta (PLCU) cases were reported (Supplementary Table S1). The analysis showed no significant differences in
any of the five J-ASQ-3 subdomain scores across all age categories between the ionomycin and A23187 groups
(Fig. 2). Similarly, the number of cases below the cutoff and within the monitoring zone for the five J-ASQ-3
subdomain scores was similar between the A23187 and ionomycin groups.

Validation of risk factors in children scoring below the monitoring zone on the J-ASQ-3

Identifying factors associated with neurodevelopmental delays is essential for recognizing at-risk children
and enabling timely interventions. We identified populations at high risk of developmental delay requiring
evaluation or follow-up within each subdomain. Children scoring below the monitoring zone on the J-ASQ-3
(Supplementary Fig. S2) were identified, and their backgrounds, including maternal and paternal age, child’s
sex, presence of siblings, group living status, gestational age at delivery, birth weight, and delivery mode, were
compared with those of children scoring within the normal range. Among these factors, maternal age, sibling
composition, and child’s sex were significantly associated with scores below the monitoring zone: higher
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Mean difference
Variable ICSI-alone ICSI-AOA (95% CI) P-value | Adjusted® mean difference (95% CI) | P-value
No. 81 77
J-ASQ-3 score, mean (SD)?
Age 12 months
No. 4 (male: 3, female: 1) 5 (male: 4, female: 1)
Communication | 48.8 (11.1) 33.0 (11.0) 6.70 (-11.21 t0 24.60) | 0.43 10.42 (-7.28 to 28.12) 0.18
Gross motor 40.0 (18.3) 46.0 (20.4) 7.95 (-9.89 to 25.78) 0.35 -4.35 (-51.52 to 42.81) 0.81
Fine motor 47.5 (11.0) 52.0 (11.0) -5.71(-23.18 to 11.75) | 0.49 -8.01 (-30.81 to 14.80) 0.48
Problem-solving | 43.8 (11.1) 51.0 (12.5) -4.02 (-18.19 t0 10.16) | 0.55 -11.71 (-35.31 to 11.89) 0.24
Personal-social | 45.0 (17.3) 39.0 (15.2) -1.34 (-11.36 t0 8.68) | 0.78 -0.17(-25.58 to 25.24) 0.99
Age 18 months
No. 8 (male: 3, female: 5) 7 (male: 2, female: 5)
Communication | 38.1 (14.9) 31.4 (17.3) 6.70 (-11.21 to 24.60) | 0.43 7.74 (-12.47 to 27.94) 0.41
Gross motor 54.4 (8.2) 46.4 (21.7) 7.95 (-9.89 to 25.78) 0.35 8.97 (-11.32 to 29.26) 0.35
Fine motor 45.0 (19.6) 50.7 (8.9) -5.71(-23.18 to 11.75) | 0.49 -7.00 (-25.23 to 11.22) 0.41
Problem-solving | 38.1 (11.6) 42.1(13.8) -4.02 (-18.19 to 10.16) | 0.55 -4.23.(-19.53 to 11.08) 0.55
Personal-social | 44.4 (11.5) 45.7 (4.5) -1.34 (-11.36 to 8.68) 0.78 -1.81 (-11.60 to 7.99) 0.69
Age 24 months
No. 8 (male: 3, female: 5) 9 (male: 4, female: 5)
Communication | 46.3 (12.2) 35.6 (26.1) 10.69 (-10.57 to 31.96) | 0.29 14.17 (-8.92 to 37.26) 0.21
Gross motor 49.4 (12.7) 52.2(9.4) -2.85 (-14.28 to 8.58) 0.60 -0.99 (-12.74 to 10.76) 0.86
Fine motor 50.6 (9.0) 48.3 (6.6) 2.29 (-5.82 t0 10.41) 0.56 3.69 (-5.84 to 13.22) 0.42
Problem-solving | 44.4 (13.2) 36.7 (10.6) 7.71 (-4.61 to 20.03) 0.20 10.34 (-1.63 to 22.31) 0.084
Personal-social | 40.6 (12.1) 45.0 (6.1) -4.38 (-14.91 t0 6.16) 0.38 -2.49 (-12.45 to 7.47) 0.60
Age 30 months
No. 6 (male: 5, female: 1) 5 (male: 3, female: 2)
Communication | 54.2 (8.0) 55.0 (7.1) 3.75 (-6.00 to 13.49) 0.43 -0.85 (-15.38 to 13.67) 0.89
Gross motor 53.3(8.2) 55.0 (7.1) -1.00 (-8.12 t0 6.12) 0.77 -2.10 (-15.04 to 10.85) 0.71
Fine motor 50.0 (12.2) 53.0 (8.4) 5.25 (-5.20 to 15.70) | 0.30 -1.26 (-17.47 to 14.95) 0.86
Problem-solving | 51.7 (9.3) 53.0 (8.4) 0.63 (-6.13 to 7.38) 0.85 -0.45 (-16.35 to 15.44) 0.95
Personal-social | 48.3 (12.1) 50.0 (7.9) 4.38 (-6.47 to 15.22) 0.40 -4.24 (-21.94 to 13.45) 0.58
Age 36 months
No. 10 (male: 6, female: 4) | 8 (male: 4, female: 4)
Communication | 57.5 (6.4) 53.8 (12.8) 3.75 (-5.99 to 13.49) 0.43 3.64 (-7.53 to 14.81) 0.49
Gross motor 56.5(8.2) 57.5(5.4) -1.0 (-8.12t0 6.12) 0.77 2.78 (-4.60 to 10.15) 0.43
Fine motor 54.0 (9.9) 48.8 (10.9) 5.25 (-5.20 to 15.70) 0.30 7.59 (-4.33 to 19.51) 0.19
Problem-solving | 55.0 (6.7) 54.4 (6.8) 0.63 (-6.13 to 7.38) 0.85 1.65 (-4.44 t0 7.74) 0.57
Personal-social | 52.5 (8.6) 48.1(13.1) 4.38 (-6.47 to 15.22) 0.41 2.62 (-8.04 to 13.28) 0.60
Age 42 months
No. 16 (male: 6, female: 10) | 16 (male: 8, female: 8)
Communication | 55.7 (6.0) 53.4 (13.3) 2.19 (-5.25t0 9.62) 0.55 2.01 (-6.06 to 10.08) 0.61
Gross motor 57.5 (4.1) 54.4 (10.0) 3.13 (-2.50 to 8.75) 0.26 2.96 (-3.04 to 8.95) 0.32
Fine motor 53.8(11.2) 53.1(13.8) 0.63 (-8.43 t0 9.68) 0.89 -0.046 (-9.87 t0 9.78) 0.99
Problem-solving | 56.6 (6.3) 53.1(13.0) 3.44 (-4.06 to 10.94) 0.35 3.47 (-4.52 to 11.46) 0.38
Personal-social | 55.3 (7.4) 52.5 (13.9) 2.81 (-5.23 t0 10.86) | 0.48 3.20 (-5.03 to 11.43) 0.43
Age 48 months
No. 11 (male: 8, female: 3) | 14 (male: 7, female: 7)
Communication | 59.1 (2.0) 54.3 (11.1) 4.81(-1.67t011.28) | 0.13 5.30 (-2.65 to 13.23) 0.18
Gross motor 56.8 (6.4) 52.5(10.3) 4.32 (-3.06 to 11.69) 0.24 5.93 (-1.73 to 13.59) 0.12
Fine motor 54.6 (8.5) 51.4 (13.6) 3.12 (-6.63 to 12.86) 0.52 3.21 (-6.40 to 12.83) 0.49
Problem-solving | 58.2 (4.0) 57.5(3.8) 0.68 (-2.58 to 3.94) 0.67 1.26 (-1.73 to 4.25) 0.39
Personal-social | 58.2 (3.4) 52.9(11.4) 5.33 (-1.48 to 12.13) 0.12 7.76 (0.47 to 15.05) 0.038
Age 54 months
No. 8 (male: 2, female: 6) 6 (male: 3, female: 3)
Communication | 60.0 (0.0) 60.0 (0.0) NA NA NA NA
Gross motor 55.0 (6.6) 58.3 (4.1) -3.33(-9.98 to 3.32) 0.37 -4.59 (-11.11 to 1.94) 0.15
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Mean difference
Variable ICSI-alone ICSI-AOA (95% CI) P-value | Adjusted® mean difference (95% CI) | P-value
Fine motor 49.4 (10.5) 55.0 (4.5) -5.65 (-14.85 to 3.60) 0.83 -6.71 (-16.56 to 3.13) 0.16
Problem-solving | 57.5 (4.6) 57.5(4.2) 0.00 (-5.24 to 5.24) 0.24 -1.05 (-6.50 to 4.41) 0.68
Personal-social | 59.4 (1.8) 54.2(9.2) 5.21 (-4.40 to 14.82) 0.96 5.10 (-2.64 to 12.84) 0.17
Age 60 months
No. 10 (male: 4, female: 6) | 7 (male: 4, female: 3)
Communication | 51.5(9.7) 47.1 (9.1) 4.36 (-5.59 to 14.31) 0.37 3.12 (-10.17 to 16.41) 0.62
Gross motor 50.5 (9.8) 51.4 (6.3) -0.93 (-9.96 to 8.10) 0.83 -6.79 (-17.57 to 4.00) 0.20
Fine motor 51.5(9.4) 42.9 (19.5) 8.64 (-6.45 to 23.73) 0.24 1.66 (-18.48 to 21.79) 0.86
Problem-solving | 58.0 (3.5) 55.0 (5.0) 3.00 (-1.37 to 7.37) 0.16 0.13 (-5.31 to 5.56) 0.96
Personal-social | 57.0 (6.3) 57.1(4.9) -0.14 (-6.23 to 5.94) 0.96 0.56 (-6.71 to 7.83) 0.87

Table 2. Comparison of the J-ASQ-3 scores between the ICSI-alone and ICSI-AOA Groups. J-ASQ-3 Japanese
Ages and Stages Questionnaire, 3rd Edition, ICSI intracytoplasmic sperm injection, AOA artificial oocyte
activation, NA not applicable, SD standard deviation. ?J-ASQ-3 scores in each subdomain can range from 0 to
60, with lower and higher scores indicating greater delay and competence, respectively. ®The adjusted models

include the use of AOA, gestational age at birth, children sex, and age at assessment.

0Odds ratio
Variable ICSI-alone | ICSI-AOA | (95% CI) Adjusted® odds ratio (95% CI) | P-value
No. 81 77
Below cutoff, No (%)
Communication 1(1.2) 7(9.1) 8.00 (0.96-66.63) | 8.85 (0.96-75.78) 0.054
Gross motor 3(3.7) 5(6.5) 1.81(0.42-7.82) | 1.75(0.40-7.73) 0.46
Fine motor 4(4.9) 4(5.2) 1.06 (0.25-4.37) | 1.05 (0.25-4.40) 0.94
Problem-solving 2(2.5) 3(3.9) 0.61 (0.26-9.85) | 1.56 (0.24-9.92) 0.64
Personal-social 3(3.7) 6(7.8) 2.20 (0.53-9.12) | 2.16 (0.51-9.05) 0.29
Any domain 7 (8.6) 12 (15.6) 1.95 (0.73-5.25) | 1.92 (0.70-5.26) 0.20
Below monitoring, No (%)
Communication 6(7.4) 14 (18.2) 2.78 (1.01-7.65) | 2.82 (1.00-8.00) 0.051
Gross motor 16 (19.8) 16 (20.8) 1.07 (0.49-2.32) | 1.02 (0.46-2.29) 0.96
Fine motor 12 (14.8) 8(10.4) 0.67 (0.26-1.73) | 0.64 (0.25-1.69) 0.37
Problem-solving | 12 (14.8) 10 (13.0) 0.86 (0.35-2.12) | 0.80 (0.31-2.06) 0.65
Personal-social 11 (13.6) 12 (15.6) 1.18 (0.49-2.85) 1.13 (0.45-2.82) 0.8
Any domain 28(34.6) | 28(36.4) |1.08(0.56-2.08) | 1.04(0.52-0.21) 091

Table 3. Comparison of the numbers below cutoff and in monitoring zones based on the J-ASQ-3 scores
between the ICSI-alone and ICSI-AOA Groups. NA not applicable, J-ASQ-3 Japanese Ages and Stages
Questionnaire, 3rd Edition, ICSI intracytoplasmic sperm injection, AOA artificial oocyte activation. *The
adjusted models include the use of AOA, gestational age at birth, children sex, and children age at assessment.

maternal age (35.0 [32.0-38.0] vs. 37.0 [33.0-39.8] years; OR=1.10 [1.01-1.20], P=0.037), absence of siblings
(OR=4.00 [0.20-0.78], P=0.007), and male sex (OR=2.57 [1.31-5.05], P=0.006) (Supplementary Table S2).

Discussion

This is the first multicentre cross-sectional study to evaluate the long-term safety of ICSI, followed by AOA
on neurodevelopment in a large cohort of children. Our findings suggest that the neurodevelopmental safety
of ICSI-AOA is comparable to that of ICSI-alone in terms of social and motor development in 12-60 months.
Analysis of scores below the cutoff and within the monitoring zone revealed no significant differences across
all subdomains. No significant differences in the J-ASQ-3 scores were observed between the AOA methods
using A23187 and ionomycin, suggesting that variations in the AOA techniques do not adversely affect
neurodevelopmental outcomes.

Previous studies evaluating the language abilities of children aged 3-10 years conceived via ICSI-AOA, using
the Reynell Developmental Language Scales, found that 4 of the 20 children scored below the 10th percentile
in specific subdomains'®. The analysis of children scoring below the cutoff or requiring monitoring revealed no
significant differences, suggesting that AOA does not negatively impact communication. Key methodological
differences likely account for the discrepancies in these findings. A previous study assessed a population with
a high proportion of twins, conducted evaluations over an extended single-day period, and tested children in
an unfamiliar environment with unfamiliar individuals present!>. However, our study used parent-reported
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Fig. 2. J-ASQ-3 scores for comparing neurodevelopment in children conceived with ICSI-AOA using A23817
or ionophores | Total raw scores on each J-ASQ-3 domain (communication, gross motor, fine motor, problem-
solving, and personal-social) for children born with ICSI-AOA using A23817 or ionophores at 12, 18, 24, 30,
36, 42, 48, 54, and 60 months of age. Both groups have no significant differences at all age points and in all
domains (A-E). Data points represent mean scores; the bars represent 95% confidence intervals and indicate
within-sample variation. J-ASQ-3 Japanese version of the Ages and Stages Questionnaire 3rd Edition; ICSI
intracytoplasmic sperm injection, AOA artificial oocyte activation.

assessments conducted in approximately 15 min within the comfort of their homes, likely providing a more
accurate reflection of the children’s true abilities. Given experimental evidence linking altered calcium signalling
during fertilization to changes in gene expression and early neurodevelopment, larger cohort studies with long-
term follow-up are needed to clarify the potential implications of AOA.

This study did not include children born after AOA with SrCl, or PLCC. Precision medicine approaches have
been explored to detect OAD in advance, targeting sperm-related (including PLC{ and PLC{ I mutations) and
oocyte-related (including weel-like protein kinase 2, PAT1 homolog 2, tubulin beta-8 chain, and transducin-
like enhancer protein 6 mutations) factors'®. However, an effective method for selecting the appropriate AOA
protocol is yet to be established. SrCl, and PLCC are considered potent agents for oocyte activation; however, their
clinical application remains limited. The activation mechanism of SrCl, is well characterized in murine oocytes
but remains poorly understood in human oocytes'”. Similarly, PLC{ shows significant variability in expression
levels and functional capacity among individuals, complicating the development of standardized therapeutic
dosing regimens'®. These limitations contribute to insufficient data supporting the efficacy and safety of SrCl,
and PLC{ in human applications, hindering their broader clinical adoption. Ca?* ionophores have well-defined
activation mechanisms, and substantial clinical evidence supports their efficacy and early postnatal safety. They
have become the preferred agents for AOA in routine clinical practice!? leading to a larger proportion of infants
being born following their use.

Recent literature highlights concerns about neurodevelopmental delays in children born during the
coronavirus disease 2019 (COVID-19) pandemic, particularly regarding language and communication
skills!*1%-2L, These delays are attributed to multifactorial influences, including social restrictions (e.g.,
lockdowns), economic instability, and increased parental stress. Maternal COVID-19 is associated with cytokine
storms, which can impair foetal development and induce DNA damage?!. Since the pandemic was declared
in March 2020, assuming that all children included in this study were exposed to its social consequences is
reasonable. Many participants experienced significant early developmental stages during the pandemic.
Reduced social interactions, limited access to developmental resources, and heightened family stress may have
exerted similar developmental effects on both groups. This shared context may explain the lack of significant
differences in communication scores between the ICSI-AOA and ICSI-alone groups in our study and could
influence outcomes in future studies using the ASQ-3.

Early intervention is a well-established method of improving developmental outcomes in children with
developmental delays. A study on the Early Start Denver Model, conducted over 2 years involving children
diagnosed with autism spectrum disorder (ASD) at 18-30 months, showed improvements in Intelligence
Quotient, adaptive behaviour, and electroencephalograph patterns that were similar to those of typically
developing children???3. The American Academy of Pediatrics recommends combining standardized screening
tests for ASD in children aged 9-30 months to support early identification of developmental disorders?*-2.
Although the J-ASQ-3 used in this study is a screening tool rather than a diagnostic instrument, reevaluating
children below the monitoring zone and initiating early intervention may promote developmental improvements.
We compared confounding variables associated with the J-ASQ-3 scores in children who scored below the
cutoff, those in the monitoring zone, and typically developing children to explore the factors contributing to
developmental risk beyond AOA. While no significant differences were found in the below-cutoff group, an
analysis of children in the monitoring zone revealed that having siblings was associated with a lower adjusted OR
for being in the monitoring zone (adjusted OR=0.40, 95% CI=0.20-0.78). Male children had a higher adjusted
OR than female children (adjusted OR=2.57, 95% CI=1.31-5.05). These results support the known higher
risk of developmental disorders in males?” and suggest that having siblings promotes developmental progress?.
Overall, this analysis indicates that AOA is possibly a minimal risk factor for developmental disorders in this
cohort.

In our cohort, paternal age did not differ significantly between the conventional ICSI and ICSI-AOA groups
(median 37.0 vs. 38.5 years; P=0.91). Moreover, paternal age was not predictive of scoring below the ASQ-
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3 monitoring threshold. Although recent evidence suggests that advanced paternal age may subtly influence
offspring neurodevelopment®these data indicate that it is unlikely to have confounded the association between
AOA and neurodevelopmental outcomes.

Epigenetic mechanisms govern gene expression, cellular function, and developmental processes, and DNA
methylation plays a central role in normal embryonic development. Aberrant DNA methylation patterns in
infants have been linked to an increased risk of ASD’. A comparative analysis of 962 assisted reproduction
technology (ART)-conceived and 983 naturally conceived singleton newborns revealed a global trend of
hypomethylation in ART-conceived individuals, with 607 differentially methylated CpG sites identified,
affecting genes associated with growth and neurodevelopment. Although these findings highlight the potential
epigenetic risks associated with ART, whether specific ART procedures contribute to these alterations remains
unclear. Our analysis showed that children conceived with AOA exhibited no neurodevelopmental differences
compared to those conceived without AOA. These differences suggest that AOA, despite its mechanistic role in
overcoming incomplete oocyte activation, a process known to disrupt epigenetic reprogramming during zygotic
genome activation®'does not introduce additional neurodevelopmental risks.

To further explore the observed trend, it is noteworthy that in our cohort, the ICSI-AOA group showed
numerically low J-ASQ-3 communication scores at 12, 18, and 24 months of age. However, this difference
was no longer apparent by 30 months, suggesting any early developmental lag may be transient. This pattern,
combined with the absence of significant between-group differences in the proportion of children falling
below the threshold or requiring monitoring, suggests that AOA is unlikely to have lasting adverse effects
on communication development. Nevertheless, these findings warrant cautious interpretation, and ongoing
developmental surveillance remains important.

This study demonstrated AOA’s safety for neurodevelopment in children up to 60 months, reinforcing the
recent decision by the HFEA!® and the fact-finding survey’s results in Japan, which recommended upgrading
AOA to clinical grade based on accumulating evidence®’. As evidence of AOA efficacy and safety continues
to increase, its evaluation in clinical practice is expected to improve, potentially expanding its indications.
However, adhering to the current indications for AOA use is crucial, particularly in clinical settings, given the
limited understanding of its long-term effects.

Limitations

This study employed a cross-sectional design, assessing children aged 12-60 months using the J-ASQ-3, with
no longitudinal follow-up. While heterogeneity and potential biases from environmental and genetic factors
could not be eliminated, minimal bias was suggested, as no significant differences in social or environmental
backgrounds were observed, except for a higher number of fathers with teaching professions in the ICSI-AOA
group than in the ICSI-alone group. The COVID-19 pandemic may have affected developmental outcomes,
given its impact on early childhood environments. Finally, this study lacked adequate data to compare various
AOA methods, underscoring the necessity of longitudinal multicentre studies to assess the long-term safety and

effectiveness of alternative techniques®.

Conclusions

This is the first study to demonstrate the long-term safety of ICSI, followed by AOA on neurodevelopment
in a large cohort of children. Based on the findings, no significant concerns regarding any adverse effects of
AOA on childhood neurodevelopment have been identified. These data add to the body of evidence available to
physicians when considering approaches for couples experiencing fertilization failure. However, more detailed
studies on the long-term childhood development born after all AOA types are needed before any definitive
conclusions can be drawn.

Participants and methods

Study design and participants

We collected data on mothers who gave birth via ICSI-alone or ICSI-AOA at Keio University Hospital and eight
JISART facilities between August 2018 and June 2023. Based on responses from the eight participating facilities,
A23187-mediated AOA was performed using either a HEPES-buffered calcium ionophore (CIM-10, Kitazato
Corporation, Japan) or A23187 obtained from SIGMA (C7522, USA), Gynemed (GM508 CultActive, Germany),
or FujiFilm (019-20111, Japan). GM508 CultActive was supplied as a ready-to-use A23187 ionophore solution,
with its concentration undisclosed. When preparing other A23187 solutions, stock concentrations were diluted
in HEPES-buffered medium with DMSO to achieve final working concentrations of either 5 uM or 10 pM. In
all cases, AOA was initiated within 30 min after ICSI and consisted of a single exposure at 37 °C for 5-15 min.
Tonomycin (I-0634, Sigma-Aldrich, Belgium) was also used as a calcium ionophore. In this protocol, oocytes
were exposed to a 5 pM ionomycin solution for 10 min, starting 20 min after ICSI.

The neurodevelopmental survey focused on children aged 12-60 months who were conceived via ICSI-alone
or ICSI-AOA between August 2018 and January 2023. The exclusion criteria included cases involving testicular
sperm extraction, mothers aged 43 years at the time of embryo transfer, and double embryo transfers using
ICSI-alone and ICSI-AOA. No age restrictions were applied for fathers. Prior to completing the J-ASQ-3 and an
additional questionnaire, written informed consent was obtained from all participants. To specifically assess the
impact of ICSI-AOA on neurodevelopmental outcomes, we established a control group matched by offspring
age. For each child born following ICSI-AOA, one age-matched control child was selected from the IVF database
of the corresponding facility. These children were conceived and delivered during the same time period to ensure
comparable durations of postnatal follow-up. All procedures were conducted in accordance with the relevant
guidelines and regulations.
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On December 8, 2023, all facilities were instructed to collect relevant cases and complete the case report
forms. Among the 375 identified women, 326 children aged 12-60 months were selected. Questionnaires were
distributed equally to both groups (163 ICSI-AOA and 163 ICSI) totalling 326 children on January 5, 2024, with
February 18, 2024, as the submission deadline. However, participants were not informed about the survey in
advance; therefore, a 1,000-yen gift card was included with the questionnaire.

Valid responses were obtained from 158 children (158/266, 59.4%), comprising 77 of 128 (60.2%) in the
ICSI-AOA group and 81 of 138 (58.7%) in the ICSI group. Among the remaining cases: 60 questionnaires were
undelivered, 104 were not returned, 3 were declined, and 1 was excluded for not meeting inclusion criteria.
Parents were also asked to complete a paper-based questionnaire on factors influencing child development,
including sibling composition and social activities (e.g., daycare or kindergarten), parental educational
background, occupation, and household income.

Assessment of neurodevelopment

The J-ASQ-3 is alevel 1 screening tool that evaluates five developmental domains. This questionnaire, completed
by parents or caregivers, is known for its high reliability and validity. It has been translated into several languages
and is widely used in clinical and research settings internationally**~3¢ .The J-ASQ-3 is a Japanese translation
of the ASQ-3, with items adapted to Japanese culture and developmental standards for children in Japan®’.
The cutoff is defined as scores <-2.0 standard deviations (SD) below the age-specific mean, indicating a strong
suspicion of developmental delay, whereas the monitoring zone (-1.0 to -2.0 SD) suggests the need for evaluation
or follow-up. In this study, we defined scores < —1.0 SD as “below monitoring” to include both the monitoring
zone and below-cutoft categories, due to the limited number of children scoring below the cutoff. A binomial
logistic regression analysis was performed using AOA presence, child’s sex, gestational age, and J-ASQ-3 age
as independent variables, with children below the cutoff or in the monitoring zone as the dependent variable.

Statistical analysis

All statistical analyses were conducted using IBM SPSS Statistics for Windows, version 28 (IBM Corp., Armonk,
NY, USA) and GraphPad Prism 9 (GraphPad Software, Inc., La Jolla, CA, USA), with statistical significance
considered at P<0.05. Power analyses, based on the primary outcome, were used to investigate the mean
differences in the J-ASQ-3 subdomain scores between children conceived with and without AOA. Covariance
analysis was used to determine the mean differences in the J-ASQ-3 subdomains between the ICSI-alone and
ICSI-AOA groups. We used quantile-quantile plots (Q-Q plots) analysis to assess the overall distribution of
P-values derived from the analysis of 45 adjusted mean differences in J-ASQ-3 scores between ICSI-alone and
ICSI-AOA. This method was selected to rigorously evaluate whether the observed P-value distribution aligns
with the expected null distribution, enabling the identification of potential deviations due to systematic biases
or random variation. The Q-Q plot analysis strengthens our multiple comparison framework robustness by
providing a visual and statistical assessment of conformity.

The percentages of children identified as being below the monitoring threshold and cutoft levels indicative
of delays, as defined by the ASQ-3 developer, were computed for each subdomain and the overall J-ASQ-3
outcome. Additionally, the odds ratios (ORs) were calculated using a binary logistic regression model. The
independent variables included AOA presence, sex, gestational age at birth, and age in months during the
J-ASQ-3 assessment. All results were reported with 95% confidence intervals (Cls).

Data availability
The data supporting the findings of this study will be made available from the corresponding authors upon
reasonable request.

Received: 10 March 2025; Accepted: 17 July 2025
Published online: 29 July 2025

References

1. Akashi, K. et al. Artificial oocyte activation using Ca(2+) ionophores following intracytoplasmic sperm injection for low
fertilization rate. Front. Endocrinol. (Lausanne). 14, 1131808. https://doi.org/10.3389/fend0.2023.1131808 (2023).

2. Ruan, J. L, Liang, S. S., Pan, J. P, Chen, Z. Q. & Teng, X. M. Artificial oocyte activation with Ca(2+) ionophore improves
reproductive outcomes in patients with fertilization failure and poor embryo development in previous ICSI cycles. Front.
Endocrinol. (Lausanne). 14, 1244507. https://doi.org/10.3389/fend0.2023.1244507 (2023).

3. Bonte, D. et al. Assisted oocyte activation significantly increases fertilization and pregnancy outcome in patients with low and total
failed fertilization after intracytoplasmic sperm injection: a 17-year retrospective study. Fertil. Steril. 112, 266-274. https://doi.org
/10.1016/j.fertnstert.2019.04.006 (2019).

4. Murugesu, S. et al. Does the use of calcium ionophore during artificial oocyte activation demonstrate an effect on pregnancy rate?
A meta-analysis. Fertil Steril 108, 468-482 e463. https://doi.org/10.1016/j.fertnstert.2017.06.029 (2017).

5. Vanden Meerschaut, E, Nikiforaki, D., Heindryckx, B. & De Sutter, P. Assisted oocyte activation following ICSI fertilization failure.
Reprod. Biomed. Online. 28, 560-571. https://doi.org/10.1016/j.rbmo.2014.01.008 (2014).

6. Ducibella, T. & Fissore, R. The roles of Ca2+, downstream protein kinases, and oscillatory signaling in regulating fertilization and
the activation of development. Dev. Biol. 315, 257-279. https://doi.org/10.1016/j.ydbio.2007.12.012 (2008).

7. Long, R. et al. Risk of birth defects in children conceived by artificial oocyte activation and intracytoplasmic sperm injection: a
meta-analysis. Reprod. Biol. Endocrinol. 18 https://doi.org/10.1186/s12958-020-00680-2 (2020).

8. Yin, M. et al. DNA methylation and gene expression changes in mouse pre- and post-implantation embryos generated by
intracytoplasmic sperm injection with artificial oocyte activation. Reprod. Biol. Endocrinol. 19, 163. https://doi.org/10.1186/s1295
8-021-00845-7 (2021).

9. Mouat, J. S. & LaSalle, J. M. The promise of DNA methylation in Understanding multigenerational factors in autism spectrum
disorders. Front. Genet. 13, 831221. https://doi.org/10.3389/fgene.2022.831221 (2022).

Scientific Reports |

(2025) 15:27547 | https://doi.org/10.1038/s41598-025-12445-1 nature portfolio


https://doi.org/10.3389/fendo.2023.1131808
https://doi.org/10.3389/fendo.2023.1244507
https://doi.org/10.1016/j.fertnstert.2019.04.006
https://doi.org/10.1016/j.fertnstert.2019.04.006
https://doi.org/10.1016/j.fertnstert.2017.06.029
https://doi.org/10.1016/j.rbmo.2014.01.008
https://doi.org/10.1016/j.ydbio.2007.12.012
https://doi.org/10.1186/s12958-020-00680-2
https://doi.org/10.1186/s12958-021-00845-7
https://doi.org/10.1186/s12958-021-00845-7
https://doi.org/10.3389/fgene.2022.831221
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

10. Deemeh, M. R., Tavalaee, M. & Nasr-Esfahani, M. H. Health of children born through artificial oocyte activation: a pilot study.
Reprod. Sci. 22, 322-328. https://doi.org/10.1177/1933719114542017 (2015).

11. Liang, R. et al. Is there any effect on imprinted genes H19, PEG3, and SNRPN during AOA? Open. Med. (Wars). 17, 174-184.
https://doi.org/10.1515/med-2022-0410 (2022).

12. Harada, S. et al. Fact-finding survey on assisted reproductive technology in Japan. J. Obstet. Gynaecol. Res. 49, 2593-2601. https://
doi.org/10.1111/jog.15780 (2023).

13. UK fertility regulator. Launches improved ratings for fertility treatment ‘add-ons. HFEA. https://www.hfea.gov.uk/treatments/trea
tment-add-ons/ (2023).

14. Lundin, K. et al. Good practice recommendations on add-ons in reproductive medicinet. Hum. Reprod. 38, 2062-2104. https://d
oi.org/10.1093/humrep/dead184 (2023).

15. Vanden Meerschaut, E. et al. Neonatal and neurodevelopmental outcome of children aged 3-10 years born following assisted
oocyte activation. Reprod. Biomed. Online. 28, 54-63. https://doi.org/10.1016/j.rbmo.2013.07.013 (2014).

16. Campos, G., Sciorio, R. & Esteves, S. C. Total fertilization failure after ICSI: insights into pathophysiology, diagnosis, and
management through artificial oocyte activation. Hum. Reprod. Update. 29, 369-394. https://doi.org/10.1093/humupd/dmad007
(2023).

17. Lu, Y. et al. Strontium fails to induce Ca(2+) release and activation in human oocytes despite the presence of functional TRPV3
channels. Hum Reprod Open 2018, hoy005. https://doi.org/10.1093/hropen/hoy005 (2018).

18. Kashir, J. et al. Variance in total levels of phospholipase C zeta (PLC-{) in human sperm May limit the applicability of quantitative
immunofluorescent analysis as a diagnostic indicator of oocyte activation capability. Fertil. Steril. 99, 107-117e103. https://doi.org
/10.1016/j.fertnstert.2012.09.001 (2013).

19. Hessami, K. et al. COVID-19 pandemic and infant neurodevelopmental impairment: A systematic review and Meta-analysis.
JAMA Netw. Open. 5, €2238941. https://doi.org/10.1001/jamanetworkopen.2022.38941 (2022).

20. Sato, K., Fukai, T., Fujisawa, K. K. & Nakamuro, M. Association between the COVID-19 pandemic and early childhood
development. JAMA Pediatr. 177, 930-938. https://doi.org/10.1001/jamapediatrics.2023.2096 (2023).

21. Fajardo-Martinez, V. et al. Neurodevelopmental delay in children exposed to maternal SARS-CoV-2 in-utero. Sci. Rep. 14, 11851.
https://doi.org/10.1038/541598-024-61918-2 (2024).

22. Dawson, G. et al. Randomized, controlled trial of an intervention for toddlers with autism: the early start Denver model. Pediatrics
125, e17-23. https://doi.org/10.1542/peds.2009-0958 (2010).

23. Dawson, G. et al. Early behavioral intervention is associated with normalized brain activity in young children with autism. J. Am.
Acad. Child. Adolesc. Psychiatry. 51, 1150-1159. https://doi.org/10.1016/j.jaac.2012.08.018 (2012).

24. Services, C. f. M. M. CMS proposals to implement certain disclosure provisions of the Affordable Care Act. http://www.cms.gov/apps
/media/press/factsheet.asp?Counter=4221 (2012).

25. Lipkin, P. H. & Macias, M. M. Promoting optimal development: identifying infants and young children with developmental
disorders through developmental surveillance and screening. Pediatrics 145 https://doi.org/10.1542/peds.2019-3449 (2020).

26. Hyman, S. L., Levy, S. E. & Myers, S. M. Identification, evaluation, and management of children with autism spectrum disorder.
Pediatrics 145 https://doi.org/10.1542/peds.2019-3447 (2020).

27. Polyak, A., Rosenfeld, J. A. & Girirajan, S. An assessment of sex bias in neurodevelopmental disorders. Genome Med. 7, 94. https:/
/doi.org/10.1186/s13073-015-0216-5 (2015).

28. Tsinivits, D. & Unsworth, S. The impact of older siblings on the Language environment and Language development of bilingual
toddlers. Appl. Psycholinguist. 42, 325-344. https://doi.org/10.1017/S0142716420000570 (2021).

29. Potabattula, R. et al. Effects of paternal and chronological age on BEGAIN methylation and its possible role in autism. Aging
(Albany NY). 15, 12763-12779. https://doi.org/10.18632/aging.205275 (2023).

30. Haberg, S. E. et al. DNA methylation in newborns conceived by assisted reproductive technology. Nat. Commun. 13, 1896. https:/
/doi.org/10.1038/s41467-022-29540-w (2022).

31. Shafqat, A. et al. Oocyte activation, calcium release and epigenetic remodelling: lessons from Cancer models. Front. Cell. Dev. Biol.
10, 781953. https://doi.org/10.3389/fcell.2022.781953 (2022).

32. Shionoya, N. et al. Survey of in vitro fertilization add-ons in Japan (Izanami project). Front. Endocrinol. (Lausanne). 15, 1404601.
https://doi.org/10.3389/fendo.2024.1404601 (2024).

33. Bernard, J. Y. et al. Breastfeeding duration and cognitive development at 2 and 3 years of age in the EDEN mother-child cohort. J.
Pediatr. 163, 36-42e31. https://doi.org/10.1016/j.jpeds.2012.11.090 (2013).

34. Richter, J. & Janson, H. A validation study of the Norwegian version of the ages and stages questionnaires. Acta Paediatr. 96,
748-752. https://doi.org/10.1111/j.1651-2227.2007.00246.x (2007).

35. Lopes, S., Graga, P, Teixeira, S., Serrano, A. M. & Squires, J. Psychometric properties and validation of Portuguese version of Ages
& Stages Questionnaires (3rd edition): 9, 18 and 30 Questionnaires. Early Hum. Dev. 91, 527-533. https://doi.org/10.1016/j.earlhu
mdev.2015.06.006 (2015).

36. Small, J. W,, Hix-Small, H., Vargas-Baron, E. & Marks, K. P. Comparative use of the ages and stages questionnaires in low- and
middle-income countries. Dev. Med. Child. Neurol. 61, 431-443. https://doi.org/10.1111/dmcn.13938 (2019).

37. Mezawa, H. et al. Psychometric profile of the ages and stages questionnaires, Japanese translation. Pediatr. Int. 61, 1086-1095.
https://doi.org/10.1111/ped.13990 (2019).

Acknowledgements

We thank Yukiko Nakai of Keio University School of Medicine for her assistance. We would like to express our
gratitude to all embryologists at Keio University Hospital and the following participating institutions: Sekiel La-
dies Clinic, Sendai ART Clinic, Hanabusa Women’s Clinic, Kinutani Women’s Clinic, Takahashi Women’s Clinic,
Okayama Futari Clinic, Kuramoto Women’s Clinic, and Mio Fertility Clinic. We would like to thank Editage
(www.editage.com) for the English language editing.

Author contributions

K.M. conceptualized the research question and study design, conducted investigation, data curation, and formal
analysis, and prepared the original draft. M.Y. contributed to conceptualization, methodology, and validation,
supervised the study, acquired funding, and critically revised the manuscript. K.A., S.K., T.A., and M.H. con-
tributed to methodology and critically revised the manuscript. S.C.J. performed formal analysis and validation.
H.U. conducted data curation and investigation. Y.S. contributed to methodology and formal analysis. Y.H. and
M.T. contributed to supervision and manuscript revision. S.N. contributed to formal analysis and manuscript
revision. Y.O. contributed to funding acquisition and manuscript revision. N.K. coordinated project adminis-
tration and revised the manuscript. All authors performed manuscript revision and approved the final version
of the manuscript.

Scientific Reports |

(2025) 15:27547 | https://doi.org/10.1038/s41598-025-12445-1 nature portfolio


https://doi.org/10.1177/1933719114542017
https://doi.org/10.1515/med-2022-0410
https://doi.org/10.1111/jog.15780
https://doi.org/10.1111/jog.15780
https://www.hfea.gov.uk/treatments/treatment-add-ons/
https://www.hfea.gov.uk/treatments/treatment-add-ons/
https://doi.org/10.1093/humrep/dead184
https://doi.org/10.1093/humrep/dead184
https://doi.org/10.1016/j.rbmo.2013.07.013
https://doi.org/10.1093/humupd/dmad007
https://doi.org/10.1093/hropen/hoy005
https://doi.org/10.1016/j.fertnstert.2012.09.001
https://doi.org/10.1016/j.fertnstert.2012.09.001
https://doi.org/10.1001/jamanetworkopen.2022.38941
https://doi.org/10.1001/jamapediatrics.2023.2096
https://doi.org/10.1038/s41598-024-61918-2
https://doi.org/10.1542/peds.2009-0958
https://doi.org/10.1016/j.jaac.2012.08.018
http://www.cms.gov/apps/media/press/factsheet.asp?Counter=4221
http://www.cms.gov/apps/media/press/factsheet.asp?Counter=4221
https://doi.org/10.1542/peds.2019-3449
https://doi.org/10.1542/peds.2019-3447
https://doi.org/10.1186/s13073-015-0216-5
https://doi.org/10.1186/s13073-015-0216-5
https://doi.org/10.1017/S0142716420000570
https://doi.org/10.18632/aging.205275
https://doi.org/10.1038/s41467-022-29540-w
https://doi.org/10.1038/s41467-022-29540-w
https://doi.org/10.3389/fcell.2022.781953
https://doi.org/10.3389/fendo.2024.1404601
https://doi.org/10.1016/j.jpeds.2012.11.090
https://doi.org/10.1111/j.1651-2227.2007.00246.x
https://doi.org/10.1016/j.earlhumdev.2015.06.006
https://doi.org/10.1016/j.earlhumdev.2015.06.006
https://doi.org/10.1111/dmcn.13938
https://doi.org/10.1111/ped.13990
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Funding

This research was supported by the Japan Agency for Medical Research and Development (AMED) under grant
number JP22gk0110056h0001, the Children and Families Agency under grant number 23DB0101, and the Min-
istry of Health, Labour and Welfare under grant number 21DA2002.

Declarations

Competing interests
The authors declare no competing interests.

Ethical approval

This study was approved by the Institutional Research Ethics Board of Keio University School of Medicine
(approval number: 20231127). Collaborating institutions obtained approval from their respective ethics
committees to participate in the study. This study was conducted in accordance with the Declaration of
Helsinki.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-12445-1.

Correspondence and requests for materials should be addressed to M.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:27547 | https://doi.org/10.1038/s41598-025-12445-1 nature portfolio


https://doi.org/10.1038/s41598-025-12445-1
https://doi.org/10.1038/s41598-025-12445-1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

:' frontiers ‘ Frontiers in Endocrinology

@ Check for updates

OPEN ACCESS

Shunfeng Cheng,
Qingdao Agricultural University, China

Mohd Faizal Ahmad,

National University of Malaysia, Malaysia
Marziyeh Tavalaee,

Royan Institute, Iran

Zhi Qin Chen
ptchenl@51mch.com

Xiao Ming Teng
tengxiaoming@hotmail.com

22 June 2023
27 July 2023
11 August 2023

Ruan JL, Liang SS, Pan JP, Chen ZQ and
Teng XM (2023) Artificial oocyte activation
with Ca* ionophore improves
reproductive outcomes in patients with
fertilization failure and poor embryo
development in previous ICSI cycles.
Front. Endocrinol. 14:1244507.

doi: 10.3389/fendo.2023.1244507

© 2023 Ruan, Liang, Pan, Chen and Teng.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Endocrinology

Original Research
11 August 2023
10.3389/fendo.2023.1244507

Artificial oocyte activation with
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in previous ICSI cycles
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Medicine, Tongji University, Shanghai, China

Research question: Does artificial oocyte activation (AOA) by a calcium
ionophore (ionomycin) improve the previous fertilization failure or poor
embryo development of intracytoplasmic sperm injection (ICSI) account for
male factor infertility or other infertility causes?

Design: This retrospective study involved 114 patients receiving ICSI-AOA in
Shanghai First Maternity and Infant Hospital with previous ICSI fertilization failure
or poor embryo development. The previous ICSI cycles of the same patients
without AOA served as the control group. The fertilization rates, cleavage rates,
transferable embryo rates and blastocyst formation rates of the two groups were
compared. Additionally, the clinical pregnancy, implantation rate and live birth
rates were also compared to assess the efficiency and safety of AOA.
Furthermore, two subgroup analyses were performed in this study based on
the cause of infertility and the reason for AOA. The fertilization rate, embryonic
development potential and clinical outcome were compared among groups.

Results: Among 114 ICSI-AOA cycles, the fertilization rate, top-quality embryo
rate, implantation rate, clinical pregnancy per patient and live birth rate per
patient were improved significantly compared with previous ICSI cycles (p<0.05
to P< 0.001), and the miscarriage rate in the AOA group was significantly lower
than that of the control group (p<0.001). In the AOA subgroups based on the
cause of infertility, the fertilization rates of each subgroup were significantly
improved compared with previous control cycles except for the mixed factor
infertility subgroup (p<0.05 to p<0.001). In the AOA subgroups based on the
reason for AOA, the fertilization rates of each subgroup were significantly
increased compared with those in their previous ICSI cycle without AOA
(p<0.001); however, there was no significant difference in the top-quality
embryo rate. No significant improvement was found in the implantation rates
and the clinical pregnancy rate in each subgroup except for the poor embryo
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development subgroup. In the 114 AOA cycles, 35 healthy infants (21 singletons
and 7 twins) were delivered without major congenital birth defects or

malformations.

Conclusion: This study showed that AOA with the calcium ionophore ionomycin
can improve the reproductive outcomes of patients with previous fertilization
failure and poor embryo development after ICSI.

KEYWORDS

artificial oocyte activation, ionomycin, intracytoplasmic sperm injection, fertilization
failure, embryo development

Introduction

Intracytoplasmic sperm injection (ICSI) is mainly used for male
factor infertility. The average fertilization rate after ICSI is
approximately 70% to 80% (1). However, 1%~5% of ICSI cycles
occurring still result in total fertilization failure (TFF) or almost
complete fertilization failure, defined as a fertilization rate of less
than 30% (2). Oocyte activation deficiency (OAD) is the main cause
of ICSI fertilization failure, which may be related to sperm or oocyte
factors leading to responsiveness of gamete interaction (3, 4).

In the past decade, an increasing number of studies have shown
that sperm-specific phospholipase C (phospholipase C zeta, PLCC)
is strongly associated with sperm-specific oocyte activation failure
(OAF) (5). The low expression of PLC is one of the main reasons
for fertilization failure (6-8). ICSI combined with artificial oocyte
activation could mimic physiological calcium changes that occur
during fertilization (9). During normal fertilization, sperm-specific
PLCC is released into the oocyte cytoplasm, triggering calcium shock
and promoting the release of Ca®" in the endoplasmic reticulum. The
temporary increase of Ca** concentration in oocytes generates Ca **
oscillations to activate oocytes and induces a cortical granular
response. Oocytes recover and complete meiosis, extrude the
second polar body and form two pronuclei (8). The endoplasmic
reticulum is the main source of intracellular Ca®" increase, which is
mainly triggered by the successful induction of IP3 pathway by
sperm-specific phospholipase C-{ (PLC-{) around the sperm
nucleus. The failure of oocyte activation leading to non-
fertilization may be mainly caused by the failure of PLC-induced
IP3 pathway (10). However, the molecular mechanism of OAD
induced by oocyte-borne oocyte activation factors is unclear.
According to previous reports, human oocytes with ICSI-TFF
often carry with specific problems, such as abnormal cell structure,
abnormal gene expression, abnormal chromosomes, immature
oocytes and abnormal spindles (11). All of these problems may
cause oocyte activation failure after ICSL

AOA is the most commonly used technology to solve sperm-
related OAF at present, and healthy live births have been delivered
after using various activation methods. Abnormalities in the oocyte
activating signal pathway may lead to the occurrence of OAF (12). To
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date, AOA is the most effective method to solve ICSI-TFF, low
fertilization and OAF caused by sperm factors (13). However, large-
scale clinical studies are still lacking, and there are also disputes
regarding the efficiency of AOA and the safety of offspring. Therefore,
this study analysed the clinical pregnancy outcomes and neonatal
health of AOA patients who received the Ca®* ionophore ionomycin
during ICST and evaluated the efficacy and safety of ionomycin on the
fertilization rate and embryo development.

Materials and methods
Patients

This retrospective analysis was performed on the clinical data of
couples receiving ICSI-AOA due to poor fertilization or poor
embryo development after a previous ICSI cycle from January
2019 to December 2020 in Shanghai First Maternity and Infant
Hospital affiliated with Tongji University. The indications for ICSI-
AOA are as follows: previous ICSI fertilization failure (TFF or
fertilization rate < 30%) and poor embryo development (complete
embryo development arrest, reduced blastocyst formation on day 5
(<15%)). Controlled ovarian stimulation and oocyte retrieval were
carried out according to standard protocols (14). A total of 114
couples were enrolled in this retrospective analysis (Figure 1). Most
patients started ICSI with ovarian stimulation using either the long
agonist or antagonist protocols. Ovulation was triggered by
intradermal injection of 5000~10,000 IU HCG. Patients with
AOA cycles in the previous cycle and half-AOA cycles were
excluded from this study. The previous cycles without AOA were
considered as a control group. The interval between the two
stimulation cycles was no more than six months.

In addition, two subgroup analyses were performed in this study.
According to the cause of infertility, patients were further divided into
six subgroups: (i) oligoasthenoteratozoospermia (OAT), including
oligozoospermia (low number of sperm), asthenozoospermia (poor
sperm movement), and teratozoospermia (abnormal sperm shape);
(ii) advanced age (age>35 years); (iii) primary ovarian insufficiency
(PO, patients with primary ovarian insufficiency); (iv) unexplained
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Enrolled Patients with fertilization failure and poor
embryo development in the 2-year study
period(n=114)
{ )
STUDY GROUP CONTROL GROUP
Included patients with ICSI-AOA The same patients with previous
treatment(n=114) ICSI cycles (n=114)
i v
Subgroup analysis by Subgroup analysis by
causes of infertility(n=114) reasons of AOA(n=114)
1 S — T
Couples with | | Couples with Couples with Low fertilization || Total fertilization || Poor embryo
severe male female male and female | | rate (LFR)(n=13) failure (TFF) development
factor(n=34) factor(n=69) factors(n=11) (n=23) (PED)(n=78)
Advanced Unexplained POI Tubal factor
age(n=24) infertility(n=13) (n=11) (n=21)
FIGURE 1

Flowchart of patients. ICSI, intracytoplasmic sperm injection; AOA, artificial oocyte activation; POI, patients with primary ovarian insufficiency.

infertility; (v) tubal factor; and (vi) mixed factor infertility (M+F).
Based on the reason for AOA, patients were divided into three
subgroups for analysis: total fertilization failure (TFF); low
fertilization rate (LFR, fertilization rate <30%); and poor embryo
development (PED). Similarly, the oocyte activation cycle was
compared with the previous ICSI cycle of the same patients. The
fertilization rate, embryonic development potential and clinical
outcome were compared among groups.

This study was approved by the institutional review board of
Shanghai First Maternity and Infant Hospital affiliated with Tongji
University. All the enrolled patients in this study signed written
informed consent and were informed of the potential risks of using
AOA technology.

ICSI and calcium ionophore
AOA procedure

The oocytes collected from each cycle were cultured at 37°C in a
humidified triple-gas incubator with 6% CO, and 5% oxygen
(Thermo Fisher Scientific, USA) for at least 2 h before removing
cumulus cells. Subsequently, all metaphase II oocytes were treated
according to the standard ICSI procedure (15). Oocyte activation
with ionomycin was performed according to previous reports (16,
17). Briefly, thirty minutes after ICSI, the oocytes were immediately
exposed to activated liquid droplets (G-mops, Vitrolife, Sweden)
containing 10 pmol/l ionomycin (Sigma Aldrich, USA) for 10
minutes, rinsed with medium (G-mops, Vitrolife, Sweden) 3 times,
and transferred to embryo culture medium (G1, Vitrolife, Sweden).

Fertilization check, embryo grading
and embryo transfer

Fertilization observations were carried out 18-19 h after ICSI
under an inverted microscope. Only oocytes with two clear pronuclei

Frontiers in Endocrinology

(2PN) and two polar bodies (2PB) were considered to be fertilized
normally. Quality assessment of embryos was carried out according to
routine guidelines described previously (18). Embryos were cultured
in vitro to the third day (D3), and only embryos with 7-9 cells from
normal fertilized oocytes and a fragment ratio <10% were defined as
top-quality embryos. Then, top-quality embryos were transferred
under transvaginal ultrasound guidance. The remaining top-quality
embryos were cryopreserved for the next cycle. Additionally, all the
remaining cleavage-stage embryos were cultured up to the blastocyst
stage, the blastocysts were scored morphologically according to the
Gardner scale (2), and the available blastocysts were cryopreserved for
later transfer. According to provincial guidelines, up to two embryos
can be transferred in any transfer cycle.

Study outcome assessment
and clinical pregnancy

The following parameters were used to compare previous
routine ICSI cycles with ICSI-AOA cycles of the same patient.
The primary outcome measure was the 2PN fertilization rate,
defined as the number of normal fertilized oocytes divided by the
number of injected MII oocytes. Secondary outcome measures
included the cleavage rate (number of cleaved zygotes/number of
fertilized oocytes), top-quality embryo rate (number of high-quality
embryos/number of cleaved zygotes), blastocyst formation rate
(number of blastocysts formed/number of blastocysts cultured),
and implantation rate (number of gestational sacs seen on scanning
divided by the number of embryos replaced). Clinical pregnancy
was defined as the presence of at least one gestational sac on
ultrasound at 6 weeks. A baby born alive after 20 gestation weeks
was classified as a live birth. The miscarriage rate was defined as the
number of miscarriages before 20 weeks divided by the number of
women with a positive pregnancy test. Additionally, information on
the patient’s pregnancy outcomes was followed up until March 2021
by telephone survey, including gestation weeks, gender of babies,
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birth weight and body length, as well as major birth defects. There
were still 40 and 103 frozen embryos remaining in the previous ICSI
cycles and the AOA cycles, respectively, by the end of the study.

Statistical analysis

The one-sample Kolmogorov-Smirnov test was used to test the
normal distribution of continuous variables. Continuous variables were
given as the mean + SD if normally distributed. Comparisons between
groups were performed with paired t tests for continuous variables and
chi-square tests for categorical variables, where appropriate. Statistical
analysis was performed using the Statistical Program for Social Sciences
(SPSS Inc., Version 14.0, Chicago, IL, USA). A two-tailed value of P <
0.05 was considered statistically significant.

Results
Patients’ baseline clinical characteristics

Between January 2019 and December 2020, 114 patients who
underwent ICSI-AOA were enrolled in this study with a history of
poor fertilization or embryo development in the first ICSI cycles.
The flow chart of the subjects is shown in Figure 1.

The average age of the women was 33.86 + 4.981 years, and they
had suffered infertility for 4.09 + 2.991 years before ART treatment
(Table 1). The other baseline characteristics of the patients are
shown in Table 1, including infertility types, infertility years,
infertility factors, female body mass index (BMI), antral follicle
counts (AFC), and basal FSH. All couples received routine ICSI and

TABLE 1 General characteristics of the enrolled patients (mean + SD).

Item Value

No. of patients 114
Female age (y), mean = SD 33.86 + 4.981
Male age (y), mean + SD 35.71 + 5.799

Type of infertility, n (%)

Primary infertility 72 (63.16%)

Secondary infertility 42 (36.84%)
Duration of infertility (y) 4.09 +2.991
Indication, n (%)

Female factors 68(59.65%)

Male factors 35(30.70%)

Mixed 11(9.65%)
BMI for women (kg/m?) 22.29 +3.291
AFC 9.99 + 7.378
Basal FSH(IU/L) 7.24 +3.923

Values are shown as the mean + SD or number. BMI, female body mass index; AFC, antral
follicle count.
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AOA (Table 1). The stimulation protocol used in each group was
similar between the two groups (P >0.05) (Table 2).

Embryological characteristics in previous
standard ICSI cycles and AOA cycles

The stimulation protocols adopted in both groups were
comparable. No significant differences were found in the number
of oocytes obtained between the two groups. However, the numbers
of oocytes fertilized, cleavage embryos, top-quality embryos,
transferred embryos and frozen embryos were significantly higher
in the AOA group than in the control group. Furthermore, the cycle
cancellation rate, overall fertilization rate and top-quality embryo
rate in the AOA group were significantly higher than those in the
control group (P< 0.001). However, the cleavage rate, the
transferable embryo rate, and blastocyst formation rate were
comparable between the two groups (P>0.05) (Table 2).

Pregnancy outcomes in previous standard
ICSI cycles and AOA cycles

During the study period, women in the AOA group and women
in the control group had undergone 84 and 60 embryo transfer
cycles, respectively. The proportions of fresh transfer and FET were
similar between the two groups (p>0.05). The clinical pregnancy
rate per transfer (41.67% versus 8.33%, P < 0.001), clinical
pregnancy rate per patient (30.7% versus 4.39%, P < 0.001) and
implantation rate (34.59% versus 6.02%, P < 0.001) were
significantly higher in the AOA group than in the control group,
whereas the miscarriage rate in the AOA group was significantly
lower than that in the control group (17.14% versus 100%, p<
0.001). Furthermore, the live birth rate per transfer (30.95%) and
live birth rate per patient (28.95%) were greatly improved after
AOA treatment compared to those in the control group (Table 3).

Subgroup analysis based on the
cause of infertility

Subgroup analysis was performed into six categories according to
the cause of infertility. The fertilization rates of each subgroup were
significantly increased compared with those in their corresponding
previous ICSI cycles without AOA except for patients in the M+F
group. However, there was no significant difference in the top-quality
embryo rate among all the subgroups except for the M+F group. The
implantation rates were significantly increased in the OAT and
unexplained infertility subgroups. The pregnancy rate was
significantly improved in the OAT patients. For the OAT patients,
the fertilization rate, implantation rate and clinical pregnancy rate were
significantly increased, but no improvement was found in the top-
quality embryo rate. In the unexplained infertility group, the
fertilization rate and implantation rate were significantly increased
after AOA, but no significant difference was found in the top-quality
embryo rate and clinical pregnancy rate. For the M+F patients, the top-
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TABLE 2 Comparison of clinical outcomes previous standard ICSI cycles and AOA cycles.

Control group AOA group t/x %/Z value P value
(before) (after)

No. of patients 114 114
COS protocols 0.648

long protocol (%) 59(51.75) 66(57.89) 0.868

Antagonist protocol (%) 40(35.09) 35(30.70) 0.497

Other protocol (%) 15(13.16) 13(11.40) 0.163
No. of oocytes obtained 6.89 + 4.450 7.75 + 5.048 1.830 0.070
No. of MII oocytes 533 £ 3.571 6.16 + 4.153 -2.079 0.040
No. of oocytes fertilized 2.81 +2.844 4.78 + 3.643 -5.317 0.000
Fertilization rate, % 52.63(320/608) 77.64(545/702) 90.813 0.000
No. of cleavage embryos 2.55 + 2.677 4.50 + 3.605 -5.625 0.000
Cleavage rate, % 90.94(291/320) 94.13(513/545) 3.312 0.077
No. of top-quality embryos 0.48 + 0.790 1.24 + 1.626 -4.984 0.000
Top-quality embryos rate, % 18.90(55/291) 27.49(141/513) 7.423 0.006
No. of transferable embryos 1.08 + 1.390 2.07 +2.315 -5.13 0.000
Transferable embryos rate, % 42.27(123/291) 46.00(236/513) 1.049 0.306
No. of embryos frozen 0.76 + 1.046 1.54 + 1.838 -5.114 0.000
Blastocyst formation rate, % 23.53(28/119) 23.87(53/222) 0.005 0.943
Cancellation rate per cycle, % 45.61(52/114) 28.95(33/114) 6.772 0.009

COS, controlled ovarian stimulation; MII, metaphase II; ICSI, intracytoplasmic sperm injection; 2PN, two pronuclei; AOA, artificial oocyte activation; positive number/total number in brackets.

quality embryo rate was significantly increased after AOA, but no
significant improvement was found in the top-quality embryo rate,
implantation rate or clinical pregnancy rate. For the advanced age, POI
and tubal factor patients, the fertilization rate was also significantly
increased, but no significant increases were found in the top-quality
embryo rate, implantation rate, and clinical pregnancy rate per patient
after AOA treatment compared with their previous ICSI
cycle (Figure 2).

Subgroup analysis based on the
reason for AOA

Subgroup analysis was performed in three groups based on the
reason for AOA. The fertilization rates of each subgroup were
significantly increased compared with those in their previous ICSI
cycle without AOA; however, there was no significant difference in
the top-quality embryo rate. In the PED group, the fertilization rate,

TABLE 3 Comparison of pregnancy outcomes between previous standard ICSI cycles and AOA cycles.

Control group AOA group t/x %/Z value P value
Total number of transfer cycles 60 84
Fresh transfer (%) 25(15/60) 26.19(22/84) 0.026 0.872
FET (%) 75(45/60) 73.81(62/84) 0.026 0.872
No. of embryos transferred 0.73 + 1.071 1.18 + 1.151 -3.538 0.001
Clinical pregnancy rate per transfer (%) 8.33(5/60) 41.67(35/84) 19.385 0.000
Clinical pregnancy rate per patients (%) 4.39(5/114) 30.70(35/114) 27.287 0.000
Implantation rate (%) 6.02(5/83) 34.59(46/133) 32.985 0.000
Miscarriage rate (%) 100(5/5) 17.14(6/35) 15.065 0.000
Live birth rate per transfer (%) 0 34.52(29/84)
Live birth rate per patients (%) 0 25.44(29/114)

FET, frozen-thawed embryo transfer; positive number/total number in brackets.
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Comparison of activation effects in AOA subgroups based on the cause of infertility. (A) Comparison of fertilization rates between AOA subgroups and
control groups. (B) Comparison of the top-quality embryo rate between AOA subgroups and control groups. (C) Comparison of the implantation rate
between AOA subgroups and control groups. (D) Comparison of the clinical pregnancy rate between AOA subgroups and control groups. Control,
previous ICSI cycles; AOA, artificial oocyte activation; OAT, oligoasthenoteratozoospermia; PO/l patients with primary ovarian insufficiency; M+F patients

with male and female factors.

implantation rate and clinical pregnancy rate were highly increased
after AOA, and the top-quality embryo rate was increased slightly
after AOA treatment compared with their previous ICSI cycle
without AOA but did not reach statistical significance. In the TFF
and LFR groups, the fertilization rate was greatly improved, but no
data on implantation rates and the clinical pregnancy rate were
shown in the control group because no embryos could be
transferred in these two groups (Figure 3).

The neonatal outcomes in the AOA group

In the AOA group, 21 singletons and 7 twins among 35 babies
were born. All newborns, including 15 boys and 20 girls, had no
major birth defects or congenital malformations. Only one baby was
born with an atrial septal defect in preterm with gestational weeks of
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28 w+4 d. The other neonatal characteristics in the AOA group are
shown in Table 4 in terms of gestational weeks, body length, birth
weight, low birth weight and preterm birth rate.

Discussion

In this study, we demonstrated that AOA with ionomycin can
improve the reproductive outcome of patients with previous total
ICSI fertilization failure and poor embryo development.

Our results indicated that AOA treatment significantly
improved the fertilization rate, implantation rate, clinical
pregnancy and live birth rates per patient compared with
previous ICSI cycles, which is in accordance with previous reports
(19-21). The evidence suggested that AOA can improve the
fertilization rate and the developmental ability of embryos and
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potentially provide more good-quality embryos. Additionally, some
studies have also demonstrated that AOA leads to better cumulative
pregnancy and live birth rates. However, one study (22) indicated
that although AOA can improve the fertilization rate, it might not

TABLE 4 Neonatal characteristics in the AOA group.

Item Value

Birth babies 35

Baby’s gender

Male, n 15

Female, n 20
Singletons, n 21
Twins, n 7
Gestational weeks (wk) 37.42 + 3.200
Body length (cm) 48.26 + 3.883

Birth weight (g) 2894.57 + 773.143

Low birth weight rate (%) 28.57(10/35)
(<2,500 g)

Preterm birth rate (%) 25.71(9/35)
(<37 wk)

Birth defect rate (%) 2.86(1/35)
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improve the developmental ability of embryos and pregnancy
outcomes. This discrepancy might be derived from the different
activation methods used. In that study, double ionophores were
applied in cases with previous failed/low fertilization or poor
embryo development, and patients with a previous single
ionophore were used as the control group.

ICSI is the most effective method to treat male infertility, but
complete fertilization failure will still occur occasionally in a few
patients. Abnormal calcium oscillations after fertilization may be
the principal mechanism for poor prognosis in patients with TFF.
In this study, we found that the fertilization rate, implantation rate
and clinical pregnancy rate were significantly increased in patients
with TFF and LFR compared with previous ICSI cycles. AOA
treatment with ionomycin can change the calcium oscillation
pattern and improve the fertilization rate and clinical outcome of
these patients. In the past 20 years, the application of AOA has
successfully solved many infertility cases due to OAF caused by
sperm factors, and Ca®" ionophores have been successfully applied
in cases of complete globozoospermia (23) or severe male factor
infertility (24). Those results are consistent with our study, couples
with OAT can benefit from ICSI-AOA in terms of higher
fertilization rate, which in turn increases the number of available
embryos and may improve the implantation and pregnancy rates.
Recent researches found novel sperm-related oocyte activators,
which showed that the ACTL7A/PLCZ1 mutation and DPY19
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deletion decreased the expression of functional PLCC, resulting in
acrosomal detachment and oocyte activation failure associated with
male infertility, and ICSI-AOA could rescue TFF in individuals with
the ACTL7A/PLCZ1/DPY19 pathogenic variants (9, 25, 26).
However, ICSI-AOA is not always beneficial for patients with
previous LFR and a suspected oocyte-related activation deficiency
(27), except Vanden Meerschaut F et al. reported that ICSI-AOA
was very efficient in patients with a suspected oocyte-related
activation deficiency and previous TFF after conventional ICSI
Our data demonstrated that the implantation rate, top-quality
embryo rate and clinical pregnancy rate were not significantly
different in the LFR group compared with previous ICSI cycles.
AOA can cause calcium oscillation in oocytes, thereby improving
fertilization rates in patients with LFR but may not improve embryo
development and pregnancy outcomes in these patients.

Based on our study, we found that AOA treatment can improve
the embryo development and reproductive outcome of patients
with poor embryo development. This result is consistent with other
studies, which demonstrated that AOA treatment can overcome the
developmental incompetence of embryos and is an additional
indication for ionophore treatment (14, 28). It was reported that
the different frequencies and patterns of calcium oscillations could
affect the induction of oocyte activation and embryo development
(29). The calcium-binding proteins and intracellular calcium
channels in the human endoplasmic reticulum that regulate
inositol 1,4,5-trisphosphate receptors (IP3Rs) play an important
role in the regulation of calcium signalling during oocyte
maturation, fertilization, and early embryo development, and
calcium signalling is a key factor in early embryo development
(30). Therefore, AOA with calcium ionophores enhances calcium
oscillations and may have beneficial effects on embryo development.
However, one study on sibling oocytes showed that AOA using
ionomycin 1 h after ICSI did not benefit the early or late
development of embryos derived from patients with a history of
embryo developmental problems (31). Admittedly, oocyte
activation deficiencies are not the only reason for poor embryo
development. Sperm DNA damage, oocyte abnormalities in
structural proteins and mitochondria, or transcription factors
may also contribute to poor prognosis of embryos (32), and none
of them can be rescued by AOA.

We also observed that there was no significant difference in the
top-quality embryo rate, embryo implantation rate or clinical
pregnancy rate per patient in the advanced age and POI groups
compared with the control group. These findings indicated that
OAF might not be the main factor that affects infertility in advanced
age and POI women. Problems with oocyte-derived and deficiencies
in downstream signalling pathways may be the main cause of
infertility in women of advanced age and POI (33). Furthermore,
age-related defects may lead to mitochondrial DNA alignment,
accompanied by mitochondrial dysfunction and changes in the
gene expression profile (34). However, these studies suggested that
AOA may not improve embryo development with advanced age
and POI patients but may improve fertilization rates and thus
potentially provide more transferable embryos (20). Vanden
Meerschaut et al. also reported some cases of oocyte-related
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OAD, which could be overcome by AOA (27). In our study, the
implantation rate was improved in patients with unexplained
infertility, and the top-quality rate was also increased in patients
with M+F.

We also found that the miscarriage rate in the AOA group was
significantly lower than that in the control group. A prospective
study demonstrated that the miscarriage rate was decreased in
OAT, PCOS and unexplained infertility patients, which was in
line with our study (35). Calcium oscillation is a landmark initial
event in oocyte activation, and AOA can generate a single transient
calcium oscillation, which may alter the activities of specific
proteins and enzymes downstream of the Ca®*-regulated pathway
and may also have a profound impact on gene expression and
development at the later stage of embryos.

Although AOA can improve the treatment outcome of patients
with fertilization failure, as a new technology in the assisted
reproduction field, its safety still needs more in-depth study. At
present, most reports believe that AOA technology will not increase
the probability of embryo chromosome abnormalities or the risk of
foetal birth defects. Miller et al. compared 83 offspring born with
AOA and 595 offspring born after ICSI and demonstrated that there
was no significant difference between the two groups in the rate and
type of birth defects, birth weight, gestational age, and foetal sex of
the offspring (36). A meta-analysis also confirmed that there was no
significant difference in congenital defects or types of congenital
defects between ICSI-AOA and traditional ICSI (37). These reports
were consistent with our study, which showed no statistically
significant differences in the birth defect rate, birth weight,
gestational age, preterm birth rate, early-neonatal death rate, and
foetal sex ratio between the activation and control groups. However,
most current studies all have small sample sizes, and we only
followed up on early foetal health. Moreover, another study
revealed that the application of high concentrations of ionomycin
after mouse sperm ICSI increased the frequency and amplitude of
Ca®" release, affecting mitochondrial energy metabolism, increasing
reactive oxygen species (ROS) and decreasing ATP, and blastocyst
formation (38). Furthermore, the impact of AOA on the gene
expression and epigenetics of early human embryos is still lacking
large amounts of research, and thus, further studies are needed to
evaluate the long-term effect of AOA on offspring.

There are still some limitations in our study. First, we
performed a retrospective self-controlled study. The previous ICSI
cycles of patients served as the control group, and ICSI-AOA was
performed in the second cycle based on the previous condition of
patients. Patients may not use the same regimen twice. The health
status of patients may be improved by medications in the second
cycles, and the number and quality of oocytes retrieved may be
improved by adjusting the ovulation stimulation protocol.
Undoubtedly, the best control group would comprise patients
undergoing ICSI-AOA versus patients undergoing ICSI only, and
the reproductive outcomes can be compared between the two
groups. The reason why we did not undergo a second cycle
without AOA was that once the patients had already failed in the
first ICSI cycle and exhibited fertilization failure or poor embryo
development, they usually asked for something to change in the
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second cycle, and the physicians may probably recommend
undergoing ICSI-AOA; thus, we lack a control group who are in
a second cycle without AOA. Second, there may be some potential
bias and confounders that cannot be excluded, and the POI,
unexplained infertility and mixed factor infertility subgroups only
had a small number of patients in each group; thus, the results
should be interpreted with caution. Although the existing evidence
was probably at a low level, this study might shed light on further
research on AOA treatment, and another prospective, multicentre
study with a larger sample size and parallel control would be needed
in the future to provide a clearer answer.

In conclusion, our study demonstrated that AOA treated with
ionomycin can obtain better reproductive outcomes in infertile
couples with previous fertilization failure and poor embryo
development. Subgroup analysis showed that couples with male/
female factors and unexplained infertility may also benefit from
AOA treatment in terms of improving fertilization rate and embryo
development potential. However, before such procedures can be
widely used in clinical practice, it is necessary to determine more
physical agents and protocols that better mimic physiological Ca**
release and conduct further research to evaluate the efficiency and
safety of such treatments. At present, AOA should still be limited to
application in patients with appropriate indications.
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included into this meta-analysis. Seventeen of the included studies showed that calcium
ionophore increased the clinical pregnancy rate (OR, 2.14; 95% Cl, 1.38-3.31). Similarly,
14 studies indicated that AOA with calcium ionophore during intracytoplasmic sperm
injection (ICSI) improved the live birth rate considerably (OR, 2.65; 95% CI, 1.53-4.60).
Moreover, fertilization, blastocyst formation, and implantation rate were higher after using
AOA with calcium ionophore combined with ICSI. In addition, calcium ionophore did
not increase top-quality embryo rate, cleavage rate, miscarriage rate, congenital birth
defects, and neonatal sex ratio. Therefore, calcium ionophore followed by ICSI not only
significantly improved live birth and overall pregnancy, but also did not affect the incidence
of miscarriage, congenital birth defects, and neonatal sex ratio. This meta-analysis
indicated that using calcium ionophore to activate oocytes was beneficial for couples
with poor fertilization rates following ICSI.

Keywords: calcium ionophore, ICSI, miscarriage, congenital birth defects, pregnancy, assisted oocyte activation

INTRODUCTION

In vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) are common techniques
in the field of assisted reproduction (Hamberger et al., 1998; Kissin et al., 2014). The number
of ICSI cycles has increased notably as the number of infertile individuals has increased, with
average fertilization rates estimated to reach 70%, but fertilization failure still occurs in 1-5% of
ICSI cycles (Bhattacharya et al., 2013; Johnson et al., 2013; ESHRE/Alpha, 2017). ICSI enables male
factor infertility to be treated in fertilization. The failure of standard ICSI to fertilize patients with
a sufficient number of oocytes (usually >3) is primarily due to oocyte activation failure, which may
be interrelated with oocyte or sperm factors (Vanden Meerschaut et al., 2014; Bonte et al., 2019).
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Oocyte activation is a spatial-temporal, regulated process,
and caused by a series of intracellular Ca?* oscillations from
sperm entry into the ooplasm during sperm-oocyte fusion
(Stricker, 1999; Swain and Pool, 2008). This process is triggered
by sperm-borne phospholipase C zeta (PLC zeta) which is
transported to the oocyte at sperm entry into the ooplasm
(Saunders et al, 2002). Ca?t oscillations are recognized as
indispensable for successful oocyte activation, fertilization, and
embryogenesis (Ramadan et al, 2012). Insufficient calcium
may enable fertilization failure and cleavage anomalies. Thus,
increasing appropriate calcium artificially during the ICSI period
could avoid the above situation.

Currently, assisted oocyte activation (AOA) in conjunction
with ICSI has been developed and broadly applied in
improving clinical outcomes of male factor infertility,
embryo developmental block, and patients who remain
infertile after ICSI (Borges et al., 2009a; Kashir et al., 2010;
Montag et al., 2012; Kang et al., 2015; Ferrer-Buitrago et al.,
2018). AOA methods include electrical, mechanical, and
chemical activation, of which calcium ionophore belonging to
chemical AOA is the most universally used and most effective
technique, and it activates oocytes not only by enhancing
intracellular Ca?* but also with the same recruiting method
from the culture medium outside the oocyte (Kashir et al,
2010; Amdani et al, 2013; Nomikos et al., 2013; Vanden
Meerschaut et al, 2014; Yeste et al, 2016). Calcimycin
(Yoon et al, 2013; Ebner et al, 2014) and ionomycin
(Deemeh et al, 2014) are two commonly used calcium
ionophores. Calcimycin (also referred to as A23187) can be
either home-made or a ready-to-use solution called GMS508
CultActive (Gynemed).

Recently, calcium ionophore has been widely used in various
centers and obtained satisfactory results. Yet, considering
that calcium oscillation is consistent with the active and
rapid demethylation of the paternal genome and passive
DNA demethylation of the maternal genome, it appears
reasonable that an altered calcium signal, as reported
following calcium ionophore treatment, might be related
to modifications in genomic imprinting (Nikiforaki et al,
2016). Moreover, several meta-analysis studies assessed
the value of calcium ionophore during AOA in improving
reproductive outcomes, and researchers found that ICSI-
AOA played a positive role in enhancing fertilization rate
and clinical pregnancy outcome (Sfontouris et al, 2015;
Murugesu et al, 2017). However, the small number of
research samples reduces the credibility of AOA effectiveness.
Identifying and evaluating more cases would contribute to more
reliable conclusions.

The effect of ICSI-AOA on post-implantation embryo
development and pregnancy effectiveness must be taken into
consideration deeply. With the widespread application of
chemical activators, their safety in offspring has attracted
more and more attention. In this meta-analysis, we aim
to identify, appraise, and assess the efficacy and safety of
calcium ionophore as a method of AOA in promoting
pregnancy outcomes and reducing miscarriage and congenital
birth defects.

MATERIALS AND METHODS

This meta-analysis and systematic review was conducted and
reported according to PRISMA guidelines.

Search Strategy

PubMed, Embase, Scopus, and Cochrane Library databases
were searched up to February 2020. The language and
publication date were not limited. The following Medical
Subject Headings (MeSH) terms and free-text terms were
employed in searching the databases. MeSH terms included
infertility and calcium ionophores. Free-text terms consisted of
calcium ionophore, ionophores, calcium, A23187, calcimycin,
ionmycin, AOA, oocyte activation, eggs activation, artificial
eggs activation, assisted eggs activation, sterility reproductive,
sterility, reproductive, subfertility, sub-fertility, infertility, ICSI,
IVE embryo transfer, blastocyst, miscarriage, pregnancy, and
birth and congenital birth defects. The terms were combined with
“AND” or “OR” Boolean operators. We expanded the search by
using the “related article” function. Furthermore, we manually
searched the reference list to identify any articles not captured
by electronic database searches. Any search filters or limitations
were not used in this study. In addition, full-text articles were
authorized for inclusion. Using the aforementioned strategies,
two groups of ICSI-AOA with calcium ionophore and ICSI-
only (non-AOA) were compared and identified, and related data
were extracted.

Eligibility Criteria

All randomized controlled trials (RCTs) and observational
studies involving comparison between “ICSI-AOA with calcium
ionophore” with “ICSI-only (non-AOA)” patient groups and also
those containing outcome indicators were included in this study.
We excluded non-controlled studies that only reported outcome
incidence and did not report outcome indicators.

Data Extraction

Data collection of each study was completed by two independent
reviewers (YS and HZ). Then a standardized Excel spreadsheet
was used for performing quantitative data entry and processing.
The accuracy of the collected and extracted data was
acknowledged by a third reviewer (DZ). The content of data
extraction was as follows: characteristics (author, publication
year, country, study type, study period, study population, and
oocyte activation); study groups (ICSI-AOA infertility patients
with calcium ionophore vs. ICSI-only (non-AOA) control
group); and outcome indicators (fertilization, cleavage, top-
quality embryo, blastocyst, implantation, miscarriage, clinical
pregnancy, live births, congenital birth defects, and neonatal sex
ratio). The detailed information is summarized in Table 1. When
multiple publications were involved in the same patient cohort,
we chose the largest sample study.

Risk of Bias and Quality Assessment

Five RCTs and 17 observational studies that evaluated the
association between AOA with calcium ionophore and clinical
outcome were included in this study. The quality assessment
of RCTs was performed through the Cochrane risk of bias

Frontiers in Physiology | www.frontiersin.org

January 2022 | Volume 12 | Article 751905


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Bi0"uIssenuolmmm | ABojoisAud ul siepuoi

GO6 G/ B[Oy | gL swnjoA | Zzog Arenuer

TABLE 1 | Study characteristics.

No. References Country  Study type Study period  Study population Oocyte activation protocol Control Cases number Outcome indicators
1 LiJ.etal (2019) China Sibling oocytes Oct 2015-Dec  Previous ICSI cycles of no or  Calcium ionophore (ionomycin) = Sibling cocytes 50 patients Fertilization rate, Cleavage rate,
control 2017 low fertilization or were exposure twice for 5 min with a Survival Ml oocytes blastocyst rate, Implantation rate,
study-prospective diagnosed with severe 30 min interval after ICSI: 513 oocytes Pregnancy rate, Live-birth rate,
cohort study teratozoospermia AOA: 262 oocytes; Abortion rate, Fetal defect
control: 251 oocytes
2 Bonte et al. Belgium Retrospective Apr2001-Apr  Previous ICSI cycles of noor  CaCls injection and Calcium Before-after self 122 couples AOA: 191  Fertilization rate, Pregnancy rate,
(2019) cohort study 2018 low fertilization (<33.3%) jonophore (ionomycin) contrast cycles, 2,476 oocytes; Live-birth rate, Abortion rate, Fetal
exposure twice for 10 min with control: 243 cycles, defect
a 30 min interval 2351 oocytes
3 Li B. etal. (2019) China Retrospective Jan 2011-Dec (1) ICSI fertilization rate <50; Calcium ionophore (ionomycin) Conventional AOA:169 patients Implantation rate, Pregnancy rate,
cohort study 2016 (2) good quality embryo rate exposure for 10 min ICSI control:507 patients Live-birth rate, Abortion rate, Fetal
<30%; (3) severe defect
oligoasthenoteratozoospermia
(OAT); (4) TESA or PESA
4 Fawzy et al. Egypt RCT Apr 2015-Jan  Two previous ICSI cycles of Group | (SrCly for 60 min Randomized 343 participants (SrCI2  Fertilization rate, Cleavage rate,
(2018) 2016 low fertilization (0-30%) or with  post-ICSI) group Il (GM508 controlled AOA:115, top Embryo rate, Blastocyst rate,
male-factor infertility CultActive for 20 min post-ICSI) calcimycinAOA: 113 Implantation rate, Pregnancy rate,
undergoing their first ICSI cycle and ICSI:115) Live-birth rate, Abortion rate
5 Mateizel et al. Belgium  Single-center 2004-2015 Low (n = 14) or no (n = 16) CaCly injection and Calcium Conventional 237 cycles, 74 Fetal defect
(2018) observational fertilization in previous cycles,  ionophore (ionomycin) ICSI pregnancies with
study- prospective globozoospermia (n = 6), small exposure twice for 7 min with a ICSI+AQA, 47
cohort study acrosome (n = 2), and poor 30min interval or calcium newborns.
embryo development (n = 1) ionophore (GM508 CultActive)
exposure for 15 min
6 Miller et al. (2016) Israel Retrospective 2006-2014 Failed fertilization after one ICSI Calcium ionophore (A23187) Conventional AOA: 83 pregnancies;  Abortion rate, fetal defect
cohort study procedure in the presence of at exposure for 10 min ICSI ICSI: 595 pregnancies.

7 Aydinuraz et al.  Turkey
(2016)

8 Dayong Hao China
etal. (2016)

9 Ebner et al. Germany/
(2015) Austria

10  Caglar Aytac Turkey

etal. (2015)

1 Kang et al. (2015) Korea

Prospective,
randomized and
single blind study

Sibling oocytes
control study

Prospective
multicentre study

Prospective,
randomized
controlled study

Retrospective
study

Dec 2013-Feb
2014

Jan 2015-Dec
2015

Duration almost
2-year

Jan 2014-Aug
2014

Jan 2006-Jun
2013

least five mature oocytes
without oocyte abnormality or
had <10% fertilization rate

Teratozoospermia (<4%
according to WHO 2010
reference limits) and a low
fertilization rate (<50%) in the
previous cycle

Previous ICSI cycles of low
fertilization <30%,
globozoospermia, or poor
embryo development
Previous ICSI cycles of low
fertilization <50%, at least three
cumulus—oocyte complexes
DOR and partners with normal
sperm parameters

Previous ICSI cycles of no or
low fertilization (<45%)

Calcium ionophore (GM508
CultActive) exposure for 15 min

Calcium ionophore (A23187)
exposure for 15 min

Calcium ionophore (GM508
CultActive) exposure for 15 min

Calcium ionophore (GM508
CultActive) exposure for 15 min

Calcium ionophore (A23187)
exposure for 5min

Sibling oocytes

Sibling oocytes

Before-after self
contrast

Randomized
controlled

Conventional
TESE

21 couples

AOA: 97 Ml oocytes;
Control: 97 Ml oocytes

AOA: 12 patients; ICSI:

12 patients

AOA: 101 cycles;
Control: 101 cycles

AOA: 148 patients;

Control: 148 patients

AOA: 29 cycles;
Control: 480 cycles

Fertilization rate, cleavage rate,
top embryo rate, implantation

rate, pregnancy rate, live-birth
rate, abortion rate

Fertilization rate, top embryo rate,
fetal defect

Fertilization rate, blastocyst rate

Fertilization rate, cleavage rate,

pregnancy rate, live-birth rate

Pregnancy rate, live-birth rate

(Continued)
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TABLE 1 | Continued

No. References Country  Study type Study period  Study population Oocyte activation protocol Control Cases number Outcome indicators
12 Ebneretal. Austrian Prospective, Duration 1 year Complete developmental Calcium ionophore (GM508 Before-after self ~ AOA: 57 cycles; Fertilization rate, cleavage rate,
(2014) multicenter, arrest (no transfer), or CultActive) exposure for 1I5min  contrast Control: 57 cycles top embryo rate, blastocyst rate,
uncontrolled complete developmental delay implantation rate, pregnancy rate,
intervention (no morula/blastocyst on Day live-birth rate, abortion rate,
study 5), or significantly reduced fetal defect
blastocyst formation (<15%) in
a previous cycle
13  Deemeh et al. Iran Historical Feb 2008-May (1) Testicular sperm extraction ~ Calcium ionophore (ionomycin) Conventional AOA-ICSI: 275 cycle Pregnancy rate, live-birth rate,
(2014) cohort study 2010 (TESE); exposure for 10 min ICSI (TESE: 150, severe abortion rate, fetal defect
(2) severe teratozoospermia teratozoospermia:
(sperm with abnormal 125);
morphology >98%) Control: 406 cycle
14 Yoonetal (2013) America  Retrospective 2007-2011 Previous ICSI cycles of noor  Calcium ionophore (A23187) Before-after self ~ AOA: 185 cycles; Implantation rate, pregnancy rate,
study low fertilization (<50%) exposure for 30 min contrast Control: 185 cycles live-birth rate, abortion rate, fetal
defect
15 Eftekhar et al. Iran Prospective, Apr 2012-Dec  Teratoospermic partner Calcium ionophore(A23187) Randomized AOA: 19 patients; Pregnancy rate, live-birth rate,
(2013) randomized, 2012 (normal morphology <14%) exposure for 5min controlled ICSI:19 patients abortion rate
unblinded, undergoing to ICSI cycles
clinical trial
16  Ebneretal. Germany/ Prospective Aug 2009-Mar  Patients with azoospermia Calcium ionophore (GM508 Before-after self ~ AOA: 75 cycles; Fertilization rate, blastocyst rate,
(2012) Austria multicenter study 2011 (44%) or cryptozoospermia CultActive) exposure for 15 min  contrast Control: 88 cycles implantation rate, pregnancy rate,
(56%) (e.g., showing <0.1 live-birth rate, fetal defect
spermatozoa/mL)
17 Montag et al. Germany  Retrospective 2003-2009 Patients with 0, 1-29, or Calcium ionophore (A23187) Before-after self ~ AOA: 129 cycles; Fertilization rate, implantation rate,
(2012) cohort study 30-50% fertilization in a exposure for 15 min contrast Control: 103 cycles pregnancy rate, live-birth rate,
previous ICSI cycle abortion rate, fetal defect
18  Vanden Belgium Prospective Jan 2006-Dec  Previous ICSI cycles of noor ~ CaCly injection and Calcium Sibling oocytes  AOA: 14patients Fertilization rate
Meerschaut et al. case series 2011 low fertilization in whom the ionophore (ionomycin) Control: 14 patients
(2012) MOAT >84% exposure twice for 10 min with
a 30min interval
19  Borges et al. Brazil RCT Jan 2006-Jul (1) Testicular sperm aspiration ~ Calcium ionophore (A23187) Randomized TESA-NOA Fertilization rate, top embryo rate,
(2009a) 2007 in exposure for 30 min controlled AOA: 29 cycles; implantation rate, pregnancy rate
non-obstructive-azoospermic Control: 29 cycles;
patients (TESA-NOA group, n TESA-OA control: 24
= 58); (2) TESA in obstructive- cycles;
azoospermic patients AOA: 24 cycles;
(TESA-OA group, n = 48); (3) PESA-OA control: 49
and percutaneous epididymal cycles;
sperm aspiration in AOA: 49cycles
obstructive-azoospermic
patients (PESA-OA, n = 98)
20 Borgesetal. Brazil RCT Jan 2006-Jul  The ejaculated group (n = 92), Calcium ionophore (A23187) Randomized Ejaculated AOA: 46 Fertilization rate, top embryo rate,
(2009b) 2007 the epididymal group (n = 82), exposure for 30 min controlled cycles; implantation rate, pregnancy rate,
and the testicular group Control: 46 cycles abortion rate
(n = 140) Epididymal;

AOA: 41 cycles;
Control: 41 cycles;
Testicular AOA: 70
cycles;

Control:70 cycles
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rate/Implantation
rate/abortion

rate: before-after
self contrast

assessment tool (Higgins, 2011). Seven domains were considered
in the risk of bias assessment: random sequence generation
(selection bias), allocation concealment (selection bias), blinding
of participants and personnel (performance bias), blinding of
outcome assessment (detection bias), incomplete outcome data
(attrition bias), selective reporting (reporting bias), and other
bias. The risk evaluation result was categorized as “low risk (with
less than two high-risk components),” “unclear risk (with more
than three unclear-risk components),” or “high risk (with more
than four high-risk components)” of bias.

The risk of observational studies was evaluated using the
Newcastle-Ottawa Quality Assessment Scale (NOS), which used
a score system based on three categories: selection of subjects,
comparability of study groups, and the assessment of exposure.
According to the NOS score, we graded the studies as low
quality (0-3 points), medium quality (4-6 points), and high
quality (7-9 points). The maximum score is 9 points. The above
quality assessment was undertaken by two reviewers (JW and YC)
independently, and further confirmed by a third reviewer (YS). A
funnel plot was used to assess publication bias.

Outcomes of Interest

The main purpose of this meta-analysis was to appraise
the efficacy and safety of AOA with calcium ionophore
in combination with ICSI compared with the regular ICSI
process, including clinical pregnancy rate and live birth rate.
The secondary outcomes of interest were: fertilization rate,
cleavage rate, top-quality embryo rate, blastocyst formation rate,
implantation rate, miscarriage rate, congenital birth defects,
and neonatal sex ratio. The explanation of each noun is
shown as follows (Zegers-Hochschild et al., 2009; ESHRE/Alpha,
2017): Clinical pregnancy means a pregnancy diagnosed by
ultrasonographic visualization of one or more gestational sacs
to define clinical signs of pregnancy. Clinical pregnancy rate is
the number of clinical pregnancies expressed per 100 embryo
transfer cycles. Fertilization rate is 2PN zygotes divided by the
number of injected mature oocytes. Cleavage rate is defined
as the proportion of zygotes which cleave into embryos on
day 2 post-insemination. Top-quality embryo rate is defined as
the proportion of day 3 embryos with a high score or grade.
Blastocyst formation rate is defined as the proportion of 2PN
zygotes which are at the blastocyst stage at day 5 or day 6.
Implantation rate is the number of gestational sacs observed
divided by the number of embryos transferred. Live birth rate
is defined as the number of deliveries that resulted in at least
one live born baby, expressed per 100 embryo transfer cycles.
Congenital birth defects refer to all structural, functional, and
genetic anomalies diagnosed in the neonatal period.

Statistical Analysis

A direct comparison meta-analysis was reported via odds ratio
(OR) with 95% confidence intervals (CIs). We measured pooled
ORs through a fixed effects model and calculated heterogeneity
by Q-test and I statistics. A random effects model was employed
instead when significant heterogeneity appeared with P < 0.1 and
17> 50%. Both fixed and random effects models were applied in
this study. We conducted subgroup analyses based on clinical
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B Record identified through Other resources obtained
< database searching (n=921 ) literature (n=7)
g
=
2
—
) : Review, systematic review, meta
Records after duplicates . : .
—®>|  analysis and animal experiment
removed (n=681) >
o0 were excluded (n=137)
E +
<
7]
© . .
Preliminary screening = Reviewing the abstract excluded
(n=544) (n=433)
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= : Case report, inconsistent outcome,
= Included literature (n=111) [~ 4 P
= not full text (n=89)
=
2 Literature for meta-analysis (n=22)
] 5RCTs
= 9 Prospective observational trials
8 Retrospective trials

FIGURE 1 | Flowchart of the search method and selection.

diversity and performed two subgroup analyses. Subgroup
analyses were stratified into two categories: “previous fertilization
failure or low fertilization rate” and “embryo developmental
problems [embryonic development block or sperm factor or
diminished ovarian reserve (DOR)].” All statistical analysis
was accomplished using Review Manager Version 5.3 statistical
software and STATA 13.0.

RESULTS

Study Selection and Characteristics

Our study initially yielded 921 articles via the database search
and 7 articles through other resources, of which 681 studies
were reserved after removing the duplicates. Then 137 articles
including reviews, meta-analysis, and animal experiments were
excluded. A total of 544 articles were initially screened out, and
433 articles were excluded by reading abstracts. Subsequently,
111 papers conformed to our eligibility criteria, of which 89
studies were precluded for the following reasons: case report,
inconsistent outcome, or no full text. Eventually, 22 full-text
articles were included in our meta-analysis, consisting of 5
RCTs (Borges et al., 2009a,b; Eftekhar et al., 2013; Caglar Aytac
et al,, 2015; Fawzy et al., 2018), 9 prospective observational trials
(Heindryckx et al., 2008; Ebner et al., 2012, 2014, 2015; Vanden
Meerschaut et al., 2012; Aydinuraz et al., 2016; Dayong Hao et al.,

2016; Mateizel et al., 2018; Li J. et al., 2019), and 8 retrospective
trials (Kyono et al., 2012; Montag et al., 2012; Yoon et al., 2013;
Deemeh et al., 2014; Kang et al., 2015; Miller et al., 2016; Bonte
etal, 2019; Li B. et al., 2019; Table 1). The flowchart of literature
identification and selection is summarized in Figure 1.

Methodological Quality Assessment

The quality of these five RCTs was evaluated using the Cochrane
Risk of Bias tool. Only one study was considered to have
high quality, and the remaining four articles all reached a
moderate risk of bias (Supplementary Figure 1). The RCTs
were regularly graded as high risk with complete blinding. To
assess the quality of the included observational studies, the
NOS was adopted to divide the studies into good, fair, and
poor. The great majority of articles indicated good quality at
a low risk of bias (six studies scored 9 points, three studies
scored 8 points, and five studies scored 7 points), and the other
three studies were recognized as medium quality at moderate
risk (two studies scored 6 points and one study scored 5
points). The overall quality of the observational studies was high
(Supplementary Table 1). Sensitivity analyses and publication
bias assessments were executed for remarkable heterogeneity
among studies.
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Primary Outcome

Pregnancy Rate

In this analysis, 17 studies investigated the effect of AOA with
calcium ionophore on the pregnancy rate especially (Heindryckx
et al, 2008; Borges et al., 2009a,b; Ebner et al, 2012, 2014;
Kyono et al.,, 2012; Montag et al., 2012; Eftekhar et al., 2013;
Yoon et al, 2013; Deemeh et al., 2014; Caglar Aytac et al,
2015; Kang et al, 2015; Aydinuraz et al, 2016; Fawzy et al,
2018; Bonte et al., 2019; Li B. et al., 2019; Li J. et al., 2019).
It was 34.87% (649/1,861) in the ICSI-AOA with calcium
ionophore group and 33.68% (799/2,372) in the non-AOA group.
Patients undergoing AOA with calcium ionophore had a higher
pregnancy rate compared with the control (OR 2.14; 95% CI,
1.38-3.31; P = 0.0006; I> = 82%; Figure 2A). The funnel
plot of pregnancy rate was not asymmetric and Egger’s test
showed no statistically significance (P = 0.064), which suggested
no publication bias (Supplementary Figure 2A). Considering
the heterogeneity was statistically significant (P < 0.00001;
I’ = 82%), we conducted subgroup analyses. In the “previous
fertilization failure or low fertilization rate” subgroup (OR 3.79;
95% CI, 1.90-7.59; P = 0.0002; I = 67%) and “embryo
developmental problems (embryonic development block or
sperm factor or DOR)” subgroup (OR 2.28; 95% CI, 1.21-4.29;
P = 0.01; > = 73%), the results illustrated that AOA with
calcium ionophore uncommonly enhanced the pregnancy rate
(Figure 2B) in both subgroups, which indicated that the included
study populations were not the main sources of variance in
the pregnancy rate. The funnel plot showed no publication bias
(Supplementary Figure 2B).

Live Birth Rate

A total of 14 studies reported the live birth rate (Heindryckx
et al, 2008; Ebner et al, 2012, 2015; Montag et al, 2012;
Eftekhar et al., 2013; Yoon et al, 2013; Deemeh et al., 2014;
Caglar Aytac et al, 2015; Kang et al., 2015; Aydinuraz et al.,
2016; Fawzy et al, 2018; Bonte et al, 2019; Li B. et al,
2019; Li J. et al, 2019). The analysis showed that AOA with
calcium ionophore heightened the offspring live birth rate.
The funnel plots showed obvious publication bias among these
articles (Supplementary Figure 3A). Owing to the IZ value (80%)
representing high heterogeneity among the included studies, the
pooled OR was performed through a random effects model (OR
2.65; 95% CI, 1.53-4.60; P = 0.0005; I*> = 80%; Figure 3A),
and further subgroup analyses were executed. Moreover, the
heterogeneity reduced (OR 3.23; 95% CI, 2.31-4.52; P < 0.00001;
I?> = 29%) and publication bias disappeared when we excluded
the five low-quality studies (Ebner et al, 2012; Kang et al,
2015; Mateizel et al., 2018; Bonte et al.,, 2019; Li B. et al,
2019; Figure 3B), and the results were consistent with before
the elimination. In subgroup analyses, consistent results revealed
that AOA with calcium ionophore significantly increased the
birth rate of re-assisted pregnancy in the “previous fertilization
failure or low fertilization rate” subgroup (OR 4.76; 95% CI,
2.01-11.25; P = 0.0004; I* = 65%) and “embryo developmental
problems (embryonic development block or sperm factor or
DOR)” subgroup (OR 4.59; 95% CI, 1.35-15.65; P = 0.01;
I> = 72%; Figure3C), and no publication bias appeared

(Supplementary Figure 3B). Hence, the high heterogeneity in
this part was caused by the design and quality of studies but not
the fact that included studies recruited diverse study populations.

Secondary Outcomes

Fertilization Rate

Fifteen articles investigated the effect of AOA with calcium
ionophore on fertilization rate (Heindryckx et al., 2008; Borges
et al,, 2009a,b; Ebner et al, 2012, 2014, 2015; Kyono et al,,
2012; Montag et al,, 2012; Vanden Meerschaut et al., 2012;
Caglar Aytac et al, 2015; Aydinuraz et al., 2016; Dayong
Hao et al, 2016; Fawzy et al, 2018; Bonte et al., 2019; Li J.
et al., 2019). It was 62.92% (6,851/10,888) in the ICSI-AOA
group and 38.93% (3,772/9,690) in the non-AOA group. AOA
with calcium ionophore significantly raised the fertilization
rate of patients re-undergoing ICSI (OR 2.54; 95% CI, 1.52-
424; P = 0.0004; I> = 98%; Figure 4A). The funnel plot
showed obvious publication bias among the included studies
(Supplementary Figure 4A). Considering the extremely high
heterogeneity, we conducted subgroup analyses. They illustrated
that for the “previous fertilization failure or low fertilization rate”
subgroup, AOA with calcium ionophore significantly enhanced
the fertilization rate (OR 3.77; 95% CI, 2.28-6.23; P < 0.00001;
I’ = 97%); whereas, for the “embryo developmental problems
(embryonic development block or sperm factor or DOR)”
subgroup, AOA with calcium ionophore did not influence
the fertilization rate (OR 1.18; 95% CI, 0.64-2.14; P = 0.60;
I?> = 96%; Figure 4B, Supplementary Figure 4B). These results
demonstrated a significant association between fertilization rate
and types of people included.

Cleavage Rate

Five studies reported the cleavage rate (Ebner et al., 2014; Caglar
Aytac et al., 2015; Aydinuraz et al., 2016; Fawzy et al., 2018; Li J.
et al., 2019). It was 93.72% (2,702/2,883) in the AOA treatment
group and 85.92% (1,300/1,513) in the control group. Employing
the random effects model, this difference was not discovered to
be of statistical significance: OR 1.68; 95% CI, 0.90-3.13; P =
0.10; I> = 74% (Figure 5, Supplementary Figure 5). The results
indicated that there was no association between cleavage rate and
AOA with calcium ionophore treatment.

Top-Quality Embryo Rate

Six studies explored the effect of AOA with calcium ionophore
on top-quality embryos (Borges et al., 2009a,b; Ebner et al., 2014;
Aydinuraz et al., 2016; Dayong Hao et al., 2016; Fawzy et al,,
2018). The top-quality embryo rate was 62.70% (2,264/3,611)
in the AOA treatment group and 49.78% (1,222/2,455) in the
control group. Using the random effects model, we found AOA
with calcium jonophore could not improve the top-quality
embryo rate (OR 1.15; 95% CI, 0.72-1.82; P = 0.55; I? = 92%;
Figure 6, Supplementary Figure 6).

Blastocyst Formation Rate
Five studies represented the related information about blastocyst
formation (Ebner et al., 2012, 2014, 2015; Fawzy et al., 2018;
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A
AOA non-AOA Odds Ratio Odds Ratio
r r Events Total Events Total Weight M-H ndom, 95% Cl M-H, Random % CI
Aydinuraz 2016 2 6 4 10 29% 0.75[0.09, 6.23]
Aytac 2015 31 101 19 83 7.3% 1.49[0.77, 2.90] T
Bonte 2019 82 225 8 123 6.9% 8.24 [3.83, 17.74] - =
Borges1 2009 32 102 25 102 7.4% 1.41[0.76, 2.60] 1T
Borges2 2009 39 157 39 157 7.8% 1.00 [0.60, 1.67] -1
Deemeh 2014 93 275 134 406 8.3% 1.04 [0.75, 1.43] T
Ebner 2012 25 73 5 79  5.9% 7.71[2.76, 21.52] -
Ebner 2014 23 51 5 39  5.6% 5.59 [1.88, 16.59] -
Eftekhar 2013 7 17 3 18  4.1% 3.50[0.73, 16.85] T
Fawzy 2018 104 228 31 115 7.9% 2.27 [1.40, 3.70] -
Hee JK 2015 6 29 250 480 6.3% 0.24 [0.10, 0.60] -
Heindryckx 2008 20 61 0 50 1.9% 49.89 [2.93, 849.93] —
Hye JY 2013 49 170 4 72 57% 6.88 [2.38, 19.90] -
Koichi Kyono 2012 15 59 0 35  1.8% 24.73 [1.43, 427.74] >
Li B 2019 81 169 256 507 8.3% 0.90 [0.64, 1.28] -
Li JS 2019 10 26 6 24 52% 1.88[0.56, 6.32] -1
Montag 2012 30 112 10 72 6.8% 2.27 [1.03, 4.99]
Total (95% ClI) 1861 2372 100.0% 2.14[1.38, 3.31] <>
Total events 649 799
Heterogeneity: Tau? = 0.57; Chi2 = 90.12, df = 16 (P < 0.00001); I = 82% ’0 o o‘ ” ; 1’0 ” 00’
Test for overall effect: Z = 3.42 (P = 0.0006) ’ ' AOA non-AOA
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Koichi Kyono 2012 15 59 0 35  2.3% 24.73 [1.43, 427.74] »
Li JS 2019 10 26 6 24 6.7% 1.88[0.56, 6.32] -1
Montag 2012 30 112 10 72 8.9% 2.27 [1.03, 4.99] —
Subtotal (95% Cl) 887 501 50.1% 3.79 [1.90, 7.59] -
Total events 311 63
Heterogeneity: Tau? = 0.54; Chi? = 21.43, df =7 (P = 0.003); 1> = 67%
Test for overall effect: Z = 3.77 (P = 0.0002)
1.7.2 embryo developmental problems
Aytac 2015 31 101 19 83  9.6% 1.49[0.77, 2.90] =
Borges1 2009 32 102 25 102 9.8% 1.41[0.76, 2.60] T
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Total events 157 96
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FIGURE 2 | (A) Forest plot of pregnancy rate between AOA treatment and non-AOA treatment patient groups using calcium ionophore. (B) The subgroup analysis of
pregnancy rate between AOA treatment and non-AOA treatment patient groups.
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A AOA non-AOA Odds Ratio Odds Ratio
r re Events Total Events Total Weight M-H, Ran % Cl M-H, Random, 95% CI
Aydinuraz 2016 2 6 3 10  4.1% 1.17 [0.13, 10.22] -
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FIGURE 3 | (A) Forest plot of live birth rate between AOA treatment and non-AOA treatment patient groups using calcium ionophore. (B) Forest plot of live birth rate
between AOA treatment and non-AOA treatment patient groups after reducing the heterogeneity. (C) The subgroup analysis of live birth rate between AOA treatment

and non-AOA treatment patient groups.
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FIGURE 4 | (A) Forest plot of fertilization rate between AOA treatment and non-AOA treatment patient groups using calcium ionophore. (B) The subgroup analysis of
fertilization rate between AOA treatment and non-AOA treatment patient groups.
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FIGURE 5 | Forest plot of cleavage rate between AOA treatment and non-AOA treatment patient groups using calcium ionophore.
AOA non-AOA Odds Ratio Odds Ratio
r r Events Total Events Total Weight M-H. Random,. 95% CI M-H, Random, 95% CI
Aydinuraz 2016 28 80 38 71 14.8% 0.47 [0.24, 0.90] "
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Ebner 2014 197 380 136 329 19.3% 1.53[1.13, 2.06] -
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FIGURE 6 | Forest plot of top-quality embryo rate between AOA treatment and non-AOA treatment patient groups using calcium ionophore.

Li J. et al, 2019). It was 55.55% (1,481/2,666) in the ICSI-
AOA group and 32.77% (386/1,178) in the non-AOA group.
Applying a random effects model to analyze the blastocyst
formation rate, a statistically significant difference was observed:
OR 3.59; 95% CI, 1.34-9.60; P = 0.01; I> = 94% (Figure 7,
Supplementary Figure 7). The pooled results suggested AOA
with calcium ionophore improved the blastocyst formation rate.

Implantation Rate

Eleven articles presented the implantation rate, of which
there were 488 (488/2,208) implanted embryos in the AOA
with calcium ionophore group and 473 (473/2,218) implanted
embryos in the non-AOA group (Borges et al., 2009a,b; Ebner
et al, 2012, 2014; Kyono et al., 2012; Montag et al.,, 2012;
Yoon et al,, 2013; Aydinuraz et al., 2016; Fawzy et al., 2018;
Li B. et al,, 2019; Li J. et al,, 2019). A statistically significant
difference of implantation rate was observed between ICSI-
AOA and non-AOA groups. In view of the high heterogeneity
(P < 0.00001; I> = 85%), we derived the pooled OR with
a random effects model (OR 2.38; 95% CI, 1.38-4.11; P =
0.002; I* = 85%; Figure 8A). The funnel plot remained skewed
which suggested publication bias (Supplementary Figure 8A).
Given the remarkable heterogeneity, subgroup analyses were
conducted. For the “previous fertilization failure or low
fertilization rate” subgroup, AOA with calcium ionophore

obviously increased its implantation rate (OR 2.68; 95% ClI,
1.42-5.06; P = 0.002; I*> = 56%); however, for the “embryo
developmental problems (embryonic development block or
sperm factor or DOR)” subgroup, AOA with calcium ionophore
could not improve the implantation rate (OR 2.85; 95% CI, 0.84—
9.72; P=0.09; I> = 91%; Figure 8B, Supplementary Figure 8B).
For the “previous fertilization failure or low fertilization rate”
subgroup, AOA in combination with ICSI could improve
the implantation rate significantly, but for the “embryo
developmental problems (embryonic development block or
sperm factor or DOR)” subgroup, AOA could not increase
the implantation rate. These results suggested that the high
heterogeneity between studies might be due to the different
populations included in the study.

Miscarriage Rate

Thirteen of the included studies investigated the effect of AOA
with calcium ionophore on pregnancy outcome (Borges et al,
2009b; Kyono et al., 2012; Montag et al., 2012; Eftekhar et al.,
2013; Yoon et al., 2013; Deemeh et al., 2014; Ebner et al., 2014;
Aydinuraz et al, 2016; Miller et al., 2016; Fawzy et al., 2018;
Bonte et al, 2019; Li B. et al, 2019; Li J. et al., 2019). Among
the included infertility patients, 20.23% (124 of 613) of patients
in the ICSI-AOA group and 19.53% (214 of 1,096) of patients
in control group experienced miscarriage. Using a fixed effects
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FIGURE 7 | Forest plot of blastocyst formation rate between AOA treatment and non-AOA treatment patient groups using calcium ionophore.

model, we did not discover a statistically significant difference
between these two groups (OR 0.78; 95% CI, 0.57-1.07; P = 0.12;
I?> = 0; Figure 9). Hence, AOA with calcium ionophore did not
increase the miscarriage rate. Based on the Begg’s test, the P-value
equaled 0.945 > 0.05, which implied no indication of asymmetry
among the included 13 studies (Supplementary Figure 9).

Congenital Birth Defects

Thirteen out of 22 studies reported the rate of congenital birth
defects (Heindryckx et al., 2008; Ebner et al., 2012, 2014; Kyono
et al,, 2012; Montag et al., 2012; Yoon et al., 2013; Deemeh et al.,
2014; Dayong Hao et al., 2016; Miller et al., 2016; Mateizel et al.,
2018; Bonte et al., 2019; Li B. et al., 2019; Li J. et al,, 2019). The
incidence of birth defects was 2.15% (11/512) in the ICSI-AOA
treatment group and 3.97% (151/3,808) in the non-AOA control
group. According to this meta-analysis, no significant difference
was found between the ICSI-AOA group and only ICSI group
in congenital anomalies (OR 1.33; 95% CI, 0.70-2.53; P = 0.38;
I? = 0; Figure 10A). The result suggested that AOA with calcium
ionophore did not affect the safety of offspring. Additionally,
funnel plots (symmetric) and Egger’s test illustrated no obvious
publication bias (Supplementary Figure 10A). Furthermore,
subgroup comparison of different activators between ionomycin
and calcimycin were conducted. In the “ionomycin” subgroup
(Heindryckx et al., 2008; Deemeh et al., 2014; Bonte et al., 2019;
Li B. et al, 2019; Li J. et al,, 2019), congenital birth defects
occurred in 0.78% (2/256) of patients in the ICSI-AOA group
and 1.6% (5/312) in the non-AOA group, respectively. Also in
this meta-analysis, no significant difference was found in the
ionomycin subgroup (OR 0.85; 95% CI, 0.20-3.71; P = 0.85; I> =
28%; Figure 10B). In the “calcimycin” subgroup (Ebner et al,
2012, 2015; Kyono et al.,, 2012; Montag et al., 2012; Yoon et al.,
2013; Dayong Hao et al., 2016; Miller et al., 2016), no significant
difference was found between the ICSI-AOA group (3.05%,
6/197) and non-AOA group (4.33%, 42/971) (OR 1.63; 95% CI,
0.67-3.96; P = 0.28; I> = 0; Figure 10B). These results suggested
that using different types of calcium ionophore (ionomycin and
calcimycin) for AOA would not increase the incidence of birth
defects in the offspring of infertile patients. The study of Mateizel
et al. (2018) was excluded due to four newborns resulting from
mixed transplantation of calcimycin and ionomycin activation

cycles. Another research study was excluded, in which only 10
newborns after calcimycin treatment were included, and no birth
defects occurred (Kyono et al, 2012). After SrCl, activation
treatment, 12 babies were born without birth defects, so they were
not included in the subgroup analysis. The funnel plot is shown
in Supplementary Figure 10B.

Neonatal Sex Ratio

Seven studies reported the neonatal sex and were analyzed by
one-arm analysis (Heindryckx et al., 2008; Yoon et al., 2013;
Miller et al., 2016; Mateizel et al., 2018; Bonte et al., 2019; Li B. et
al,, 2019; Li J. et al,, 2019). After undergoing AOA with calcium
ionophore treatment, 167 boys and 149 girls were born. Using
a fixed effects model, no significant difference was discovered:
OR 0.53; 95% CI, 0.47-0.59; P = 0.71; I*> = 0 (Figure 11).
There was no evidence of publication bias in the neonatal sex
ratio (Supplementary Figure 11). These above results revealed
that AOA with calcium ionophore had no effect on the sex ratio
of newborns.

DISCUSSION

Summary of Findings

Calcium ionophore treatment during AOA is a common
chemical activation method and is always used in cases with low
fertilization rates or developmental block. Several studies showed
that the use of AOA with calcium ionophore treatment improved
pregnancy and live birth rate to a certain degree. As the number
of studies increase, it is necessary to find more reliable evidence
of calcium ionophore in improving pregnancy outcome. In this
study, a meta-analysis was performed to explore the efficacy and
safety of calcium ionophore treatment during AOA in improving
pregnancy outcome and decreasing the incidence of congenital
birth defects.

This meta-analysis was conducted based on five RCTs and
17 observational studies. Two publications (Kyono et al., 2012;
Fawzy et al, 2018) dealt with SrCl,, which is not a regular
Ca-ionophore but is thought to use calcium channels since
Ca%* and Sr** are very similar molecules. Recently, Lu et al.
(2018) found that SrCl, activation cannot stimulate calcium
oscillation or parthenogenic division in matured oocytes in vitro

Frontiers in Physiology | www.frontiersin.org

12 January 2022 | Volume 12 | Article 751905


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Shan et al. AOA Improve Pregnancy Outcomes

A AOA non-AOA Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI

Aydinuraz 2016 2 6 4 10 4.4% 0.75[0.09, 6.23] —

Borges1 2009 16 102 13 102 10.1% 1.27 [0.58, 2.81] =

Borges2 2009 49 338 58 372 12.0% 0.92[0.61, 1.39] B

Ebner 2012 42 126 6 150 9.5% 12.00 [4.89, 29.42] -

Ebner 2014 32 72 6 48 9.1% 5.60 [2.12, 14.82] -

Fawzy 2018 113 374 33 182 11.9% 1.95[1.26, 3.03] -

Hye JY 2013 71 557 4 238 8.9% 8.55[3.08, 23.68] -

Koichi Kyono 2012 16 79 0 42 2.9% 22.09[1.29, 378.10] >

Li B 2019 103 308 333 920 12.5% 0.89[0.67, 1.16] -

Li JS 2019 11 41 6 38 8.4% 1.96 [0.64, 5.95] -

Montag 2012 33 205 10 116 10.4% 2.03[0.96, 4.30] ‘_'_

Total (95% CI) 2208 2218 100.0% 2.38 [1.38, 4.11] S

Total events 488 473 . . . .

Heterogeneity: Tau? = 0.60; Chi? = 66.56, df = 10 (P < 0.00001); I> = 85% ; ' ; !

Test for overall effect: Z = 3.13 (P = 0.002) 0.01 01 AOA1 non-AOA 10 100
B AOA non-AOA Odds Ratio Odds Ratio

r r Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% ClI

1.9.1 previous ICSI cycles of no or low fertilization

Aydinuraz 2016 2 6 4 10 5.2% 0.75[0.09, 6.23]

Fawzy 2018 113 374 33 182 13.4% 1.95[1.26, 3.03] -

Hye JY 2013 71 557 4 238 10.2% 8.55 [3.08, 23.68] -

Koichi Kyono 2012 16 79 0 42 3.4% 22.09[1.29, 378.10] >

Li JS 2019 11 41 6 38 9.7% 1.96 [0.64, 5.95] -

Montag 2012 33 205 10 116 11.8% 2.03[0.96, 4.30] |

Subtotal (95% CI) 1262 626 53.6% 2.68 [1.42, 5.06] S

Total events 246 57

Heterogeneity: Tau? = 0.30; Chi? = 11.47, df =5 (P = 0.04); I1> = 56%
Test for overall effect: Z = 3.05 (P = 0.002)

1.9.2 embryo developmental problems

Borges1 2009 16 102 13 102 11.5%
Borges2 2009 49 338 58 372 13.5%
Ebner 2012 42 126 6 150 10.9%
Ebner 2014 32 72 6 48 10.5%
Subtotal (95% Cl) 638 672 46.4%
Total events 139 83

Test for overall effect: Z = 1.68 (P = 0.09)

Total (95% Cl) 1900 1298 100.0%
Total events 385 140

Test for overall effect: Z = 3.29 (P = 0.0010)
Test for subaroup differences: Chi2=0.01. df =1 (P =0.93). 2= 0%

of implantation rate between AOA treatment and non-AOA treatment patient groups.

Heterogeneity: Tau? = 1.40; Chi? = 33.76, df = 3 (P < 0.00001); I = 91%

Heterogeneity: Tau? = 0.66; Chi? = 47.59, df = 9 (P < 0.00001); I>=81% ) ! ! "

FIGURE 8 | (A) Forest plot of implantation rate between AOA treatment and non-AOA treatment patient groups using calcium ionophore. (B) The subgroup analysis

1,27 [0.58, 2.81] N
0.92[0.61, 1.39] —
12.00 [4.89, 29.42] —_—
560 [2.12, 14.82] —
2.85 [0.84, 9.72] T+l
2.76 [1.51, 5.06] o
0.01 0.1 1 10 100
AOA non-AOA

or those with smooth endoplasmic reticulum. Therefore, these
two publications referring to SrCl, were also included. One study
(Ebner et al., 2014) reported that Ca?*-ionophore was meant to
activate mitosis at the cleavage stage and not activate the oocyte,
which was controversial but we still included the study. The only
fact is that both classical AOA and stimulation of mitosis have

the same underlying causative effect which is a reduced/depleted
intracellular calcium level. Luckily, Ebner et al. did apply the
Ca’*-ionophore stimulus exactly at the same time for both
indications (classical AOA and stimulation of mitosis) according
to their ethical vote, so that the application mode was exactly as
all other studies mentioned. The pregnancy rate in 17 studies
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FIGURE 9 | Forest plot of miscarriage rate between AOA treatment and non-AOA treatment patient groups using calcium ionophore.

showed it was also higher in the ICSI-AOA group (34.87%,
649/1,861) than in the non-AOA group (33.68%, 799/2,372).
Only 14 studies reported the effect of AOA with calcium
ionophore on live birth rate, and it was higher in the ICSI-
AOA group (28.90%, 446/1,543) than in the non-AOA group
(26.13%, 543/2,078). Focusing on the primary outcomes, calcium
ionophore in combination with ICSI significantly increased the
pregnancy rate and live birth rate. The secondary outcomes
reported that AOA with calcium ionophore played a positive
role in improving fertilization, blastulation, and implantation
rate, which suggested that AOA with calcium ionophore was
effective for oocyte activation. The results of subgroup analysis of
the fertilization rate suggested that for patients in the “previous
fertilization failure or low fertilization rate” subgroup, in general,
AOA significantly increased the fertilization rate of patients, but
could not improve the fertilization rate of patients with embryo
developmental problems. Similarly, the implantation rate had
the same results as the fertilization rate. And AOA did not
enhance the cleavage and top-quality embryo rate. Moreover,
calcium ionophore in combination with ICSI did not improve the
incidence of miscarriage, congenital birth defects, and neonatal
sex ratio, which suggested that AOA with calcium ionophore is
safe for oocyte activation.

Biological and Clinical Significance

Conventional IVF resulted in low fertilization rates or even no
fertilization. The most likely cause is oocyte activation failure,
followed by few or poor quality of sperm or oocyte characteristics.
ICSI is widely used to treat infertility caused by male factors,
but low fertilization and complete fertilization failure still arise
in a few special infertility populations due to abnormal cell
mitosis and embryo cleavage. Calcium has a major role in cell
mitosis and embryo cleavage (Swanson et al., 1997; Goud et al.,

1999; Tosti, 2006). Inadequate physiological or artificial calcium
causes cleavage anomalies or embryo arrest. Multiple methods
were proved to solve activation/fertilization failure problems
after ICSI, among which calcium ionophore is advantageous and
has no evidence of toxicity or harmful outcome (Miller et al.,
2016). In addition, ICSI in combination with AOA by calcium
ionophore has mitigated the above infertility problem. Multiple
studies reported that oocyte fertilization that failed after ICSI was
subsequently activated by calcium ionophore, and the activated
oocytes developed normally (Kashir et al., 2010). However, the
safety and efficacy of AOA with calcium ionophore are still
a routine trepidation. Hence, large-sample clinical studies and
meta-analyses or reviews need to be investigated. Recently, two
related meta-analyses that primarily concentrated on the efficacy
of AOA were reported (Sfontouris et al., 2015; Murugesu et al.,
2017). The results demonstrated that fertilization, blastulation,
implantation, and clinical pregnancy and live birth rate increased
with statistical significance in infertility patients treated with
calcium ionophore. Calcium ionophore appears to be the most
popular method in oocyte activation. With the increase of AOA-
related articles, a new meta-analysis was needed to discuss
the safety and efficacy of AOA with calcium ionophore. In
this study, we included 22 studies and mainly explored the
efficiency and safety of AOA with calcium ionophore in the
assisted reproductive field. Our results indicated that AOA
with calcium ionophore not only significantly increased the
fertilization, blastulation, implantation, and clinical pregnancy
and live birth rate, but also did not affect the incidence of
miscarriage, congenital birth defects, and neonatal sex ratio.
Inconsistent types of included studies may limit the
possibility in obtaining a more reliable conclusion and cause
high heterogeneity. There were five RCTs, nine prospective
observational trials, and eight retrospective trials in this study.
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FIGURE 10 | (A) Forest plot of congenital birth defect rate between AOA treatment and non-AOA treatment patient groups using calcium ionophore. (B) The
subgroup analysis of birth defect rate between AOA treatment and non-AOA treatment patient groups.

More RCT studies promoted a creditable outcome. Fertilization
failure after ICSI was uncommon, leading to difficultly in
designing and conducting a methodologically precise RCT,
so a small number of RCT studies were included in this
study. Our results tended to support the notion that calcium

ionophore treatment was safe and effective. The analysis results
indicated that AOA with calcium ionophore resulted in a
statistically significant improvement in live birth rate. The
degree of heterogeneity was high and publication bias appeared.
Subsequently, we performed a sensitivity analysis to discover the
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FIGURE 11 | Forest plots of the included studies reporting data on sex ratio.

cause of heterogeneity in the 14 studies. The results indicated
that five low-quality studies (Ebner et al., 2012; Deemeh et al,,
2014; Kang et al,, 2015; Bonte et al., 2019; Li B. et al., 2019)
had a great influence on heterogeneity. After excluding these
five low-quality studies, the heterogeneity and publication bias
disappeared among those remaining nine studies. The meta
analysis of the remaining nine studies also suggested AOA
with calcium ionophore significantly increased the live birth
rate. Through comprehensively analyzing the causes of bias,
we found that two studies (Ebner et al., 2012; Bonte et al.,
2019) covered pre- and post-control of their own case involving
patients with fertilization failure or low fertilization rate in the
previous cycle, and the live birth rate with the treatment of
calcium ionophore in the next cycle was significantly higher
than those without calcium ionophore in the previous cycle.
Another two studies (Deemeh et al., 2014; Li B. et al.,, 2019)
showed that AOA with calcium ionophore could improve the
birth rate of patients with previous fertilization failure or
low fertilization rate, as well as patients with testicular sperm
extraction (TESE) or severe teratozoospermia. However, Kang
et al. (2015) thought that patients with previous fertilization
failure or low fertilization rate could not achieve the same
birth rate as those who received TESE when they were

treated with TESE again. Therefore, there is heterogeneity
in the inclusion and evaluation for live birth rate in these
five studies.

Furthermore, in subgroup analyses, consistent results where
AOA with calcium ionophore significantly increased the birth
rate of re-assisted pregnancy were found in the “previous
fertilization failure or low fertilization rate” subgroup (OR 4.76;
95% CI, 2.01-11.25; P = 0.0004; I> = 65%) and “embryo
developmental problems (embryonic development block or
sperm factor or DOR)” subgroup (OR 4.59; 95% CI, 1.35-
15.65; P = 0.01; I> = 72%). Hence, the high heterogeneity
in this part was caused by the design and quality of studies
but not the fact that the included studies recruited diverse
study populations. High clinical heterogeneity could be explained
by patient characteristics, fertility treatment plans of different
centers, and distinct inclusion and exclusion criteria. After
eliminating specific studies by sensitivity analysis, our findings
were collated by a mixture of random and fixed models.
Moreover, the statistical heterogeneity could be handled by
subgroup analysis. And subgroup analysis did not change
our results. It increased the credibility of the findings in
AOA with calcium ionophore promoting live birth rate.
The overall pregnancy rate was significantly increased in the
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ICSI-AOA group. And no publication bias appeared. After
eliminating specific studies by sensitivity analysis, we found
high heterogeneity appearing among these 17 included studies.
Aiming to analyze the reasons for high heterogeneity, subgroup
analysis was performed. The results demonstrated that AOA with
calcium ionophore uncommonly enhanced the pregnancy rate in
both subgroups. It ensured more credible results in AOA with
calcium ionophore promoting overall pregnancy rate.

For the secondary results, in view of the fact that we were
more interested in the safety of AOA for offspring, the analysis
results indicated that AOA with calcium ionophore not only
reduced the incidence of congenital birth defects, but also a
decrease was seen in the ICSI-AOA group. Furthermore, the
degree of heterogeneity was low. However, although 13 studies
were included, 8 studies had few newborns (Heindryckx et al,
2008; Ebner et al, 2012, 2015; Montag et al, 2012; Yoon
et al., 2013; Dayong Hao et al., 2016; Bonte et al.,, 2019; Li
J. et al., 2019). Therefore, increasing the number of newborns
contributed to a more reliable conclusion in assessing the safety
of AOA with calcium ionophore. Similar results were found in
miscarriage rate. AOA with calcium ionophore did not affect the
pregnancy outcome and a similar miscarriage rate was discovered
in the ICSI-AOA group and non-AOA group. Thirteen articles
mentioned miscarriage rate, among which one study reported
that no clinical pregnancy occurred in the only-ICSI group.
The number of research articles and cases was acceptable, and
low heterogeneity and no publication bias occurred. Therefore,
the conclusion that AOA with calcium ionophore did not
promote miscarriage rate was evidence-based. Moreover, the
fertilization, blastocyst formation, and implantation rate all
improved with a statistical difference. However, in the subgroup
analyses, ICSI-AOA could obviously improve the fertilization
and implantation rate of patients with “previous fertilization
failure or low fertilization rate,” but not the patients with “embryo
developmental problems.” It reminded us that it was of little
significance to use calcium ionophore during AOA to activate
oocytes for patients with “embryo developmental problems.”
Compared with the non-AOA group, no evidence in improving
cleavage and top-quality embryo rate was found, but a trend of
promotion appeared. The gender of the fetus at birth was also
of concern to us. The results revealed that AOA with calcium
ionophore had no effect on the sex ratio of newborns using by
one-arm analysis. This study did not pay attention to the baby’s
development in the future, and ignored whether gene expression
was affected by treatment by calcium ionophore.

CONCLUSION

These existing studies proved that AOA by calcium ionophore
following ICSI not only significantly improved live birth, overall
pregnancy, implantation, fertilization, and blastocyst formation
rates, but also did not affect the incidence of miscarriage and
congenital birth defects. Strong evidence for the efficacy and
safety of calcium ionophore application in improving oocyte

activation has been discovered. This meta-analysis indicated that
using calcium ionophore to activate oocytes was beneficial for
couples with poor fertilization rates following ICSI. We would
suggest using AOA with calcium ionophore in routine practice
for failed fertilization following ICSI.
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ABSTRACT

This article reviews the evidence regarding the safety and efficacy of intra-cytoplasmic sperm
injection (ICSI) in order to provide evidence-based clinical and laboratory guidelines and
recommendations for use of ICSI within an assisted reproductive technology (ART) service.
The guidelines will address the evidence for the use of ICSI rather than conventional IVF
insemination; the use of ART techniques supplementary to ICSI; and risks associated with
ICSI. This article is not intended to be the only approved standard of practice or to dictate an
exclusive course of treatment. Other plans of management may be appropriate, taking into
account the needs and medical history of the patient, available resources, and institutional or
clinical practice limitations. The Executive Committees of the British Fertility Society (BFS)
and Association of Reproductive and Clinical Scientists (ARCS) have approved this report. It
was reviewed by members of BFS and ARCS and their input was considered in the preparation
of the final document. This article will not consider specific details concerning technical

aspects of the ICSI procedure.

Keywords: ICSI, IVF, male factor infertility, unexplained infertility, fertilisation



Introduction

Subfertility affects 15% of heterosexual couples globally, but estimates of the contribution of
male factor subfertility to this overall figure vary widely, from 7.5% to 70% of couples
(Agarwal et al., 2015). Differences between countries, in the definition of male factor
subfertility, and the scarcity of population-based reports make it difficult to establish an
accurate estimate, but it is generally accepted that a male factor is implicated in around 50% of
subfertility, with 20-30% of cases being exclusively due to male factor(s) (Agarwal et al.,

2015).

Intracytoplasmic sperm injection (ICSI) is a laboratory technique for the management
of male factor subfertility that aims to assist fertilisation using micromanipulation. A single
spermatozoon is selected, immobilised and injected into a mature oocyte from which the
surrounding cumulus cells have been removed. Successful pregnancy following ICSI was first
described in 1992 (Palermo et al., 1992) and the technique was rapidly incorporated into routine
ART practice worldwide, offering hope to a sub-group of men who would otherwise have little
or no chance of achieving a pregnancy using their own gametes. The degree to which ICSI has
revolutionised the treatment of severe male factor infertility cannot be overstated, and more
than 5 million children have been born globally as a result of the technique (Adamson et al.,

2018).

ICSI is now the accepted management for men with oligoasthenoteratozoospermia
(OAT), a condition that includes oligozoospermia (low number of sperm), asthenozoospermia
(poor sperm movement) and teratozoospermia (abnormal sperm shape), and with azoospermia,
whether obstructive or non-obstructive. ICSI using surgically retrieved spermatozoa is

currently the only available intervention for azoospermic men hoping to father their own



genetic offspring; in this sub-group, provided live spermatozoa can be retrieved from either the
epididymis or the testes, ICSI provides the possibility of achieving fertilisation in vitro, and of
pregnancy following transfer of resulting embryo(s). However, while ICSI was developed
specifically for the management of male factor subfertility, there are numerous reports of its
use where a male factor has not been identified. The potential risks associated with an invasive
technique that requires in vitro manipulation of gametes (Retzloff & Hornstein, 2003), together
with both the additional expense and concern that ICSI may be associated with an increase in
the incidence of congenital malformations in resulting offspring (Lacamara et al., 2017;
Esteves et al., 2018; Luke et al., 2021) make it essential to establish whether or not the use of
ICSI, rather than conventional IVF, carries any benefit in cases where there is no identified

male factor that is likely to impair fertilisation (Bodri et al., 2015).

As an ART procedure, ICSI is more labour-intensive and technically challenging than
conventional IVF and its cost is reported to be 8.3 % higher in four Dutch centres (Bouwmans
et al., 2008). The additional cost is frequently borne by fertility patients. A decision to offer
ICSI rather than conventional IVF in a given treatment cycle must be evidence-based, and
ultimately  rests  with  appropriately  qualified Clinical  Scientists  (clinical

embryologists/andrologists).

Current Guidelines

In the UK, the recognised indications for ICSI as listed in the National Institute for Health

and Care Excellence (NICE) Guidelines are:

e Severe deficits in semen quality

e Obstructive azoospermia

e Non-obstructive azoospermia



In addition, NICE guidance recognises that treatment using ICSI should be considered for
patients in whom a previous IVF treatment cycle has resulted in failed or very poor fertilisation,
and recommends that “couples should be informed that ICSI improves fertilisation rates
compared to IVF alone, but once fertilisation is achieved the pregnancy rate is no better than

with IVF” (NICE, 2004).

The fertility sector in the UK is regulated by the Human Fertilisation and Embryology
Authority (HFEA), whose 9th Code of Practice (2019; updated in 2021) states that before
treatment using ICSI is offered, centres should provide specific information about its risks

including the risks of:

e areduced number of eggs being available for treatment (compared to IVF), due to

eggs being immature or damaged by the process of ICSI

e children conceived having inherited genetic, epigenetic or chromosomal
abnormalities (including cystic fibrosis gene mutations, imprinting disorders, sex

chromosome defects and heritable sub-fertility).

While the HFEA makes no specific recommendations with respect to clinical criteria for
selecting ICSI rather than conventional IVF in ART treatment, it does require that the reason(s)

for performing ICSI should be recorded in the patient’s medical notes.

In 2020, the American Society for Reproductive Medicine (ASRM) advised that:

o [CSI without male factor subfertility may be of benefit for selected patients
undergoing IVF with preimplantation genetic testing for monogenic disease and

previously cryopreserved oocytes.



o The additional cost burden of ICSI for non—male factor indications, where data on
improved live-birth outcomes over conventional insemination are limited or absent,

must be considered.

The guidelines presented here have been drafted according to levels of evidence as outlined

by NICE (2004) (Table 1).

Trends in the use of ICSI

Despite an absence of conclusive evidence to support its use in ART treatment other than for
the management of severe male factor subfertility, or where there has been previous
fertilisation failure, ICSI is currently used globally more frequently than conventional IVF; in
some countries it is used exclusively in place of IVF for all treatment indications (Dyer et al.,
2016). The observed rise in the use of ICSI is neither consistent internationally, nor reflects the
reported rise in the incidence of male factor subfertility (Andersen et al., 2008; Povey & Stocks,
2010). For example, in the USA, the use of ICSI between 1996 and 2012 almost doubled, from
36.4% to 76.2%, with the greatest increase found in cycles where no male factor had been
identified, in which the use of ICSI increased from 15.4% to 66.9% of cycles (Boulet et al.,

2015).

It is clear that the use of ICSI in couples with non-male factor subfertility may be
beneficial where a previous IVF attempt resulted in low fertilisation or total fertilisation failure
(Van der Westerlaken et al., 2005). However, its use in the management of couples with
unexplained infertility, advanced female age, low ovarian reserve or low oocyte yield,
presumably in attempts to increase fertilisation rates in these groups, has contributed to the
reported progressive overall rise in the use of ICSI compared with conventional IVF (Andersen
et al., 2008). This increase is taking place despite evidence that while ICSI may indeed increase

fertilisation rates compared with conventional IVF in these patient groups, implantation and



pregnancy rates, and overall reproductive outcomes are not improved (Sfontouris et al., 2015;
Boulet et al., 2015; Haas et al., 2021). The incidence of total fertilisation failure with ICSI

remains 2% per cycle, compared with 5% after conventional IVF (Bhattacharya et al., 2001).

Numerous studies indicate that the use of ICSI in non-male factor subfertility does not
yield better clinical outcomes than IVF; rather, it functions as a normaliser of fertilisation in
reducing the number of cases of failed or low fertilisation (Palermo et al., 2015). Based on
available evidence, ICSI is not indicated for universal use in ART (Babayev et al., 2014; Bosch
et al., 2020), and the observed increase in the use of ICSI over conventional IVF is likely to be
largely due to concern over the perceived risk of fertilisation failure (Abbas et al., 2020). In a
substantial RCT, ICSI was found to offer no advantage in non-male factor cases (Drakopoulos

etal., 2019).

Risks for offspring

Early concerns regarding risks to the foetus (Wennerholm et al., 2000; Hansen et al., 2002) and
the long-term health impact on children born after ICSI (te Velde et al., 1998; Van Steirteghem
et al., 2002; Tournaye, 2002; Retzloff et al., 2003; Karpman et al., 2005) persist, and questions
and controversies remain concerning its use (Fauser et al., 2014; Lacamara et al., 2017; Catford
et al., 2018; Luke et al., 2021). These concerns do only reflect slight increases in risk above
natural or IVF conception, but until such concerns are resolved fully, use of ICSI should remain
restricted to patients where evidence indicates that they are outweighed by the benefit of this

intervention.

Indications for ICSI

Male factor

Male factor subfertility is defined as abnormality in one or more semen parameters or in sperm

function (Zegers-Hochschild et al., 2017). The minimum levels for sperm concentration,



motility and morphology in normal semen were last standardised in the 6th edition of the World
Health Organization Laboratory Manual for Examination and Processing of Human Semen
(WHO, 2021), using strict criteria for the evaluation of sperm morphology. Based on the 5th
centile from data collected using standardised methodologies for semen analysis (Campbell et
al., 2021), parameters have been established by the WHO 6™ edition that define
oligozoospermia (sperm concentration <16x10%ml; total number of sperm in the ejaculate
<39x10°), asthenozoospermia (<42% total motility; <30% progressive motility) and
teratozoospermia (<4% normal forms). An international consensus meeting agreed that ICSI

should not be used in normozoospermic men (Cairo Consensus Workshop Group, 2020).
Abnormal semen parameters

Although historically, evidence suggests that ICSI results in increased fertilisation rates
compared with conventional IVF in the management of “mild” to “moderate” semen
abnormality, these terms are often ill-defined, and there is a lack of contemporary evidence
comparing outcomes of ICSI and conventional IVF in such cases. Moreover, early studies
reported findings from small samples, and the semen parameters used to define abnormality
were inconsistent and not easily comparable with those defined by the WHO (2021). Indeed,
as pointed out by the Vienna Consensus group (2017), “...the current visual evaluation of 200
or 400 spermatozoa used in the vast majority of laboratories to assess ‘%0 normal forms’ has
such a large uncertainty of measurement that it cannot be considered a reliable predictor for
IVF success/failure for individual men. Unless determined using a more robust methodology,

sperm normal forms should not be used to direct ART treatment options.”

A meta-analysis of 8 published studies concluded that the probability of fertilisation is
improved significantly with the use of ICSI compared with IVF in couples suffering from

“moderate” male factor subfertility, defined as any combination of oligozoospermia,



asthenozoospermia, and/or teratozoospermia (Tournaye et al., 2002). A later study reported
that fertilisation rates are improved, and the risk of total failed fertilisation is decreased when
ICSI is used rather than conventional IVF in the treatment of patients with “mild”
oligoasthenoteratozoospermia, defined as a sperm concentration of 5-20 x 10°ml and/or
motility of 5%—15%, and/or 2%—-8% morphologically normal forms according to Kruger strict

criteria (Elizur et al., 2004).

Of the semen characteristics assessed during routine diagnostic semen analysis (WHO,
2021), studies have not tended to examine the effect of each parameter in isolation. However,
a high percentage of abnormal spermatozoa has long been associated with reduced fertility,
although even in cases of severe teratozoospermia, fertilisation in vitro with conventional IVF
insemination may be achieved (reviewed by Ombelet et al., 1995). A number of early studies
examined the outcome of conventional IVF in cases of isolated teratozoospermia in semen
samples with normal sperm concentration and motility, and reported lower limits for the
percentage normal forms that could be used to indicate the need to use ICSI rather than
conventional IVF insemination ranging from <4% (Kruger et al., 1988; Robinson et al., 1992)
to <8% (Zollner et al., 1996). In a retrospective analysis of 2144 cycles, 68.6% of those where
semen analysis showed <4% normal forms achieved the normalised median fertilisation rate
for the authors’ clinic, provided sperm concentration and motility were within the normal range
(Robinson et al., 1992). A further study reported that fertilisation rates of >50% were achieved
in 36% of cycles using conventional IVF insemination with semen samples where <5% normal
forms were present (Lundin et al., 1997). In this later study, the pregnancy rate per embryo
transfer in IVF cycles where the percentage of normal forms was <5% was at least equivalent
to that in cycles using conventional IVF with normal semen, confirming that fertilising capacity
not necessarily impaired in this poor prognosis group (Lundin et al., 1997). A later meta-

analysis concluded that isolated teratozoospermia is not associated with decreased clinical



pregnancy rates with IVF with or without the use of ICSI (Hotaling et al., 2011). However,
intra- and interlaboratory variation in sperm morphology assessment makes it difficult to
prescribe a universal, definitive cut-off for percentage normal forms where ICSI is indicated

rather than conventional IVF (Kohn et al., 2018).

For some cases of “moderate” or “mild” male factor subfertility, it may well be that a
higher fertilisation rate is achieved using ICSI compared with conventional IVF, but in the
absence of a clear consensus regarding the definitions of “mild”, “moderate” and “severe” male
factor, centres electing to use ICSI rather than IVF should define and justify their criteria for
doing so, such as through pre-treatment assessment of the quality of “trial semen preparations”

(Vienna Consensus group, 2017).

Guidance and recommendations for the use of ICSI where semen parameters are

abnormal

ART laboratories should define validated centre-specific criteria for semen parameters that
determine when to use ICSI rather than conventional IVF to ensure the rate of total failed

fertilisation rates remains below 5% per IVF cycle. GPP

In deriving centre-specific criteria for ICSI, pre-treatment assessment of the quality of
semen preparations may be used, with defined parameters in prepared samples to indicate

use of ICSI. B

ICSI should be used in cases of severe male factor subfertility. B

ICSI may be considered in cases of moderate male factor subfertility. B

Azoospermia



It is estimated that azoospermia accounts for up to 10% of male factor subfertility. ICSI is
currently the only available treatment option for azoospermia other than the use of donor semen
(Practice Committee of the ASRM in collaboration with the Society for Male Reproduction
and Urology, 2019). The aetiology of obstructive azoospermia (OA) may be congenital,
iatrogenic, the result of surgery (vasectomy), inflammation or injury, the presence of cysts in
ejaculatory ducts and prostate, or Young’s syndrome (Esteves & Agarwal, 2013; Nieschlag et
al., 2010). Non-obstructive azoospermia (NOA) has its origins in spermatogenic failure without

obstruction (Cervan-Martin et al., 2020).

For OA and NOA, both NICE Guidelines in the UK and best practice guidelines in the
US include ICSI after testicular or epidydimal sperm extraction by surgical sperm retrieval

(SSR) for fertility treatment and management (NICE, 2013; Schlegel et al., 2021).

Round spermatids

Following the first report of fertilisation after ICSI using round spermatids in the management
of azoospermia (Fishel et al., 1997), the ASRM stated that the technique should be considered
experimental (ASRM, 2008) and in several countries, including the UK, treatment with ICSI
using round spermatids is currently banned. However, using sophisticated microscopy and
artificial oocyte activation (AOA) for a carefully selected patient group, 14 live births have
been reported following ICSI using round spermatids (Tanaka et al., 2015). The same group
have reported favourable findings concerning the health and cognitive development at 2 years
of age of 90 babies born following ICSI using round spermatids, concluding that there were no
significant differences between this small sample of ICSI infants conceived by round spermatid
injection compared to those conceived naturally (Tanaka et al., 2018). From the limited number
of cases reported to date, the success rate with ICSI and round spermatid injection appears to

be low (3% live births from 2657 treatment cycles; Tanaka et al., 2018).



Guidance and recommendations for the use of ICSI in azoospermia

ICSI should be used as the method of insemination, rather than conventional IVF, in all

ART treatment cycles where surgically retrieved sperm are used. A

The use of round spermatids for ICSI is considered experimental and not permitted in the

UK. GPP

Globozoospermia

Globozoospermia is a rare cause of male subfertility characterised by the presence of round-
headed, acrosomeless spermatozoa which are incapable of sperm-oocyte fusion or binding the
human zona pellucida (Aitken et al., 1990). It accounts for fewer than 0.1% of cases of male
subfertility (Dam et al., 2007). In men with partial globozoospermia, the fertilisation and live
birth rates following ICSI do not differ from those of the general ICSI population (Dam et al.,

2012).

In men where all the sperm in the ejaculate are globozoospermic, ICSI is necessary to
achieve fertilisation in vitro. In the absence of large studies, it is difficult to evaluate the success
rate of ICSI in cases of total globozoospermia, but it is known that while fertilisation can be
achieved and successful live births can result, the rates of fertilisation and successful pregnancy
outcome are variable and unpredictable. In general, fertilisation, pregnancy and live birth rates
are lower with ICSI in globozoospermia than in other groups of subfertile men (reviewed by
Dam et al., 2007), the reasons for which are not clear. The condition can present with a wide
spectrum of effects (Coutton et al., 2015a,b), and the success rates following treatment may
vary even between members of the same family (Kilani et al., 2004). While it is unclear which

patients with total globozoospermia will succeed following ICSI, even with the limited data



available it is clear that ICSI should be offered to all globozoospermic patients. Currently,
although there are known genetic causes for this disorder (DPY19L2, SPARA16, ZPBP, and
PICK1; Fesahat et al., 2020), the prognostic value of genetic assessment with regard to outcome

prior to treatment using ICSI has yet to be established (Coutton et al., 2015b).

The negative correlation between globozoospermia and ICSI outcomes highlights the
need for appropriate management of these patients (Fesahat et al., 2020). A number of reports
suggest artificial oocyte activation (AOA) following ICSI may improve fertilisation potential
in men with total globozoospermia, bypassing the requirement of the acrosome and sperm
function factors responsible for oocyte activation. Reduced expression of candidate genes in
sperm responsible for oocyte activation, such as PLC{, has been reported in men with
globozoospermia compared with fertile men and may explain reduced fertilisation rates with
ICSI using globozoospermic sperm in the absence of AOA (Taylor et al, 2010; Kamali-Dolat
Abadi et al., 2016; Tavalaee & Nasr-Esfahani, 2016). Although live births following ICSI have
been achieved in globozoospermia both with and without AOA (Kilani et al., 1998; Stone et
al., 2000; Shang et al., 2019; Niu et al 2020), importantly, higher fertilisation rates have been
reported following ICSI with AOA, than following conventional ICSI alone (Chansel-
Debordeaux et al., 2015). Therefore, it has been proposed that AOA maybe used to enhance
fertilisation in globozoospermic cases (Yanagida et al., 2008). ICSI with AOA should be
considered in treatment of total globozoospermia (see artificial oocyte activation (AOA)

below).

Guidance and recommendations for the use of ICSI in globozoospermia

ICSI should be used as the method of insemination, rather than conventional IVF, in all

cases of total globozoospermia A




Genetic counselling should be offered to globozoospermic men prior to treatment. C

AOA may be considered in cases of total globozoospermia. C

Sperm DNA fragmentation

Tests of sperm DNA fragmentation use different techniques and caution should be exercised
in interpreting and comparing results obtained from the use of different tests. Results must be
interpreted according to validated data obtained from the specific test used (WHO 2021). There
is increasing evidence to suggest that sperm DNA fragmentation (SDF) significantly affects
reproductive outcomes, with reported associations between elevated sperm DNA
fragmentation in semen and an increased incidence of miscarriage (Robinson et al., 2012), and
reduced fertilisation rates, embryo quality, and pregnancy rates with ART (Simon et al., 2010;
2011), although a systematic review found significant limitations of the evidence due to
weakness of methodologies and study designs (Cissen et al., 2016). As a primary intervention,
lifestyle changes that reduce the generation of oxidative stress in spermatozoa have been
suggested for patients with high sperm DNA fragmentation, with the aim of reducing SDF
levels prior to ART (Esteves et al., 2021; Aitken & Bakos, 2021). While acknowledging that
adherence to a healthy diet could improve semen quality and fecundity, the authors of a
systematic review of observational studies concluded that such studies “may prove associations
but not causation”, and that any observed associations must be confirmed with large

prospective cohort studies and well-designed RCTs (Salas-Huetos et al., 2017).

In the management of patients where SDF levels remain high, it has been suggested
that ICSI should be used, with the specific selection of progressively motile and

morphologically normal spermatozoa for injection, since these characteristics may be



associated with lower levels of DNA fragmentation (Belloc et al., 2014). However, others have

reported no such association (Le et al., 2019), and this remains controversial.

Several meta-analyses have reported conflicting results regarding the relationship
between elevated SDF and ART outcomes including miscarriage and clinical pregnancy rates
(Li et al., 2006; Zhao et al., 2014; Osman et al., 2015; Zhang et al., 2015; Deng et al., 2019;
Ribas-Maynou et al., 2021). While findings remain inconclusive, there is a suggestion that the
negative impact of DNA fragmentation on ART outcomes may be less with ICSI compared
with IVF (Simon et al., 2017; Malic Voncina et al., 2021), although ICSI does not appear to
result in a reduction in miscarriage rates compared with IVF in patients with elevated SDF
(Zhao et al., 2014). There is a need for well-designed RCTs, where matched patients with
similarly elevated SDF levels, as assessed using the same assay, are allocated to IVF and ICSI
treatment groups, to provide conclusive evidence for any benefit from the use of ICSI in the

management of elevated SDF.

Since DNA fragmentation may be associated with oxidative stress in the male
reproductive tract, with levels of DNA fragmentation reported to be significantly higher in
ejaculated compared with testicular spermatozoa (Moskovtsev et al., 2010; Bradley et al.,
2016), it has been suggested that use of testicular sperm for ICSI may benefit patients with
elevated SDF (Esteves et al., 2017). While the findings of a few small-scale studies support
this practice, these have largely reported outcomes in couples with previous failed ICSI cycles

using ejaculated spermatozoa (Pabuccu et al., 2017; Arafa et al., 2018).

Guidance and recommendations for the use of ICSI in elevated sperm DNA

fragmentation levels




Further studies are needed to establish whether or not the use of ICSI in normospermic
patients with elevated sperm DNA fragmentation levels leads to improved outcomes
compared with IVF. GPP

Further studies are needed to establish whether or not the use of testicular sperm should be
considered in patients with elevated sperm DNA fragmentation levels if previous ART

cycle(s) with ejaculated sperm have been unsuccessful. GPP

Other indications

Unexplained infertility

Use of ICSI as first line treatment. Unexplained infertility, thought to represent 30% of
subfertility, is defined as a failure to conceive despite normal genito-urinary anatomy, patent
fallopian tubes, a healthy cervix and uterus, normal ovarian and testicular function with normal
semen, and normal coital frequency (O’Flynn, 2014; Zegers-Hochschild et al., 2017). In
patients with well-defined unexplained infertility, the rate of total failed fertilisation is
approximately 5% per cycle with conventional IVF (Bhattacharya et al., 2001), and this has
prompted investigations into the use of ICSI in such patients. However, many of the studies
that have examined the efficacy of ICSI in non-male factor subfertility have included female

factor such as tubal disease as well as unexplained infertility.

Initially, in the absence of evidence for improved pregnancy outcomes compared with
conventional IVF, ICSI was not recommended for the management of patients with

unexplained infertility (ASRM, 2012).

A small RCT comparing pregnancy rates in 60 couples with unexplained infertility
following treatment either with IVF or ICSI found no significant differences in implantation,

clinical pregnancy or live-birth rates between the two treatment groups (Foong et al., 2006).



One prospective cohort study where sibling oocytes were inseminated either using ICSI or
conventional IVF found that for 42 couples with unexplained infertility and confirmed >4%
normal sperm morphology, there was no statistical difference in fertilisation rate between ICSI

and IVF (Younes et al., 2019).

The majority of studies that have examined the efficacy of ICSI in the treatment of non-
male factor subfertility, including female factors and unexplained infertility, suggest that ICSI
offers no advantage over conventional IVF in terms of either fertilisation or clinical pregnancy
rates (reviewed by Abbas et al., 2020). An early Cochrane review (van Rumste et al., 2000),
updated by the same authors in 2003, attempted to compare live birth rates following ICSI or
IVF in couples with non-male factor subfertility (unexplained infertility or subfertility due to
tubal disease). Two studies that reported live birth rates, but that used alternation rather than
randomisation to allocate treatment, reported that for men with borderline semen parameters
(10-20 million spermatozoa per ml, 30-50% motility, 4-14% normal forms), fertilisation rates
were significantly higher per oocyte retrieved with IVF (477/736; 64.8%) than with ICSI
(400/748; 53.5%), but there were no differences between the IVF and ICSI groups in terms of
pregnancy, miscarriage or live birth rates (van Rumste et al., 2000, 2003). The authors were
able to identify only one RCT (415 patients, 435 treatment cycles) that reported pregnancy rate,
but not live birth or miscarriage rates or other adverse outcomes such as congenital
malformations (Bhattacharya et al., 2001). They concluded that taking into consideration the
additional cost, complexity, possible adverse effects and long term implications of ICSI
compared with IVF, for couples with non-male factor subfertility IVF, and not ICSI, should be
the treatment of choice. They acknowledged that this remained an open question at that time,

in the absence of research focusing on live-birth rates and adverse events.

More recently, a retrospective population-based cohort analysis of 14,693 women who

underwent their first cycle of IVF or ICSI between July 2009 and June 2014 in Victoria,



Australia found no difference in the cumulative live birth rate between ICSI and conventional
IVF in couples with non-male factor (unexplained and female factor) subfertility (Li et al.,
2018). Similarly, an analysis of clinical pregnancy and live birth rates in all fresh stimulated
IVF and ICSI treatment cycles recorded on the UK HFEA registry database between 1998 and
2016 found no evidence that ICSI is more effective than conventional IVF in the treatment of
couples with subfertility where semen parameters were normal (569,605 cycles; Supramaniam

et al., 2020).

Evidence that in cases of unexplained infertility there is no difference between clinical
pregnancy or live birth rates following either conventional IVF or ICSI (ASRM, 2020) is
strongly supported by the findings of the only RCT to examine this directly (Dang et al., 2021).
A further multi-centre RCT to investigate whether ICSI is more effective than conventional
IVF in patients without severe male factor subfertility is currently being undertaken in
Denmark, with patient enrolment between November 2019 and December 2023 (Berntsen et

al., 2021).

Use of split IVF-ICSI as first line treatment. As a form of insurance against total failed
fertilisation in patients with unexplained infertility, sibling oocytes may be “split” between IVF
and ICSI insemination in the first ART treatment cycle. A systematic review of 11 studies and
a total of 901 couples with well-defined unexplained infertility, where sibling oocytes were
randomly allocated to insemination using conventional IVF or ICSI, found marginally higher
fertilisation rates, and a significantly lower risk of total failed fertilisation with ICSI than with
IVF (Johnson et al., 2013). The authors concluded that in the management of well-defined
unexplained infertility, it may be appropriate to use ICSI, or split IVF-ICSI inseminations in
order to avoid total fertilisation failure and potentially to increase cumulative pregnancy rates.
However, variations between the data sets made it impossible to undertake a meta-analysis of

pregnancy outcomes (Johnson et al., 2013).



Several retrospective studies have suggested that the parameters of prepared sperm
samples may be indicative of fertilisation outcomes using conventional IVF (Rhemrev et al.,
2001; Repping et al., 2002; Wiser et al., 2012). This has led to the suggestion that for couples
with unexplained infertility where prepared sperm samples do not meet defined criteria for
IVEF, it is appropriate to use ICSI, or split IVF-ICSI insemination (Wiser et al., 2012). In a study
of 259 cycles of split IVF-ICSI in couples with unexplained infertility, only 8 (3%) cycles
failed to achieve fertilisation in sibling oocytes inseminated with conventional IVF (Lee et al.,
2017). Thus, while split IVF-ICSI insemination for unexplained infertility may reduce the risk
of total fertilisation failure, evidence suggests that this strategy will “rescue” only around 3%

of cycles from total fertilisation failure.

Guidance and recommendations ART treatment in couples with unexplained

infertility

ICSI should not be considered as first-line therapy for unexplained infertility. A

Split IVF-ICSI inseminations should not be used as first-line therapy for couples with

unexplained infertility. A

Further research is needed to establish whether ICSI results in better clinical outcomes than

IVF in couples with unexplained infertility. GPP

Use of ICSI following total failed fertilisation with IVF

Rescue ICSI in the same ART cycle. Rescue ICSI is the process where metaphase II oocytes
that have failed to fertilise following IVF insemination are injected with sperm using ICSI. One
study reported a fertilisation rate of 74.6 % with rescue ICSI of 1831 unfertilised oocytes from

313 cycles in patients with complete failed fertilisation following IVF (Cao et al., 2016).



Historically, concerns that some oocytes that fail to develop pronuclei following
conventional IVF insemination may have been penetrated by spermatozoa, and that rescue ICSI
using these oocytes would increase the likelihood of polyploid embryos developing led to the
antecedent of ARCS (ACE) and subsequently the HFEA in the UK to stipulate that oocytes
which have failed to show signs of normal fertilisation after IVF or ICSI insemination must not
be re-inseminated, whether by IVF or ICSI (21.4(c); HFEA Code of Practice, 9" Edition).
There is a paucity of data either to support or refute this concern, although a single report found
22.6% of 509 rescue ICSI cycles undertaken between 2014 and 2019 resulted in one or more

embryos with 3 pronuclei (Chen et al., 2021).

A systematic review of rescue ICSI which included 1,863 patients found an overall
pregnancy rate of 14.4%, but contained insufficient data to enable an evaluation of any effect
on malformation rates (Beck-Fruchter et al., 2014). A further systematic review which included
22 original studies found that implantation and clinical pregnancy rates following fresh embryo
transfer after rescue ICSI were relatively low (5% and 10% respectively; Paffoni et al., 2021).
However, the transfer of cryopreserved rescue ICSI embryos yielded significantly higher
implantation and pregnancy rates (18% and 36% respectively), leading the authors to conclude
that rescue ICSI in combination with frozen embryo transfer to overcome technical and
biological issues associated with delayed fresh transfer after rescue ICSI may be beneficial

(Paffoni et al., 2021).

With regard to risks to offspring, a single study which compared 233 children born after
rescue ICSI with 906 children born following conventional ICSI found no differences in
neonatal outcomes (Chen et al., 2014). Among the studies examined for their systematic review
(Paffoni et al., 2021), fewer than 180 births deriving from fresh and frozen cycles using rescue
ICSI were described, and other than 2 miscarriages due to malformations and 1 case of

microtia, no relevant health problems in newborns were reported. Therefore, information to



date from the small number of births that have resulted from rescue ICSI does not suggest an

increase in adverse outcomes, including malformation rates, following its application.

ICSI in the subsequent ART cycle. Total fertilisation failure after conventional IVF
insemination is considered a reliable predictor of failed fertilisation in subsequent IVF cycles,
with a reported recurrence rate ranging from 29% (Barlow et al., 1990) to between 45% and
70% (Roest et al., 1998). Numerous studies suggest that ICSI is beneficial in overcoming
previous fertilisation failure using conventional IVF (Palermo et al., 1996; Benadiva et al.,
1999), and this is reflected in the NICE guidelines which state that ICSI should be considered
for couples in whom a previous IVF treatment cycle has resulted in failed or very poor
fertilisation (NICE, 2004). However, it has been reported that fertilisation may be achieved in
between 94% and 97% of subsequent repeat IVF insemination in such patients (Lipitz et al.,
1994; Kinzer et al., 2008). Moreover, conventional IVF insemination after a cycle of
fertilisation failure cycle has been shown to result in pregnancy and live birth rates equivalent
to those achieved in other patients following a routine second cycle of IVF (22% compared
with 24%) and with patients who had ICSI in their second cycle (24%; Kinzer et al., 2008). In
many cases, total fertilisation failure is related more to a suboptimal response to ovarian
stimulation than to semen parameters, and improved stimulation in a subsequent cycle may

increase the chance of fertilisation with conventional IVF (Kinzer et al., 2008).

Split IVF-ICSI in the subsequent ART cycle. Following a cycle of unexplained total failed
fertilisation with conventional IVF, a number of small studies have reported outcomes after
splitting mature sibling oocytes between ICSI and conventional IVF insemination in the
subsequent cycle (Elizur et al., 2004; van der Westerlaken et al., 2005). The findings suggest
that performing ICSI on at least some of the oocytes will avoid repeated total fertilisation
failure. However, the possibility should be considered that, in some instances, failed

fertilisation reflects poor oocyte quality, or other sub-optimal clinical or laboratory factors,



rather than poor sperm function. Each case of unexplained total failed fertilisation following
conventional IVF should be assessed as to whether or not alternative management, such as
modification of ovarian stimulation in a subsequent cycle, may be more appropriate than

changing the method of insemination from IVF to ICSI (Kinzer et al., 2008).

Use of ICSI following poor fertilisation with IV'F. There is no consistent definition of a “poor”
fertilisation rate in the literature. The Vienna Consensus on KPIs in the ART laboratory
established a competency reference value of >60% normal fertilisation as the accepted
minimum rate after conventional IVF, with poor fertilisation defined as <25% normal

fertilisation of inseminated oocytes (ESHRE SIG/Alpha, 2017).

ICSI in the subsequent ART cycle. There is evidence from a small randomised study to support
the use of ICSI as a secondary measure to avoid a repetition of a poor (<25%) fertilisation rate
(Van der Westerlaken et al., 2005), but there are no data available comparing live birth
outcomes after conventional IVF or ICSI treatment specifically in patients with previous poor

fertilisation following IVF.

In the UK, the use of ICSI for patients with a history of poor fertilisation with IVF is
endorsed by NICE guideline CG156 (NICE 2013) and by the HFEA (2019), although ‘poor’ is

not defined.

Split IVF-ICSI in the subsequent cycle. An alternative strategy in cycles following poor
fertilisation with IVF is to split oocytes between insemination using conventional IVF and ICSI
(Elizur et al., 2004; Van der Westerlaken et al., 2005; Kinzer et al., 2008). In one retrospective
study, ICSI did not significantly improve fertilisation rates in 27 couples with normal semen
characteristics and low fertilisation rates (<30%) in previous IVF treatments, nor were

differences observed in embryo cleavage rates after ICSI or conventional IVF (Elizur et al.,



2004). It can be concluded that there may be no benefit in performing split IVF-ICSI in couples

with normal sperm characteristics following an IVF cycle with poor fertilisation.

Guidance and recommendations for the ART cycle following an IVF treatment cycle

with total failed fertilisation or poor fertilisation

ICSI can be used as the method of insemination for patients with unexplained infertility

where a previous IVF treatment cycle has resulted in total failed fertilisation. B

ICSI may be used as the method of insemination when a previous IVF treatment cycle has
resulted in poor fertilisation, with “poor” defined as <25% of mature (MII) oocytes

inseminated oocytes achieving normal fertilisation. B

Despite its prohibition in the UK, evidence to date does not support concerns that rescue
ICSI may increase the incidence of abnormalities. Where permitted by law, rescue ICSI

may be considered. B

Cryopreserved oocytes

Oocyte vitrification currently requires the removal of cumulus cells prior to cryopreservation
which, together with vitrification itself, may alter the structure of the zona pellucida, possibly
through premature cortical granule discharge, potentially resulting in inhibition of sperm
penetration after conventional IVF insemination. Although there is a paucity of direct data to
indicate that ICSI is required to fertilise human cryopreserved oocytes, it is known that cuamulus
cells serve multiple functions including mechanical entrapment of sperm and sperm
capacitation (Van Soom et al., 2002), release of chemotactic factors to aid fertilisation (Oren-
Benaroya et al.,, 2008) and mediation or promotion of fertilisation (Tanii et al., 2011).

Therefore, ICSI has been adopted as the method of insemination for vitrified-warmed oocytes



(reviewed by Gook & Edgar, 2007). The ASRM have advised that ICSI without male factor
subfertility may be of benefit for select patients undergoing ART with previously

cryopreserved oocytes (ASRM, 2020).

Guidance and recommendations for the use of ICSI with cryopreserved oocytes

ICSI should be used as the method of insemination of thawed/warmed cryopreserved

oocytes. C

In vitro matured oocytes

ICSI is sometimes used for insemination of in vifro matured oocytes, on the assumption that
structural alterations to the zona pellucida may occur during in vitro maturation (IVM) thereby
preventing fertilisation using conventional IVF. It has been reported that the fertilisation rate
is higher using ICSI compared with IVF, for both cumulus-intact (84.1% and 56.3%
respectively; n=289; p<0.01) and denuded IVM oocytes (84.5% and 39.5% respectively;
n=152; p<0.01; Hwang et al., 2000). The cleavage rates for both sets of fertilised oocytes were

similar.

These findings contrast with those of a second RCT carried out in patients with
polycystic ovary syndrome (PCOS), where 113 sibling IVM oocytes were assigned randomly
for insemination either using ICSI or IVF. No significant difference was found between the
IVF or ICSI groups of IVM oocytes in terms of fertilisation, blastocyst development, or clinical
pregnancy rates for fresh and cryopreserved embryo transfers between the two groups (Walls

etal., 2012).

Further studies are needed to establish the recommended method for insemination of

IVM oocytes.



Guidance and recommendations for the use of ICSI after in vitro maturation

Conventional IVF may be used as the method of insemination for cumulus intact in vitro

matured oocytes, unless ICSI is indicated by poor semen parameters. C

Further studies are required comparing outcomes following IVF and ICSI with in vitro

matured oocytes. GPP

Preimplantation genetic testing (PGT)

The ASRM have advised that ICSI without male factor subfertility may be of benefit for select
patients undergoing ART with PGT for monogenic disease (PGT-M; ASRM, 2020).
Historically, ICSI has been used for PGT-M cycles using fresh oocytes in order to ensure
monospermic fertilisation and to eliminate the risk of introducing contaminating DNA from
sperm that may remain attached to the zona pellucida following conventional IVF
insemination. However, a recent cohort study looking at 927 patients undergoing PGT-M
where IVF or ICSI was used to achieve fertilisation found no difference between the two groups
in the incidence of PCR failure and/or incomplete diagnosis, and both groups showed

negligible contamination with paternal DNA (Feldman et al., 2017).

In PGT for aneuploidy (PGT-A), conventional insemination (IVF) may be used where
semen parameters are normal. However, in a small retrospective study to evaluate rates of
euploidy, aneuploidy, and mosaicism in trophectoderm biopsy samples following IVF (n=75)
or ICSI (n=227) in PGT-A cycles using next generation sequencing (NGS), although similar
rates of euploid, aneuploid, and “no result embryos” were found in both groups, higher rates

of mosaicism were found in IVF embryos The authors concluded that ICSI may be preferable



to conventional IVF insemination to minimise the rate of mosaic results in NGS PGT-A cycles

(Palmerola et al., 2019).

Guidance and recommendations for the use of ICSI prior to genetic testing of

embryos

Conventional IVF may be used as the method of insemination for PGT-M cycles, unless

ICSI is indicated by poor semen parameters. B

Further studies are necessary to establish whether or not ICSI is necessary to minimise the

rate of mosaic results in NGS PGT-A cycles. GPP

Advanced maternal age

There is currently no conclusive evidence that ICSI offers any advantage over conventional
IVF in women of advanced age, with the majority of studies failing to identify a difference in
fertilisation or pregnancy rates in patients with normal semen parameters (Luna et al., 1998;

Tannus et al., 2017; ASRM, 2012).

A retrospective study of 54 couples with non-male factor subfertility, where sibling
oocytes were inseminated randomly using either ICSI (n=245) or IVF (n=259), reported an
increase in the fertilisation rate and percentage of good quality embryos following ICSI
compared with IVF in women aged 35-39 years; the same increases were not seen in women
aged 40-45 years (Farhi et al., 2019). In a separate retrospective study of IVF and ICSI
outcomes in 685 women aged >40 years with unexplained infertility, the pregnancy and live
birth rates were the same in both groups, irrespective of the method of insemination (Gennarelli

et al., 2019).



Guidance and recommendations for the use of ICSI for advanced maternal age

Conventional IVF should be used rather than ICSI as the method of insemination for

oocytes from women of all ages, unless ICSI is indicated by poor semen parameters. A

Low oocyte yield

Current evidence does not support the use of ICSI rather than conventional IVF for low oocyte
yield (ASRM, 2012). An RCT of 104 treatment cycles in 96 couples with non-male factor
subfertility where <6 oocytes were retrieved reported no significant difference in fertilisation
rate, embryo number or pregnancy rates whether IVF or ICSI was used for insemination
(Moreno et al., 1998). These findings are supported by a recent large European multicentre
retrospective analysis of outcomes in 4891 patients with non-male factor subfertility following
treatment using either ICSI (n=4227) or conventional IVF (n=664) (Drakopoulos et al., 2019).
In this series, fresh and cumulative live birth rates did not differ significantly for IVF and ICSI
in women showing poor (1-3 oocytes), suboptimal (4-9 oocytes), normal (10-15 oocytes), and

high (>15 oocytes) response to ovarian stimulation.

Guidance and recommendations for the use of ICSI for low oocyte yield

Conventional IVF should be used rather than ICSI as the method of insemination for
oocytes from women with low oocyte yield, unless ICSI is indicated by poor semen

parameters. A

HIV/Hepatitis B/Hepatitis C positive patients

In the treatment of patients with blood-borne viruses (BBV), perceived risks are seroconversion

after treatment of the uninfected female partner where the male partner is BBV-positive,



transmission of different strains of HIV to the female partner in sero-concordant couples,
vertical transmission to the baby, and infection of clinical staff (Devaux et al., 2003; Ethics

Committee of the ASRM, 2015).

Although there is currently insufficient evidence to support the use of ICSI rather than
conventional IVF in the treatment of patients who test positive for HIV, Hepatitis B or Hepatitis
C, it has been proposed that ICSI, where each oocyte is exposed to a single spermatozoon, may
pose less risk of viral transmission than conventional IVF (Wu et al., 2015). Semen washing
and preparation procedures to reduce or eradicate viral load are common practice in treating
sero-discordant couples where the male partner is BBV-positive (Garrido et al., 2004, 2009;

Inoue et al., 2017).

A study of 741 sero-discordant couples where the male partner was HIV-positive
reported no seroconversion in female partners after intra-uterine insemination (IUI; 2400
cycles), or IVF/ICSI (total 283 cycles; no details were provided concerning the number of IVF
or ICSI cycles) when semen was washed prior to use in treatment. Moreover, there was no
vertical transmission in the newborns in any of the treatment groups (Savasi et al., 2007). A
similar, larger multi-centre retrospective analysis of outcomes in 1036 sero-discordant couples
was carried out by the European CREAThE Network, which found no seroconversion in the
female partners when washed semen was used for IUI (2840 cycles), IVF (107 cycles) or ICSI
(394 cycles), although approximately 7% of cases were lost to follow up and no results were
available for evaluation of potential vertical transmission (Bujan et al., 2007). The most recent
systematic review and meta-analysis concluded that semen washing provides a safe and
effective treatment prior to ART for HIV sero-discordant couples. In the studies reviewed, with
a total of 11,585 ART cycles in 3994 women, there were no reported instances of

seroconversion in HIV-negative women after IUI, IVF or ICSI treatment with washed sperm



from their HIV-positive partners. Among those studies that measured HIV transmission to

infants, there were no reports of cases of vertical transmission (Zafer et al., 2016).

The 2021 ESHRE guideline on medically assisted reproduction (MAR) in patients with
a viral infection/disease supports the use of IUI, IVF or ICSI in sero-discordant couples and
when both partners test positive for hepatitis B virus (HBV), hepatitis C virus (HCV) or human
immunodeficiency virus (HIV), and recommends specific semen preparation procedures to

reduce or eradicate viral load (ESHRE, 2021).

Guidance and recommendations for treating viral positive patients

There is insufficient evidence to indicate that ICSI is necessary rather than conventional
IVF in the treatment of BBV-positive patients and sero-discordant couples, unless ICSI is

indicated by poor semen parameters. B

Prevention of polyspermy

The reported incidence of zygotes with three pronuclei ranges between 4% and 8% following
conventional IVF (Staessen & Van Steirteghem, 1997; Macas et al., 1996; Plachot et al., 1992;
Porter et al., 2003; cited in Joergensen et al., 2015), and of 6% following ICSI (Staessen & Van
Steirteghem, 1997). Triploidy may arise either through polyspermic fertilisation of IVF-
inseminated oocytes, or through oocyte-derived meiotic failure, which will manifest as

triploidy in both IVF- and ICSI-inseminated oocytes (Porter et al., 2003).

It is not possible to establish the origin of triploidy without further investigations that
are not routinely available in the clinical setting, so for couples in whom conventional IVF
results in a high proportion of triploid zygotes, the use of ICSI in subsequent cycles is likely to

minimise the risk of a recurrence if the origin of triploidy is polyspermy (Egozcue et al., 2002;



Jun et al., 2006). However, if triploidy following IVF originates through oocyte-derived

meiotic failure, ICSI will not resolve the problem, which may recur in subsequent cycles.

Guidance and recommendations for the prevention of polyspermy

ICSI may be considered when a previous IVF cycle resulted in a high percentage of

zygotes developed 3 or more pronuclei in a previous IVF cycle. GPP

Reduction in sperm insemination concentration at IVF may be considered when a previous
IVF cycle resulted in a high percentage of zygotes developed 3 or more pronuclei in a

previous IVF cycle. GPP

Use of frozen semen

In mouse models it has been shown that when cryopreserved sperm are used for insemination,
higher fertilisation rates are achieved with ICSI than with conventional IVF (Szczygiel et al.,
2002). However, there have been several retrospective studies in humans comparing outcomes
following conventional IVF using cryopreserved donor sperm with those using fresh semen
samples showing no significant difference in pregnancy rates (Cohen et al., 1985; Robinson et
al., 1993; Le Lannou et al., 1995; Clarke et al., 1997). A retrospective study of 69 cycles of
conventional IVF using cryopreserved donor sperm reported an association between poor
outcomes and progressive motility of <88% in the sperm preparation used for treatment (Wang
et al., 2009). Further studies are needed to establish the recommended method of fertilisation
when using frozen sperm, and to define a reference value for percentage sperm motility in the
prepared sample that indicates the use of ICSI rather than IVF when using cryopreserved

s€men.



Guidance and recommendations for the use of frozen semen

ICSI should be considered if the percentage motility of cryopreserved sperm after

preparation does not meet the laboratory’s criteria for IVF. B

ART laboratories should define validated centre-specific criteria for prepared
cryopreserved sperm to determine when to use ICSI rather than conventional IVF to

minimise the risk of poor or failed fertilisation. GPP

Further studies are required comparing outcomes of IVF and ICSI using frozen ejaculated

sperm. GPP

ICSI-associated techniques

A number of techniques have been developed, with the aim of improving ICSI outcomes by
selecting sperm with specific morphological or physiological characteristics, by visualising the
meiotic spindle in the oocyte at the time of ICSI, or by attempting to activate the oocyte after

sperm injection.

Intracytoplasmic Morphologically Selected Sperm Injection (IMSI)

In routine ICSI, sperm are selected for injection using microscopy with 200x — 400x
magnification. For IMSI, higher magnification (>6000x) is used, enabling the selection of

motile sperm according to detailed morphological assessment (Bartoov et al., 2002).

Two Cochrane reviews have concluded that current evidence from RCTs neither
supports nor refutes the clinical use of IMSI rather than routine ICSI, when comparing
outcomes in terms of live birth, risk of miscarriage and clinical pregnancy rate (He et al., 2018;

Teixeira et al., 2020).



The significant increase in time required for IMSI procedures in comparison to routine
ICSI as well as the additional expense in terms of both practitioners’ time and the cost of
essential microscopic equipment should be considered before selecting IMSI for routine use

(Berkovitz et al., 2005).

Guidance and recommendations for the use of IMSI

There is no evidence that the use of IMSI as a method of sperm selection and insemination

results in an increase in clinical pregnancy or live birth rates compared with routine ICSI. A

Physiological Intra-Cytoplasmic Sperm injection (PICSI)

PICSI enables the selection of spermatozoa according to their ability to bind to hyaluronic acid
or hyaluronan, a major component of the cumulus complex surrounding the oocyte (Jakab et
al., 2005). The head of a mature spermatozoon has a specific receptor that allows it to bind to
hyaluronan, while immature sperm lack this hyaluronan-binding capacity (Huszar et al., 2006).
Hyaluronan-selected sperm are reported to have reduced levels of DNA damage and

aneuploidy (Pregl Breznik et al., 2013).

A Cochrane review comparing outcomes following conventional ICSI and PICSI found
insufficient evidence to determine whether the use of sperm selected by hyaluronan binding
improves live birth or pregnancy outcomes compared with the use of conventionally selected
sperm (McDowell et al., 2014). A later review found that the rate of live birth, clinical
pregnancy, implantation, embryo quality, fertilisation and miscarriage were similar for both

ICSI and PICSI (Avalos-Duran, 2018).

A large multi-centre RCT comparing outcomes following conventional ICSI and PICSI

found no significant difference in terms of live birth rates (Miller et al., 2019), although a



reduced risk of miscarriage was identified (Kirkman-Brown et al., 2019), and the age-related
increase in miscarriage rate (after clinical pregnancy) was mitigated by PICSI (West et al.,

2022).

As with IMSI, PICSI takes longer than routine ICSI, together with the need to use
relatively expensive, commercially prepared PICSI dishes for sperm selection means that the

cost of the procedure is significantly higher than that of routine ICSI.

Guidance and recommendations for the use of PICSI

There is no evidence that PICSI results in an increase in live birth rates compared with

routine ICSI. A

Further studies are required to establish whether PICSI could be recommended where there

1s an increased miscarriage risk. C

Computer-assisted polarised light microscopy

The integrity of the oocyte’s spindle can be assessed according to its birefringence using
computer-assisted polarisation microscopy (Rienzi et al., 2005). In a study where sibling
oocytes were randomly allocated to selection for ICSI according to the alignment of the meiotic
spindle or to ICSI without selection, fertilisation and embryo morphology was improved in the
spindle-aligned group (Asa et al., 2017), but a similar study found no significant difference
between the selected and unselected oocyte groups in terms of clinical pregnancy rates
(Swiatecka et al., 2014). Other groups have reported increased fertilisation potential, embryo
development and implantation and clinical pregnancy rates in embryos derived from selected
oocytes where the meiotic spindle had been visualized at the time of ICSI (Wang et al., 2001;

Madaschi et al., 2008, 2009).



A meta-analysis which included 10 controlled trials concluded that while fertilisation
rates were higher when oocytes were selected for injection using meiotic spindle visualisation
than with routine ICSI using unselected oocytes, the clinical pregnancy and implantation rates

were not statistically different (Petersen et al., 2009).

As with PICSI and IMSI, there are considerable additional risks associated with meiotic

spindle visualisation and additional costs in terms of equipment and practitioners’ time.

Guidance and recommendations for the use of ICSI with spindle visualisation

There is no evidence to indicate that ICSI with oocyte selection by meiotic spindle
visualisation yields an increase in clinical pregnancy and implantation rates compared with

routine ICSI using unselected oocytes. A

Artificial oocyte activation (AOA)

The failure of some mature oocytes to fertilise following ICSI may be associated with sperm-
associated oocyte activation deficiency. On penetration of the oocyte, phospholipase C-zeta
(PLCY) from functional sperm triggers the periodic release of Ca®>" from intracellular reserves
resulting in the cytosolic calcium (Ca®") oscillations associated with oocyte activation. PLCC,
and other stimulants such as calcium ionophore A23187, ionomycin, strontium chloride or even
electric pulses have been used to produce cytosolic Ca*" influx and activate oocytes artificially.
There are concerns that AOA may lead to an increased risk of malformations, and further
studies are required to establish whether or not AOA is an effective and safe method to use in

attempts to overcome ICSI failure (Anifandis et al., 2019).



A meta-analysis of published reports of the use of calcium ionophore in AOA
concluded that rates of fertilisation, cleavage, blastulation, and implantation, as well as overall
pregnancy and live-birth rates, were significantly higher with the use of calcium ionophore for
AOA after ICSI compared with no activation (Murugesu et al., 2017). However, until studies
have been carried out that examine any potential epigenetic consequences or differences in

gene expression associated with AOA, its use remains experimental (Ebner & Montag, 2016).

An RCT has compared outcomes following ICSI with or without AOA in 343 couples
with primary infertility and 2 previous ICSI treatment cycles with low (<30%) or no
fertilisation and/or with male factor subfertility. The findings indicated that AOA using either
SrCl12 (n=115) or calcimycin (n=113) resulted in improved clinical pregnancy and live birth

rates compared with ICSI without AOA (n=115; Fawzy et al., 2018).

Guidance and recommendations for the use of ICSI with artificial oocyte activation

AOA should not be used routinely with ICSI as its safety, in terms of the potential

developmental consequences and birth outcomes, has yet to be established. A

ICSI with AOA may be used where two previous routine ICSI cycle(s) have resulted in <30%

or no fertilisation. A

Where AOA is used, patients should be advised that safety, in terms of the potential

developmental consequences and birth outcomes, has not been established. GPP

Patients should be provided with safety data relating to the specific AOA technique used. GPP

Methods for selecting viable sperm from immotile samples

For samples where all the spermatozoa are immotile, whether ejaculated (total

asthenozoospermia), testicular or epidydimal, identifying live sperm for use in ICSI is




challenging. Reviews of the functional tests that are available and may be used for the
identification and selection of viable sperm for ICSI from an immotile population agree that
for most, larger series are needed to evaluate fully each method and their indications before
considering their wider application (Herbemont & Sifer, 2015; Simopoulou et al., 2016;

Vaughan & Sakkas, 2019).

Modified Hypo Osmotic Swelling Test (HOST)

The hypo osmotic sperm swelling test (HOST) was introduced as a functional assay for
infertility diagnosis (Jeyendran et al., 1984). It distinguishes between live and dead immotile
spermatozoa through exposure to hypo-osmotic conditions. Water influx into the cytoplasm of
live sperm through the functioning plasma membrane results in differing tail swelling patterns,
distinguishing them from dead sperm with no tail swelling. HOST may be used for the

identification and selection of live sperm for use in ICSI from a population of immotile forms.

In an RCT comparing fertilisation and clinical pregnancy rates when immotile testicular
sperm were selected for use in ICSI according to either HOST or morphology showed that rates
of both were significantly higher using the HOST compared with morphological assessment
for sperm selection (Sallam et al., 2005). According to the WHO (2021), HOST can be used in
cases of total asthenozoospermia in order to select viable spermatozoa for ICSI. To date, no
studies have evaluated the effect on the children born following ICSI and sperm selection using

HOST.

Motility stimulants

Early comparisons of different chemicals for their ability to enhance sperm motility (Hammitt
et al., 1989) led to the first clinical use of pentoxyphylline (PF) as an initiator of motility in
severe male factor subfertility (Yovich et al., 1988) and in immotile testicular sperm prior to

ICSI (Tasdemir et al., 1998). PF and its fellow methylxanthine derivative theophylline are



phophodiesterase inhibitors and increase levels of intracellular cyclic AMP which plays a role
in sperm motility. Both are now commonly used with sperm samples with no or only occasional
motile sperm to reduce significantly the length of time spent performing ICSI with such
samples. A retrospective comparison of outcomes following ICSI in 77 cases where all the
testicular sperm retrieved after SSR were immotile found that for the 47 cycles where
supplementation with PF was used, some sperm became motile allowing easier identification
of vital sperm, shortening the length of time taken for ICSI, yielding improved fertilisation
rates and an increase in the number of embryos available for use in treatment compared with

those without use of PF (Kovacic et al., 2006).

Despite concerns regarding the safety of use of these chemical compounds for sperm
motility enhancement and ICSI there is, as yet, no evidence of an increase in adverse outcomes
for offspring. No anomalies were found in the offspring following PF treatment in two case
reports where live births were reported (Hattori et al., 2011; Ebner et al., 2014). A review of
122 babies born after ICSI with sperm selection following motility enhancement with PF found
no evidence of an increase in adverse outcomes, including malformation rates, following the
use of PF (Navas et al., 2017). However, to date there have been no large follow-up studies of

pregnancy and neonatal outcomes after use of methylxanthine motility enhancers reported.

Laser assisted immotile sperm selection (LAISS)

Laser assisted immotile sperm selection (LAISS) targets the tips of immotile sperm with a laser
beam of approximately 200 pJ and an irradiation time of about 2 ms (Aktan et al., 2004). The
thermal effect of the laser causes a localised increase in temperature resulting in changes to the
sperm cell membrane proteins, and spermatozoa whose tails curl after the laser shot are
regarded as viable and can be selected for use in ICSI. LAISS has the advantages that it can be

performed with normal culture media, does not require the use of chemical reagents, is easy to



perform, the selected spermatozoa can be used directly for ICSI, and the laser energy level can
be adjusted as needed. The percentage of immotile spermatozoa classified as viable by the laser

test has been shown to be similar to that detected by the HOST (Aktan et al, 2004).

A small number of studies have reported the use of LAISS for the selection of viable
but immotile spermatozoa for ICSI (Nordhoff, 2015; Simopoulou et al., 2016; Chen et al.,
2019), and it appears that similar fertilisation and embryo cleavage rates can be achieved using
LAISS to that with use of motile testicular spermatozoa (Chen et al., 2016). A single study of
ICSI using testicular sperm found no negative effect on pregnancy rates, perinatal or neonatal
outcomes after using LAISS for selection of viable immotile sperm in 33 cycles compared with

99 cycles where motile sperm were used (Chen et al., 2021).

While LAISS is an effective and rapid method of identifying viable sperm for ICSI, the
requirement for expensive, specialised equipment and the lack of studies comparing its
effectiveness with alternative methods for selection of viable immotile sperm mean its use has

not been adopted widely.

Guidance and recommendations for the use of methods for the selection of viable

sperm from a population of immotile forms

HOST, pentoxifylline and LAISS can be used in the absence of motile sperm for the

selection of viable immotile sperm for use in ICSI. B

Further research is required to investigate the long-term effects on children born as a result

of the use of HOST, pentoxifylline or LAISS for viable immotile sperm selection. GPP

Risks of ICST

Damage to oocytes



Degeneration of oocytes after injection is a recognised risk associated with ICSI (Rubino et al.,
2016), and it has been suggested that the rate of oocyte damage following ICSI should be no
greater than 10% (ESHRE SIG/Alpha, 2017; Hughes, 2012). While it is possible that oocyte
damage may be a consequence of the procedure itself, equally it may be a reflection of poor
oocyte quality, where non-viable oocytes are more vulnerable than good quality oocytes to

microinjection (Rosen et al., 2006).
Inherited male subfertility

For the 20-25% of couples where the male partner has severe male factor subfertility, there is
a risk that associated genetic factors will be inherited by offspring that are conceived after [CSI
(reviewed by Krausz & Riera-Escamilla, 2018). Genetic defects detected in the sperm of men
with severe male factor subfertility include deletion of heterochromatin, and an increase in
DNA fragmentation, telomere length and apoptosis (Loke & Craig, 2016), and genetic testing
is recommended in the evaluation of the severely oligozoospermic (total sperm count <5 x 10°)
or azoospermic male patient (Krausz & Riera-Escamilla, 2018). Given the increased risk of
chromosomal abnormalities in these men, it is recommended that karyotyping and a Y

chromosome microdeletion assay is performed (ASRM, 2015).

Couples who are contemplating ICSI treatment where Y chromosome microdeletion(s)
have been identified in the male partner (Colaco & Modi, 2018) should receive appropriate
genetic counselling, since a male child has 100% risk of inheriting this disorder and will require

fertility treatment with ICSI if he wishes to father children in later life.

Preliminary data suggest that young men conceived following ICSI may have impaired
spermatogenesis (Rumbold et al., 2019), although the mechanisms underlying this remain
unclear and require confirmation through larger studies. Semen analyses in 54 young male

adults conceived following ICSI found that median sperm concentration, total sperm count and



total motile sperm count were significantly lower compared to the same parameters in semen
from 57 spontaneously-conceived peers (Belva et al., 2016). In a later study, the group reported
that in the same ICSI 54 male offspring, the risk of sperm concentration and total sperm count
below the reference values was increased, and semen parameters did not correlate in paired
father-son semen analyses (Belva et al., 2019). There is a need for large studies that compare
spermatogenesis and sperm quality between offspring conceived after ICSI for the treatment
of male factor and non-male factor subfertility in order to clarify the nature and extent of any

intergenerational impact.

Guidance and recommendations for the management of

Genetic counselling should be offered to couples who are contemplating ICSI treatment

where Y chromosome microdeletion(s) have been identified in the male partner. C

Birth defects and child development

While some of the adverse outcomes that have been reported in ART offspring may be due to
the increased risk of health problems in the offspring of couples pursuing ART, rather than a
consequence of the ART itself (Sanchez-Calabuig, 2014), it remains difficult to distinguish
between the two. Early follow-up studies of ICSI children provided preliminary reassurance
that the procedure is safe, in that any slight increase identified in the incidence of neonatal
malformations or de novo abnormalities observed in ICSI offspring may be related to the
genetics of the subfertile couples rather than to ICSI itself. A comparison of 3372 children
conceived by ICSI and 9016 children conceived naturally found a relative risk for congenital
malformation of 1.44 (95% CI: 1.25-1.6) for ICSI (Loke & Craig, 2016). An analysis of 6163
IVF and ICSI births in South Australia among a total of 308,974 births in the same period

concluded that the risk of birth defects associated with ICSI remained increased, although even



after multivariate adjustment the possibility of further confounding variables could not be ruled

out (Davies et al., 2012).

A population-based cohort study compared ART cycles undertaken between 2004 and
2015 reported to the US Society for Assisted Reproductive Technology Clinic Outcome
Reporting System (SART CORS) with a 10:1 sample of non-ART births within the same study
period and concluded that ART in general is associated with increased risks of birth defects
compared with natural conception (Luke et al., 2021). Risks of a major non-chromosomal birth
defect, cardiovascular defect and any defect were increased in singleton children, and of
chromosomal defects were increased in twins, and the use of ICSI was found to increase this
risk further, with the greatest increase where a male factor was identified. Thus, compared to
naturally-conceived singletons the study reported a 30% increase in the risk of a major non-
chromosomal birth defect with the use of ICSI in the absence of male factor, increasing to 42%

in the presence of a male factor diagnosis.

In contrast, a recent systematic review and meta-analysis found no support for any
robust conclusions concerning the relative risk of chromosomal abnormalities in pregnancies
and children following conventional IVF, ICSI or natural conception (Berntsen et al., 2021).
No RCTs examining the risk of chromosome abnormalities in ICSI offspring were identified,
all studies had a critical risk of bias, and only five studies were eligible for pooled analyses on
adjusted data. These showed no evidence of an increased risk of overall chromosome
abnormalities when comparing ICSI to either conventional IVF or natural conception. In
contrast, meta-analyses on unadjusted data did show an increased risk of overall chromosome
abnormalities in ICSI compared to both conventional IVF and natural conception, and an
increased risk of de novo abnormalities in ICSI compared to natural conception. Despite this,

based on a very low certainty of evidence, the authors concluded that no indication of an



increased risk of chromosome abnormalities in ICSI offspring could be found, and that if it

does exist, the absolute risk is small (Berntsen et al., 2021).

Regarding neurodevelopmental outcomes, a national cohort study of 18-month-old
naturally-conceived infants of fertile and subfertile couples found no differences in their
psychomotor development, although slight delays in some cognitive/language milestones were
noted in the subfertile group (Zhu et al., 2009). Among children born to subfertile couples,
either naturally or following fertility treatment, those conceived following ICSI displayed the
highest relative risk of delay for most milestones investigated. An earlier, smaller study of 97
ICSI, 80 IVF and 110 naturally-conceived children at 5 years of age had found no significant
differences in 1Q between ICSI offspring and other groups, concluding that any differences
observed were more likely due to parental cognitive ability than to the mode of conception
(Leslie et al., 2003). Psychological evaluation of 300 singletons conceived after ICSI found
that although a higher proportion of ICSI children obtained scores below the cut-off on some
of the visual-spatial tests that merited further follow-up, ICSI did not appear to be associated
with effects on psychological well-being or cognitive development at age 5 (Ponjaert-
Kristoffersen et al., 2004). These findings were supported tentatively by a later systematic
review of 80 studies published worldwide (Bay et al., 2013), and a more recent systematic
review of 24 studies concluded that cognitive and motor performance are comparable between
ICSI and naturally-conceived offspring, explaining any differences that had been reported as
being due to limitations in methodology (Catford et al., 2018). Although an association has
been reported between ICSI and autism (Sandin et al., 2013; Kissin et al., 2015), causation has
not been established, and when confounding factors such as multiple gestation are taken into

account the reported association is not supported (Barad et al., 2015).

Many of the reports to date have attempted to draw comparisons between ICSI

outcomes with those of spontaneous conceptions in fertile women, rather than couples who



have experienced subfertility and either conceived spontaneously or following ART treatment

without the use of ICSI (Esteves et al., 2018).

Imprinting disorders. Some male subfertility may be associated with epigenetic defects arising
during of spermatogenesis, and include failure to complete de-methylation of maternal
imprints, failure to establish fully paternal methylation imprints, variation in the protamine
levels and increased histone retention in sperm (reviewed by McSwiggin & O'Doherty, 2018).
A comparison of DNA methylation between 174 naturally-conceived and 20 ICSI-conceived
twins revealed significant differences in DNA methylation at the H19/IGF2 ICR (Loke et al.,
2015). In contrast, a study comparing X-inactivation in newborn placentas from 60 ICSI-
conceived, 72 IVF-conceived and 52 naturally-conceived females, found no difference in DNA

methylation patterns between the three groups (Wu et al., 2014).

Despite the undoubted links between some male subfertility and abnormal DNA
methylation, and the limited evidence suggesting that epigenetic defects may be more severe
in ICSI offspring than in those conceived after conventional IVF, whether the differences in
DNA methylations seen in ICSI offspring are driven specifically by ICSI, or are simply

associated with elements of male subfertility remains unclear (Loke & Craig, 2016).

Long term health outcomes

Few studies have investigated the long-term health outcomes of ICSI offspring and a careful
consideration of confounding variables is needed. Significant confounders include parental
age, socio-economic status, and educational level. A contributing factor to early reports of
increased pregnancy complications is likely to have been the transfer of multiple embryos
resulting in multiple pregnancies (Fauser et al., 2014). Attempts to assess the general physical

health of children born from ICSI have reported issues as diverse as significantly increased



incidences of surgical interventions (Bonduelle et al., 2004), cryptorchidism, hospital
admissions and urogenital surgeries (Ludwig et al., 2009; Bonduelle et al., 2005) and in blood
pressure (Belva et al., 2007) compared with spontaneously conceived children. Conversely,
another study found no difference (Knoester et al., 2007). The current published expert
consensus suggests no difference in the medical health of ICSI children when matched to age

and gender matched controls in the fertile population (Fauser et al., 2014).

The suggestions that, compared to spontaneously conceived children, ICSI-conceived
children may be prone to adiposity (an investigation of 217 ICSI-conceived singletons; Belva
et al, 2012), and exhibit altered insulin resistance and differences in cortisol levels (an

investigation of 42 ICSI-conceived children; Gkourogianni et al, 2014) require substantiation.

Further research into health outcomes in adolescence and adulthood is required before

conclusions can be drawn about the long-term safety of ICSI compared to IVF.

Provision of information and informed consent

It is the responsibility of ART clinics to obtain informed consent from patients prior to the
commencement of treatment to ensure that patients fully understand its nature, purpose and
implications. Clinic staff should establish that patients understand the choices available for
their treatment, including the choice of method of insemination of the eggs collected, as well
as their consequences, risks and, where applicable costs (HFEA Code of Practice). The
laboratory criteria for the insemination method recommended should be discussed with patients

prior to consent.

The recommendation to undertake ICSI rather than conventional IVF during ART
treatment rests primarily with Clinical Scientist specialists in clinical embryology, and should
be based on semen parameters assessed according to methods described in the most recent

World Health Organisation laboratory manual (WHO, 2021). Each ART clinic should establish



its own criteria, set out in the clinic’s protocols, to stipulate when IVF or ICSI insemination
should be used, and the rationale for using ICSI in individual cases should be detailed in the
patients’ medical records. Any decision to change the proposed and consented insemination
method at any point during treatment should be made with patients’ informed consent

following discussion with appropriately qualified and trained personnel.

Guidance and recommendations for counselling and taking consent for patients

embarking on ICSI treatment

Clinics should provide patients with appropriate information to enable them to provide

informed consent regarding the use of ICSI in their fertility treatment. GPP

Appropriate patient information should include any cost implications of the use of ICSI.

GPP

Guidance and recommendations

ART laboratories should define validated centre-specific criteria for semen parameters that
determine when to use ICSI rather than conventional IVF to ensure the rate of total failed

fertilisation rates remains below 5% per IVF cycle. GPP

In deriving centre-specific criteria for ICSI, pre-treatment assessment of the quality of semen
preparations may be used, with <90% progressive motility in prepared samples as a

threshold for considering use of ICSI. B

ICSI should be used in cases of severe male factor subfertility. A

ICSI may be considered in cases of moderate male factor subfertility. B



ICSI should be used as the method of insemination, rather than conventional IVF, in all ART

treatment cycles where surgically retrieved sperm are used. A

The use of round spermatids for ICSI is considered experimental and not permitted in the

UK. GPP

ICSI should be used as the method of insemination, rather than conventional IVF, in all cases

of total globozoospermia. A

Genetic counselling should be offered to globozoospermic men prior to treatment. C

AOA may be considered in cases of total globozoospermia. C

Further studies are needed to establish whether or not the use of ICSI in normospermic
patients with elevated sperm DNA fragmentation levels leads to improved outcomes

compared with IVF. GPP

Further studies are needed to establish whether or not the use of testicular sperm should be
considered in patients with elevated sperm DNA fragmentation levels if previous ART

cycle(s) with ejaculated sperm have been unsuccessful. GPP

ICSI should not be considered as first-line therapy for unexplained infertility. A

Split IVF-ICSI inseminations should not be used as first-line therapy for couples with

unexplained infertility. A

Further research is needed to establish whether ICSI results in better clinical outcomes than

IVF in couples with unexplained infertility. GPP

ICSI can be used as the method of insemination for patients with unexplained infertility

where a previous IVF treatment cycle has resulted in total failed fertilisation. B



ICSI may be used as the method of insemination when a previous IVF treatment cycle has
resulted in poor fertilisation, with “poor” defined as <25% of inseminated oocytes achieving

normal fertilisation. B

Despite its prohibition in the UK, evidence to date does not support concerns that rescue
ICSI may increase the incidence of abnormalities. Where permitted by law, rescue ICSI may

be considered. B

ICSI should be used as the method of insemination of thawed/warmed cryopreserved oocytes.

C

Conventional IVF may be used as the method of insemination for cumulus intact in vitro

matured oocytes, unless ICSI is indicated by poor semen parameters. C

Further studies are required comparing outcomes following IVF and ICSI with in vitro

matured oocytes. GPP

Conventional IVF may be used as the method of insemination for PGT-M cycles, unless ICSI

is indicated by poor semen parameters. B

Further studies are necessary to establish whether or not ICSI is necessary to minimise the

rate of mosaic results in NGS PGT-A cycles. GPP

Conventional IVF should be used rather than ICSI as the method of insemination for oocytes

from women of all ages, unless ICSI is indicated by poor semen parameters. A

Conventional IVF should be used rather than ICSI as the method of insemination for oocytes

from women with low oocyte yield, unless ICSI is indicated by poor semen parameters. A

There is insufficient evidence to indicate that ICSI is necessary rather than conventional IVF
in the treatment of BBV-positive patients and sero-discordant couples, unless ICSI is

indicated by poor semen parameters. B



ICSI may be considered when a previous IVF cycle resulted in a high percentage of zygotes

developed 3 or more pronuclei in a previous IVF cycle. GPP

Reduction in sperm insemination concentration at IVF may be considered when a previous
IVF cycle resulted in a high percentage of zygotes developed 3 or more pronuclei in a

previous IVF cycle. GPP

ICSI should be considered if the percentage motility of cryopreserved sperm after

preparation does not meet the laboratory’s criteria for IVF. B

ART laboratories should define validated centre-specific criteria for prepared cryopreserved
sperm to determine when to use ICSI rather than conventional IVF to minimise the risk of

poor or failed fertilisation. GPP

Further studies are required comparing outcomes of IVF and ICSI using frozen ejaculated

sperm. GPP

There is no evidence that the use of IMSI as a method of sperm selection and insemination

results in an increase in clinical pregnancy or live birth rates compared with routine ICSI. A

There is no evidence that PICSI results in an increase in live birth rates compared with

routine ICSI. A

Further studies are required to establish whether PICSI could be recommended where there

is an increased miscarriage risk. C

There is no evidence to indicate that ICSI with oocyte selection by meiotic spindle
visualisation yields an increase in clinical pregnancy and implantation rates compared with

routine ICSI using unselected oocytes. A

AOA should not be used routinely with ICSI as its safety, in terms of the potential

developmental consequences and birth outcomes, has yet to be established. A



ICSI with AOA may be used where two previous routine ICSI cycle(s) have resulted in <30%

or no fertilisation. A

Where AOA is used, patients should be advised that safety, in terms of the potential

developmental consequences and birth outcomes, has not been established. GPP

Patients should be provided with safety data relating to the specific AOA technique used.

GPP

HOST, pentoxifylline and LAISS can be used in the absence of motile sperm for the selection

of viable immotile sperm selection for use in ICSI. B

Further research is required to investigate the long-term effects on children born as a result

of the use of HOST, pentoxifylline or LAISS for viable immotile sperm selection. GPP

Genetic counselling should be offered to couples who are contemplating ICSI treatment

where Y chromosome microdeletion(s) have been identified in the male partner. C

Clinics should provide patients with appropriate information to enable them to provide

informed consent regarding the use of ICSI in their fertility treatment. GPP

Appropriate patient information should include any cost implications of the use of ICSI. GPP
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Table 1. Levels of evidence (NICE, 2004)

Grade strength of evidence
A. Requires at least one RCT as part of a body of literature of overall good quality and
consistency addressing the specific recommendation. (evidence levels 1a, 1b).

B. Requires the availability of well-controlled clinical studies but has no randomised
clinical trials on the topics of recommendations. (evidence levels 2a, 2b, 3).

C. Requires evidence obtained from expert committee reports of opinions and/or clinical
experiences of respected authorities. Indicates an absence of directly applicable clinical

studies of good quality. (evidence level 4).

GPP. Good practice point
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Abstract Assisted oocyte activation (AOA) using a calcium ionophore has been used for more than a decade following intracytoplas-
mic sperm injection (ICSl) fertilization failure. However, since AOA does not mimic precisely the physiological fertilization process,
concerns exist about its use in human assisted reproduction. This study assessed the neonatal and neurodevelopmental outcome of
children aged >3 years who had been born following AOA in our centre. Twenty-one children participated in the study (81% response
rate; mean age 63.6 + 21.07 months). Neonatal data were collected via questionnaires. Neurodevelopmental outcome was tested
using the Reynell Developmental Language Scales or Clinical Evaluation of Language Fundamentals, Wechsler Preschool and Primary
Scale of Intelligence or Wechsler Intelligence Scale for Children, and the Movement Assessment Battery for Children Ill. Behaviour
was scored by the Social Communication Questionnaire, the Child Behaviour Checklist and the Teachers Report Form. For all tests
and questionnaires, the mean outcomes lay within the expected ranges. These are first data on the developmental outcome of AOA
children. The high response rate and the robustness of the tests support the data, which are reassuring although still considered
preliminary. Therefore, AOA should still be performed only in selected couples. o 08
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Introduction

Intracytoplasmic sperm injection (ICSI) is typically used in
cases of severe semen dysfunction or following failure of
conventional IVF. In general, fertilization rates of 70—75%
are obtained (Palermo et al., 2009). In contrast, failed fer-
tilization still occurs in 1—3% of ICSI cycles, even when a suf-
ficient number of mature oocytes and motile spermatozoa
are available (Esfandiari et al., 2005; Flaherty et al., 1995).
The principal reason for fertilization failure following ICSI is
defective oocyte activation (Flaherty et al., 1998; Liu et al.,
1995; Rawe et al., 2000). The primary cellular event leading
to mammalian oocyte activation is the initiation of intracel-
lular calcium oscillations in the oocyte’s cytosol. Although
doubts have risen recently, substantial evidence suggests that
the spermatozoon supplies an activating protein, phospholi-
pase C zeta, into the oocyte’s cytosol which triggers calcium
oscillations via an inositol-3-phosphate-mediated pathway
(Aarabi et al., 2012; Saunders et al., 2002). The oocyte
responds to this by the calcium-dependent activation of sev-
eral down-stream pathways, which are necessary for success-
ful oocyte activation, pre- and post-implantation embryo
development (Ducibella et al., 2002; Kashir et al., 2010; Par-
rington et al., 2007). Therefore, both the spermatozoon and
the oocyte are considered to be responsible for successful
oocyte activation and embryo development. In this study cen-
tre, the mouse oocyte activation test (MOAT), a heterologous
ICSI model, is performed to diagnose the activation capacity
of a patient’s spermatozoa (Rybouchkin et al., 1996).
Several reports show that most, but not all, of the cou-
ples suffering from ICSI failure benefit from the application
of ICSI combined with assisted oocyte activation (AOA) (Hei-
ndryckx et al., 2005, 2008; Montag et al., 2012; Vanden
Meerschaut et al., 2012). Different activating agents have
been used successfully in human assisted reproduction, e.g.
calcium ionophore, electrical pulses and strontium chloride
(Baltaci et al., 2010; Kyono et al., 2008; Rybouchkin et al.,
1997; Yanagida et al., 2006). However, until adequate sci-
entific evidence is provided regarding its safety and effi-
cacy, ICSI combined with AOA cannot yet be considered an
established treatment. The current study centre has been
performing ICSI combined with AOA during more than a
decade, using the injection of calcium chloride (CaCly)
along with the spermatozoon into the oocyte, followed by
a 2-fold calcium ionophore exposure of the injected oocyte
(Rybouchkin et al., 1997) and has built up a large experience
in the treatment of this rare but challenging group of
patients. Rewarding results have been obtained regarding
fertilization and pregnancy rates (Heindryckx et al., 2008).
Nevertheless, the artificially induced calcium rises do not
mimic precisely the physiologically sperm-induced calcium
oscillations and little is known yet about the possible
adverse effects of ionophores on post-implantation embryo
development. Therefore, concerns exist about the use of a
calcium ionophore as oocyte-activating agent in human
assisted reproduction. However, the influence of ionomycin
exposure during the zygote stage on pre- and post-implanta-
tion development has been evaluated in the mouse (Heytens
et al., 2008). Zygotes treated with ionomycin showed nor-
mal pre- and post-implantation development, and normally
developing and fertile pups were born originating from

ionomycin-treated zygotes. Nevertheless, since these
results were obtained from highly fertile animals, results
should not be extrapolated without caution to a subfertile
human population (Harper et al., 2012). Even though the
exposure to the calcium ionophore for the purpose of AOA
is short and limited to the zygote stage, it is appropriate
to examine possible adverse effects of ionomycin in children
born following AOA.

Since the main aim of a IVF-clinic is to ensure the birth of
healthy babies, the goal of this study was to report on the
neonatal outcome of children born following AOA and on
their cognitive, language and motor development and
behaviour from the age of 3 years onwards and to compare
their outcomes with age-matched norms.

Materials and methods
Participants

All children born following AOA at University Hospital Ghent
from October 2001 until September 2008 were eligible for
this study. Inclusion criteria for the neurodevelopmental
and behavioural assessment were: (i) age >3 years; (ii) the
ability to visit the outpatient clinic; and (iii) Dutch as the
mother tongue. Written informed consent was given by
the parents and the study was approved by the Ethical Com-
mittee of the Ghent University Hospital (EC number:
2011/188; Belgian registry number: B670201110978,
approved 19 May 2011).

Assisted oocyte activation

ICSI combined with AOA was performed as previously
described (Heindryckx et al., 2008). Briefly, a spermatozoon
was injected into the oocyte together with a small amount
of 0.1 mol/l CaCl, (corresponding to the diameter of the
oocyte). Thereafter, the oocytes were incubated for 30 min
at 37°C in a 6% CO, air atmosphere. Next, the oocytes were
exposed to a calcium ionophore (10 pmol/l ionomycin,
19657; Sigma-Aldrich, Bornem, Belgium) for 10 min. Follow-
ing ionophore exposure, the oocytes were washed with Cook
Cleavage medium (Cook Ireland, Limerick, Ireland) and
were incubated again. After another 30 min, the calcium
ionophore treatment was repeated for 10 min. Finally, the
oocytes were washed and incubated overnight under 5% O,.

Neonatal data

A questionnaire concerning obstetric and neonatal parame-
ters was filled in by the parents shortly after the birth of
their child. This questionnaire was retrieved from the
patients’ file at the moment of this study and informed con-
sent was given by the parents to use this questionnaire for
data analysis. Additionally, some parents were consulted
on the day of the neurodevelopmental assessment if data
were missing or unclear.

Follow up by assessment

All children aged >3 years were invited to the study centre
for neurodevelopmental follow up using a set of three
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standardized tests. For each child, all tests took place on
one single day and were performed with a period of rest
in between. The order of testing could be different due to
planning. The cognitive, language and motor development
tests were performed by two clinical psychologists, one
speech therapist and one physiotherapist, respectively.

Cognitive development

To assess cognitive development, the Wechsler Preschool
and Primary Scale of Intelligence (WPPSI-III-NL, <7 years)
or the Wechsler Intelligence Scale for Children (WISC-111-NL)
was used (Hendriksen and Hurks, 2009; Kort et al., 2005).
Both tests measure verbal IQ (VIQ), performance 1Q (PIQ)
and full-scale 1Q (FSIQ) and can be completed without read-
ing or writing. Dutch/Flemish norms were used for both
tests.

Language development

Language skills were assessed by the Reynell Developmental
Language Scales (Reynell Taalontwikkelingsschalen, RTOS)
or by the Clinical Evaluation of Language Fundamentals
(CELF-IV-NL) (Kort et al., 2008; Schaerlaekens et al., 2003).
The RTOS is used for children <5 years and is a Dutch/Flem-
ish norm-based practical tool for everyday clinical use. The
CELF-IV-NL is used for children aged >5 years. For both
tests, the outcomes are percentile scores and include two
scales next to a total percentile score: the comprehension
and the expressive scale.

Motor development

The Movement Assessment Battery for Children (Movement
ABC-1I-NL) was used to identify and evaluate movement
problems (Henderson et al., 2010). It provides a comprehen-
sive assessment of movement competence on age-appropri-
ate tasks within three subtests: manual dexterity, ball skills
and static and dynamic balance. Outcome score is a percen-
tile score based on Flemish/Dutch norms. Additionally, a
questionnaire regarding motor skills in everyday life was
given to the parents (Vragenlijst voor Motorische Vaardi-
gheden van Kleuters (VMVK, <5 years) or
Codrdinatievragenlijst Voor Ouders (CVO, >5 years)). The
CVO was officially translated from Developmental Coordina-
tion Disorder Questionnaire (Wilson et al., 2000).

Follow up by questionnaires

The behaviour of the AOA children aged >3years was
assessed by three standardized questionnaires. The Social
Communication Questionnaire (SCQ) is a worldwide-used
screening tool for autism spectrum disorders (ASD) (Rutter
et al., 2003a; Warreyn et al., 2004). Furthermore, the Child
Behaviour Checklist (CBCL) and the Teacher’s Report Form
(TRF) were used. These questionnaires are identical, filled
in by the parent and teacher, respectively, on which the
child is rated on various behavioural and emotional aspects.
The CBCL is one of the most widely used standardized mea-
sures in child psychology for evaluating maladaptive behav-
ioural and emotional problems in children (Achenbach and

Rescorla, 2001). For the CBCL, the usefulness of existing
US norms within a Flemish community sample were explored
before and the reliability was excellent (Braet et al., 2011).
In addition to the total problem score, the CBCL and TRF
give two broad syndrome scores: internalizing and external-
izing behaviour. All the above mentioned questionnaires
were in Dutch and filled in by one or both parents, except
for the TRF, which was filled in by the teacher of the child.
The TRF was a non-mandatory questionnaire.

Statistical analysis

To compare birthweight and gestational age between the sin-
gletons and twins, the Mann—Whitney U-test was used. The
Fisher’s Exact test was used to compare the amount of birth
defects in the study population to the amount of birth defects
present in a large ICSI population (Davies et al., 2012). The
Mann—Whitney U-test was used to compare mean results on
the developmental tests between study groups. The Wilson’s
confidence interval for a single proportion method was used
to calculate the 95% confidence intervals around the propor-
tion of children with test scores within pathological thresholds
(Altman et al., 2008). The Statistical Package for the Social
Sciences version 20 (SPSS Statistics, IBM Corp, NY, USA) and
R version 2.15.1 (The R Foundation for Statistical Computing)
were used for statistical analysis. A P-value < 0.05 was consid-
ered statistically significant.

Results
Study population

From 2001 onwards, 53 pregnancies were achieved follow-
ing AOA in this study centre, of which 41 ended in childbirth
(77.4% ongoing pregnancy rate). Six out of those 41 pregnan-
cies were twin pregnancies (14.6%). Eight spontaneous mis-
carriages (15.1%) and three biochemical pregnancies (5.7%)
occurred. One pregnancy was interrupted because of the
fetus carrying trisomy 21. From those 47 children born fol-
lowing AOA, 26 were aged 3 years or older at the time of this
study and therefore eligible for this study. Twenty-one out
of those 26 children aged 3—11 years could be included in
the study (81% response rate). The mean + standard devia-
tion and median (range) age of the included children was
63.6 £ 21.07 and 62.0 (38—124) months, respectively. The
mean maternal and paternal age at childbirth was
32 + 3.0 years and 34 + 3.6 years, respectively. Two single-
ton sisters had a mother with Asian descent. All other par-
ents were Caucasians. Two-thirds of the parents had a
higher level of education (beyond 18 years of age). All chil-
dren lived together with both their biological parents.

The fertility history and indications for AOA are shown in
Table 1. In 11 couples, the indication for AOA was low or
zero fertilization in previous conventional ICSI cycles,
whereas for the remaining three couples, AOA had been
advised because of total globozoospermia, a condition in
which the sperm acrosome is lacking and typically leading
to very low or zero fertilization rates using conventional
ICSI. Without AOA the mean fertilization rate in this group
of 14 couples was 19.9%, whereas following AOA treatment
the fertilization rate was restored to 74.1%. A mean of
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Table 1 Fertility history and indications for AOA.
Characteristic Study pOpu_IGtiO”
(n = 14 patients)
Fertility history®
Conventional ICSI without
pregnancy
Cycles 2.1+1.75
Fertilization rate (%) 19.9 +£19.30
ICSI + AOA
Cycles 2.5+1.16
Fertilization rate (%) 74.1 +20.81
Indication to perform AOA?
Zero fertilization following 3(21.4)
conventional ICSI
Low fertilization (<33.3%) 8 (57.1)
following conventional ICSI
Globozoospermia 3(21.4)
MOAT results”
0—20% activation: certain 5 (41.7)
sperm deficiency
21—84% activation: probable 4 (33.3)
sperm deficiency
85—100% activation: no 3 (25.0)
sperm deficiency

Values are mean + standard deviation or n (%).

AOA = assisted oocyte activation; ICSI = intracytoplasmic sperm
injection; MOAT = mouse oocyte activation test.

2Data for all 14 parent couples.

bData for 12 couples.

2.1 +1.75 conventional ICSI cycles were performed in these
couples before they were referred to this study centre.
Pregnancies following AOA treatment were achieved after
a mean of 2.5 + 1.16 fresh AOA cycles. For 12 out of 14 cou-
ples, a diagnostic MOAT was performed before proceeding
to AOA treatment. Nine of the couples were classified into
MOAT group 1 or 2, which strongly suggests a sperm defi-
ciency (Vanden Meerschaut et al., 2013).

Neonatal outcome and birth defects

Eleven singletons and 10 twins born following ICSI combined
with AOA were included in this study. Neonatal data were
retrieved for all of the included children (Table 2). The
birthweight of the singletons was significantly higher com-
pared with the twins (P < 0.01). Seven out of 21 children
(33.3%) were born following a Caesarean section, four of
whom were twins. Mean gestational age at birth was
39.4 £ 0.92 weeks and 36.8 + 2.53 weeks for the singletons
and twins, respectively (P < 0.001). Five children (solely
twins) were admitted to the neonatal intensive care unit
(NICU) (mean duration of stay 35+18.8days, range
1—44 days). Reasons for admission to the NICU were: prema-
turity (n=2), poor condition of the mother (n=2) and low
temperature (n=1). Birth defects were diagnosed in three
children (14.3%, 95% Cl 5.0—34.6%) at toddler age. In one
child, a small arachnoid cyst was found by chance at the
age of three. The condition is considered to be benign and

did not require any intervention. In another child, a pectus
excavatum and genu varum were found. In a third child,
vesico-ureteral reflux was diagnosed at the age of two.

Non-respondent analysis

The five children who did not participate were excluded
because of: (i) a mother tongue different from Dutch
(n = 3); and (ii) parents were not able to visit the outpatient
clinic (n=2).

All five excluded children were singletons (three girls and
two boys), and two of them were sisters. Indications for AOA
were globozoospermia (n = 4) and failed fertilization follow-
ing conventional ICSI (n=1). Their mean + standard devia-
tion and median (range) age at the moment of
recruitment for the study was 73.8+33.66 and 77.0
(40—125) months, respectively. The maternal age at child-
birth was 28 + 4.0 years. Mean gestational age of these chil-
dren was 39.0 = 1.32 weeks, with none of them born before
week 37 of pregnancy. Mean birthweight was 3107 + 217.8 g.

Neurodevelopmental outcome

The majority of the children were younger than 7 years at
the moment of testing. Seven of the 11 singletons were sin-
gle child. Two singletons were sisters; another pair of sin-
gletons comprised a brother and a sister. The results are
presented in Table 3.

Cognitive development

Cognitive development was assessed for all included chil-
dren. Mean FSIQ, PIQ and VIQ scores on the WPPSI-1II-NL
were 104.2, 105.0 and 102.8, respectively (20 children: 10
singletons, 10 twins). One girl and one boy (not genetically
related to each other) scored 77 and 74 for VIQ and PIQ,
respectively. However, both their FSIQ scores were consid-
ered normal: 93 and 85, respectively. The oldest child was
tested using the WISC-III-NL: FSIQ, PIQ and VIQ scores were
131, 130 and 123, respectively. Considering the pathological
threshold for FSIQ scoring being <70 (cognitive disability),
the proportion of children in this cohort falling below this
threshold is 0% (95% Cl 0—15.5%).

Language development

One child was excluded because of an incomplete test result
due to a lack of co-operation. Eight children aged <5 years
were tested using the RTOS. Their total percentile score for
language development was 78.2, while their percentile
scores on receptive and expressive language skills were 82.0
and 73.3. The remaining 12 children aged >5 years were
tested using the CELF-IV-NL. Their total, receptive and
expressive language percentile scores were 40.1, 32.5 and
40.9, respectively. If both groups were compared, the youn-
ger group scored significantly better than the older group of
children (P < 0.05). Importantly, the older group consisted
of eight twins (8/12, 67%), whereas in the younger group
only two twins were present (2/8, 25%). Considering the
pathological thresholds for language percentile scoring
being <5th percentile (language disability), the proportion
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Table 2 Neonatal data.

Outcome Singletons (n=11) Twins (n=10) Total (n=21)
Obstetric
Delivery <37 weeks 0 (0) 2 (20.0) 2 (9.5)
Vaginal delivery 8 (72.7) 6 (60.0) 14 (66.7)
Caesarean section 3 (27.3) 4 (40.0) 7 (33.3)
Neonatal
Birthweight (g) 3623 + 324.5° 2696 + 676.7° 3181 £ 695.5
(3085—4140) (1640—3450) (1640—4140)
Birthweight <2500 g 0 (0) 3 (30) 3 (14.3)
APGAR <7 at 5 min 0 (0) 0 (0) 0 (0)
Neonatal intensive care 0 (0) 5 (50.0) 5 (23.8)
Duration (days)
<7 0 (0) 1 (10.0) 1(4.8)
>7 0 (0) 4 (40.0)° 4 (19.0)
Perinatal mortality 0 (0) 0 (0) 0 (0)
Gender
Female 8 (72.7) 6 (60.0) 14 (66.7)
Male 3(27.3) 4 (40.0) 7 (33.3)

Values are n (%) or mean + standard deviation (range).

3P < 0.01 (Student’s t-test). "Two of these children were admitted to NICU because of severe illness of their

mother (aorta dissection).

of children in this cohort falling below this threshold for the
expressive and total language score was 0% (95% ClI
0—16.1%), whereas this was 5% (95% Cl 0.01—23.6%) for
the receptive language score.

Motor development

In the two youngest children, the test was cancelled
because of fatigue. Seventeen children were tested using
the Movement ABC-II-NL for children aged 3—6 years. The
mean total percentile score was 37.1. The remaining two
older children (both singletons) were tested using the Move-
ment ABC-II-NL test for children aged 7—10 years. Their
mean percentile score was 50.0. Subtest percentile scores
are shown in Table 3. Six children (31.6%) scored below
the 15th percentile for motor skill development. Among
them, 5 (83.3%) were twins, of which two were born before
week 37 of gestation. No correlation was found between the
birthweight of the included children and the total or subtest
scores on motor skill development. Considering the patho-
logical thresholds for motor skill percentile scoring being
<5th percentile (Developmental Coordination Disorder),
the proportion of children in this cohort falling below this
threshold is 10.5% (95% Cl 2.9—31.4%) for manual dexterity,
5.3% (95% Cl 0.01—24.6%) for aiming and catching and the
total motor score, and 0% (95% Cl 0—16.8%) for balance.
Additionally, the parents were asked to fill out a question-
naire regarding motor skills in everyday life (VMVK or CVO
questionnaire). All children (n=21) tested within the nor-
mal ranges on these questionnaires (data not shown), mean-
ing that according to the questionnaires no notable
co-ordination disorders with influence on everyday life
activities are present in these children.

Behaviour

The behaviour of all 21 AOA children was assessed using
three validated questionnaires. The SCQ questionnaire was
filled out and returned valid for 16 children. The mean score
was 6.4 (range 0—13). No correlation was found between
paternal and maternal age at birth, APGAR score at 5 min,
birthweight and the SCQ score. The CBCL and TRF
(non-mandatory) were returned for 19 and eight children,
respectively. The mean scores for the CBCL and TRF were
43.8 and 44.0, respectively. Again, these scores fell within
the normal range for children of similar age, being <70.
Also, for both questionnaires, the mean scores for internal-
izing and externalizing behaviour lied within the normal
range. One girl scored above the norm for internalizing
behaviour (CBCL score: 74). Nevertheless, this was not con-
firmed by her teacher (TRF score: 53).

Discussion

This is the first report on the neurodevelopmental and
behavioural outcome of children born following AOA, which
is a rarely required, nonetheless highly specialized fertiliza-
tion technique. The high response rate and the robustness
of the performed tests and questionnaires support the valid-
ity of the results found in this study.

Others described a group of 22 babies born following AOA
(Takisawa et al., 2011a,b). Of these babies, 10 were born
following AOA by the calcium ionophore A23187 and 12 fol-
lowing SrCl, treatment. Growth and health of these babies
at birth were not different between both AOA protocols.
In a similar communication, weight and height of 21 AOA
children was assessed up to the age of six (Sato et al., 2011).
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Table 3 Scores of the follow up by assessment.

Test and age group No.. of Norm Score
children
Cognition 21 Verbal 1Q Performal 1Q Full scale 1Q
WPPSI-III-NL (<7 years) 20 100 102.8 (96.4—109.2) 105.0 (97.8—112.2) 104.2 (97.5—110.8)
(77—129) (74—142) (85—144)
WISC-III-NL (>7 years) 1 100 123 130 131
Language 20 Receptive scale Expressive scale Total percentile
score
RTOS (<5 years) 8 50 82.0 (63.4—100.7)® 73.3 (49.4-97.2)>  78.2 (57.2—99.2)°
(35.5—99) (30—99) (33.3-99.0)
CELF-IV-NL (>5 years) 12 50 32.5(7.3-57.7)% 40.9 (16.6—65.2)>  40.1 (16.8—63.4)°
(3.6—-94.5) (7.1-88.5) (9.1-89.7)
Motor skills 19 Manual dexterity Aiming and Balance Total
catching percentile
score
Movement ABC-II-NL 17 50 42.0 (24.4-58.7) 43.8 (29.5-58.0) 41.5 (25.1-57.9) 37.1(22.3-52.0)
(3—6 years) (1-95) (2-95) (5—91) (2—84)
Movement ABC-1I-NL 2 50 56.5 (NA) (50—63)  21.0 (NA) (5—37) 77.0 (NA) (63—91) 50.0 (NA)
(7—10 years) (37—63)
Autism screening 16 Score
SCQ (>2 years) 16 <15 6.4 (4.5-8.3)
(0—13)
Maladaptive behaviour 19 Internalizing Externalizing Total score
screening broadband broadband
CBCL (1.5—5 years) 11 <70 50.5 (42.7-58.2) 47.6 (42.1-53.0) 48.6 (42.5—-54.8)
(33—74) (35—60) (30—63)
CBCL (6—18 years) 8 <70  38.4 (33.6—43.2) 39.1 (35.0—43.2) 37.3 (32.0—42.5)
(33-50) (34—48) (29—45)
TRF (1.5-5 years) 4 <70  47.5 (41.3-53.7) 44.8 (36.8—52.7) 45.5 (41.7—-49.3)
(44-53) (38—49) (44—49)
TRF (6—18 years) 4 <70  43.5 (31.7-55.7) 42.7 (40.9—44.1) 42.5 (32.1-52.9)
(37-52) (41—43) (33—48)

Values are mean (95% ClI) (min—max) or n. Norm: (i) the 50th percentile of the general population (for cognition, language and motor skill

assessment); or (ii) the cut-off below which the behaviour is considered normal (for autism and maladaptive behaviour screening).

CBCL = Child Behaviour Checklist; CELF = Clinical Evaluation of Language Fundamentals; Movement ABC-II-NL = Movement Assessment Bat-
tery for Children lll; NA = not applicable (n = 2); RTOS = Reynell Developmental Language Scales; SCQ = Social Communication Questionnaire;
TRF = Teachers Report Form; WISC = Wechsler Intelligence Scale for Children; WPPSI = Wechsler Preschool and Primary Scale of Intelligence.

3 < 0.01. ®P < 0.05 comparing RTOS and CELF scores (Mann—Whitney U-test), respectively.

For the singletons, the physical growth was within the
10—90% percentile. In the latter report, it was not men-
tioned whether the children were born following calcium
ionophore or strontium treatment.

The neonatal data of this group of children were reassur-
ing. No birth defects were reported at birth, whereas at tod-
dler age birth defects were reported in 14.3% of the children
followed up by assessment. However, the occurrence of
birth defects in this cohort was not different from a recent
reported birth defect rate of 9.7% in 939 ICSI children
(Davies et al., 2012). Nonetheless, the sample size of the
current study group was not adequate to allow for a mean-
ingful conclusion, as it led to a wide confidence interval for
the observed birth defect rate, which indicated that the

observed birth defect rate is statistically compatible not
only with the rate of the reference cohort (9.7%), but also
with a rate that is 3-times higher, which should be inter-
preted with caution. One should also bear in mind that chil-
dren born following assisted reproduction technology stay
more often in neonatal care units compared with naturally
conceived children and are checked very carefully, which
might lead to overestimation of anomalies that create an
observational bias.

For the assessment of neurodevelopmental health, only
children aged 3 years or older were included. It is known
that tests of cognitive ability performed on very young chil-
dren (<2 years) are not necessarily reliable predictors of
long-term intelligence (Bowen et al., 1998; Leslie et al.,
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2003). In several studies, no delay of cognitive development
was found in ICSI children compared with IVF or naturally
conceived controls (Cederblad et al., 1996; Leunens
et al., 2008; Place and Englert, 2003; Ponjaert-Kristoffersen
et al., 2005). However, one study suggested that IQ scores
were significantly lower in ICSI children (Knoester et al.,
2008). The latter could not be confirmed by the present
study with normal 1Q scores. One girl, who scored rather
low for VIQ (<85), was known with distinct shyness, espe-
cially in new situations, which could have led to a false
low score on VIQ. No gross problems were known for this girl
at school or in relationship with classroom peers. One boy
also scored relatively low for PIQ (<85). This boy was at
the lower age limit to perform this test and since this test
was performed at the end of the day, tiredness could have
been the cause for the lower PIQ score (Murphy and David-
shofer, 1998). Both children had normal FSIQ scores.

At the group level, the mean scores for language devel-
opment fell within the normal ranges. The younger children
tested by the RTOS scored significantly higher on language
development compared with the older group tested by the
CELF-IV-NL. This difference might be attributed to the fact
that the majority of the children in the older group were
twins and several reports claim that twins on average score
lower on language development tests compared with single-
tons (Rutter et al., 2003b; Thorpe, 2006).

It has been shown that motor skill development in ICSI chil-
dren can lag behind (Knoester et al., 2007a). Although the
overall results of the present cohort was reassuring, the twins
tended to lag behind compared with the included singletons,
although the difference was not significant. This might be
explained by the significantly lower gestational age at birth
for the twins compared with the singletons.

Extensive research regarding the influence of IVF and ICSI
on children behaviour and the incidence of attention-deficit
hyperactivity disorder and disorders in the autism spectrum
(ASD) has been performed. It was shown that the prevalence
of ASD was higher among ICSI children (3.4%) compared with
the general population (0.6—0.7%) (Knoester et al., 2007b).
Older paternal as well as maternal age are considered to be
risk factors for ASD (Hultman et al., 2011; Sandin et al.,
2012). On the contrary, another group could not confirm a
relationship between IVF/ICSI and ASD when results were
adjusted according to maternal age and educational level,
parity, smoking, birthweight and multiplicity (Hvidtjern
et al., 2011). In this study, the SCQ questionnaire was used
to assess the risk for ASD. The mean score for the AOA chil-
dren fell within the normal range. Nevertheless, taking into
account the research of Snow and Lecavalier (2008), one
younger child (aged 37 months) scored just above the
cut-off value. The latter researchers decreased the cut-off
score from 15 to 13 for younger children. Importantly, one
should keep in mind that a single questionnaire is not suffi-
cient to diagnose ASD. No significant correlations were
found in this study between the SCQ score and paternal
and maternal age at birth, APGAR score at 5 min or birth-
weight. According to the CBCL questionnaire, this group of
AOA children did not show any maladaptive behaviour. How-
ever, one girl scored above the norm for internalizing
behaviour. This could be explained by the fact that ICSI girls
tend to score higher on the externalizing and internalizing
broadband as well as on the total CBCL score in comparison

with IVF girls (Knoester et al., 2007b). Nevertheless, this
girl’s CBCL score was not confirmed by her teacher, since
her TRF score was normal.

This cohort consists of almost 50% twins, which is essen-
tially higher compared with the overall twinning rate follow-
ing assisted reproduction technology, which was 11.2% in
Belgium in 2010 (Belrap, 2012). Since 1 July 2003, assisted
reproduction centres in Belgium are legally obliged to follow
a strict regulation regarding embryo transfer. In women
aged <36 years, only one embryo can be transferred in a
first treatment cycle. From the second cycle on, two
embryos might be transferred if only moderate embryos
are available for transfer. From the third cycle onwards, a
maximum of two embryos may be transferred. Since most
of the couples undergoing AOA carry a history of several
treatment cycles, most of these couples legally applied
for the transfer of two embryos, which led to the high twin-
ning rate in the current cohort of children. Since the high
success rates of both the study centre’s AOA procedure
and the current cryopreservation techniques, the centre
now encourages the transfer of only one embryo in AOA cou-
ples. Consequently, the twinning rate in this AOA population
has gone down significantly in the last 5 years.

Four singletons of this cohort are siblings, which is
one-third of the singleton cohort. Kramer and Conger (2009)
pointed out the important role of brothers and sisters in a
child’s development. Sibling relations provide an important
context for the development of children’s understanding of
their social, emotional, moral and cognitive worlds. This
should be kept in mind when interpreting the results of
the current study.

The strengths of this case series are both the high
response rate and the use of a range of different validated
age-adjusted tests and questionnaires. Although AOA is
rarely necessary in modern assisted reproduction, its possi-
ble impact on offspring development should not be
neglected. However, this follow-up study is also character-
ized by certain limitations that must be taken into consider-
ation. First of all, since AOA is a rarely used technique, the
absolute number of included children is very low which
severely limits conclusion making. Also, the fact that all
tests were pooled on one day could have influenced the
results, since some children showed fatigue and a lack of
interest during the course of the day. Unfortunately, due
to practical considerations (mostly related to the parents’
professional activities), all tests had to be performed on
one day. Another concern which needs to be addressed is
the fact that two-thirds of the parents of the children that
were followed up by assessment had a higher level of educa-
tion (beyond 18 years of age). Parental education, together
with family income, occupational status and place of resi-
dence describes the socioeconomic status (SES) of an indi-
vidual. The influence of SES on the development of
children born at term is well established (Ardila et al.,
2005). Research shows that SES is associated with a wide
range of health, cognitive and socioemotional outcomes in
children, with effects beginning prior to birth and contin-
uing into adulthood (Bradley and Corwyn, 2002; Turkheimer
et al., 2003). As a matter of fact, parental education is a
major component of the SES variables. It is generally
accepted that IVF/ICSI children comprises a selected group
of children, born to parents with on average higher educa-
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tional and socioeconomic levels. Therefore, appropriate
reference values for IQ and percentile scores may be higher,
so that the apparent lack of departure from the norm, or
advantage over it, may be less reassuring than it looks.
Finally, this analysis did not include a group of control chil-
dren, since for all used tests and questionnaires, validated
norm values were available. Individual performance was
compared with established norms for Dutch-speaking chil-
dren. Also, since the current cohort of AOA children is very
small due to the fact that AOA is a rarely required tech-
nique, the prior aim was to describe the neurodevelopmen-
tal performance of those children specifically. In future, the
optimal design would be a multicentre-based child
age-matched control study.

The overall results of this case series of children born fol-
lowing ICSI combined with AOA showed that neonatal,
developmental as well as behavioural outcome is reassuring,
although the results are still to be considered preliminary.
No serious adverse effects were observed; however, the size
of this study is too small to reach a definite conclusion.
Therefore, AOA should still not be considered routine
practice yet. The sample size of this cohort was too small
to detect chromosomal aberrations and malformations fol-
lowing AOA.

Couples undergoing AOA (or any other assisted reproduc-
tion procedure) should be counselled in advance regarding
increased risks of pregnancy complications and higher rates
of obstetric interventions. Although conflicting data exist,
studies of children born following IVF and ICSI suggest
increased rates of congenital malformations, imprinting dis-
orders and a marginally increased risk of cancer (Basatemur
and Sutcliffe, 2008). However, the current study and evi-
dence is inadequate to draw definite conclusions about
long-term outcomes after assisted reproduction technology
and AOA specifically. Prospective multicentre long-term
studies are needed to eliminate the effect of confounders.
The long-term outcomes after AOA are difficult to evaluate
because of the variability in AOA methods and data report-
ing. Therefore, clinicians should aim for standardization of
the AOA procedure as well as the methodology for follow
up of children born following AOA. ICSI combined with
AOA should still be performed only in cases where a clear
indication is present.
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Abstract

Purpose The objective is to evaluate the effectiveness and safety of calcium ionophore as an artificial oocyte activation
(AOA) method on pregnancy outcomes in different groups of intracytoplasmic sperm injection (ICSI) patients, providing
potential evidence to establish consensus on the indications of AOA.

Methods A systematic comprehensive search was performed in Medline, Embase, the Cochrane Library, and Google Scholar
databases. Studies published from January 2014 to June 2024 were searched for analysis. All studies that compared ICSI
with AOA-ICSI in routine indications composing impaired fertilization or embryo developmental arrest in previous cycles,
or male-factor infertility were included.

Results Twelve studies were included in the meta-analysis. AOA-ICSI was associated with the increase in the overall
fertilization rate (OR 1.99, 95% CI 1.16-3.41) and live birth rate (OR 4.58, 95% CI 1.52-13.80). All secondary outcomes
including cleavage, blastocyst, high-quality embryo, implantation, biochemical pregnancy, clinical pregnancy presented
superiority or equivalence in AOA-ICSI. And the use of calcium ionophore did not increase the miscarriage rate (OR 0.43,
95% C1 0.08-2.43). In subgroup analysis, AOA-ICSI exhibited a more significant effect on patients with indications of no or
low fertilization. However, in patients with non-fertilization factors, no statistically significant improvements were observed
in all outcomes.

Conclusion Calcium ionophore is an effective artificial oocyte activation approach to improving pregnancy outcomes after
ICSI, particularly in cases with indications of fertilization factors, providing further support for the application of AOA in
specific populations. Further validation is needed to comprehensively establish the safety of AOA.

Trial registration PROSPERO registration number CRD42024551481.

Keywords Intracytoplasmic sperm injection - Artificial oocyte activation - Calcium ionophore - Live birth

Introduction

Intracytoplasmic sperm injection (ICSI) has emerged as a
significant approach in the field of assisted reproduction with
reported fertilization rates ranging from 70 to 80% [1]. It
involves the direct injection of single sperm into the oocyte
cytoplasm and was initially utilized to treat infertility with
severe male factor and other factors after developed in 1992
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[2]. Although ICSI can solve most of the non-fertilization
problems in previous cycles, there are still cases suffering
from recurrent ICSI failure for various reasons [3]. Failed
oocyte activation is considered to be the major cause of fer-
tilization failure in ICSI, accounting for approximately 70%
of fertilization failure after conventional ICSI [4, 5].
Phospholipase C zeta (PLC{) is the dominant sperm-
specific factor responsible for triggering oocyte activation
in mammals. Oocyte activation deficiency(OAD) has been
linked to numerous PLCC abnormalities in patients experi-
encing failed ICSI. During normal fertilization, sperm-spe-
cific PLCC is released into the oocyte when the sperm enters
the oocyte [6]. PLCC triggers calcium shock and promotes
the hydrolyzation of phosphatidylinositol biphosphate (PIP,)
into inositol trisphosphate (IP;). IP; stimulates the release
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of Ca** through the IP; receptors that are located in the
endoplasmic reticulum of the oocyte [7-9]. The temporary
increase of Ca®* concentration in oocytes generates Ca**
oscillations to activate several oocyte kinases and induces
events including cortical granular response and oocyte matu-
ration [10], leading to successful oocyte activation and the
onset of embryogenesis [11]. The specific pattern of calcium
oscillation during the activation period is thought to have
long-term effects on subsequent pre- and post-implantation
events [12]. Insufficient or abnormal Ca®* release could
cause low fertilization or total fertilization failure after ICSI
[13, 14].

AOA, modified techniques mainly aiming to initiate
artificial Ca”" rises, has been applied employing chemi-
cal, mechanical or electrical stimulation [15—17]. Chemical
agents based on calcium or strontium are most widely used,
in clinical practice due to their technical simplicity. The
effectiveness and mechanism of strontium chloride remain
controversial as it cannot induce the characteristic calcium
oscillations in human oocytes [18, 19]. Calcium stimula-
tion is considered to be one of the most efficient methods
to compensate for physiological calcium release [20], and
is expected to cause relatively small damage to oocytes [21,
22]. Therefore, it has been widely used in clinical practice
even though its effect has not been fully confirmed [23, 24].
Besides, indications of using AOA are diverse throughout
facilities [25] and patients are commonly treated without a
clear consensus of indications. AOA is not only used in ferti-
lization failure cases owing to impaired Ca®* oscillations but
also being blindly applied to broader cases of oocyte activa-
tion deficiency, meiosis resumption failure, embryo develop-
ment arrest related to other signaling where its effects are
uncertain [26-29]. Additionally, Over the past decade, there
has been more high-quality evidence in clinical research that
should be considered and an update is urgently needed.

Therefore, we conducted a comprehensive and updated
meta-analysis to further elucidate the clinical effectiveness
of AOA in improving pregnancy outcomes in every stage.
By conducting subgroup analyses based on patient indi-
cations, we aim to provide a refined understanding of the
potential benefits of AOA in different groups of patients,
which may offer new insights for establishing standard thera-
peutic indications of AOA.

Materials and methods

Search strategy

This systematic review was reported according to
the PRISMA 2020 guidelines [30]. The study proto-

col was registered in PROSPERO (registration number
CRD42024551481). The literature search was performed

@ Springer

in Medline, Embase, the Cochrane Library, and Google
Scholar databases for studies published from January 2014
to June 2024 (extended by 6 months compared to the regis-
tered protocol). The search terms applied for the title search
was (Intracytoplasmic Sperm Injection OR ICSI OR in vitro
fertilization OR IVF OR infertility OR sterility) AND
((oocyte AND activ*) OR (Ca** OR calcium OR calcimy-
cin)). Search terms were adjusted for each database if neces-
sary. The language of publication was restricted to English.
The references of included studies were also screened for
additional eligible articles.

Study selection and eligibility criteria

After duplicates had been removed, articles were screened
by titles, abstracts, and full texts. Studies were indepen-
dently selected by two reviewers (JZ and JF), and differences
between reviewers were reconciled with a third reviewer
(XS). Inclusion criteria for studies were as follows: (i) All
studies that focus on the effectiveness of AOA and com-
pared ICSI with AOA-ICSI in routine indications compos-
ing impaired fertilization or embryo developmental arrest
in previous cycles, or male-factor infertility; (ii) reported
at least one of the primary outcomes (fertilization rate or
pregnancy rate) and listed detailed number of oocytes in
each stage; (iii) randomized controlled and non-randomized
controlled trials; (iv) using calcium ionophores (A23187 or
ionomycin) as oocyte activation method. Exclusion criteria
were: (i) studies that used AOA as rescue; (ii) based on spe-
cies other than human; (iii) focused on patients with specific
conditions, for example, advanced age, PCOS, or certain
forms of teratozoospermia.

Data extraction and bias assessment

Data extraction and risk of bias assessment were performed
independently by two reviewers (JZ and JF). Disagreements
were resolved by consultation with a third reviewer (XS).
Study information consisting of the first author, year of pub-
lication, country, study period and study design, and patient
characteristics including mean age, type of infertility, sperm
source, and embryo type were extracted. Fertility-related
outcomes including primary outcomes and secondary out-
comes were also extracted. Data that did not available was
denoted as NA. The primary outcomes for effectiveness were
fertilization rate and live birth rate. The fertilization rate
is reported as the number of fertilized 2 pronuclei (2PN)
oocytes per mature oocyte. The live birth rate is defined as
the number of live births per transfer cycle. The second-
ary outcomes included cleavage, blastocyst, high-quality
embryo, implantation, biochemical pregnancy, clinical
pregnancy, and miscarriage rate. The cleavage, blastocyst,
and high-quality embryo rates are calculated by dividing
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the number of oocytes by the number of fertilized oocytes.
Implantation, biochemical pregnancy, clinical pregnancy,
and live birth rates are measured based on the transfer
cycles. The miscarriage rate is defined as the number of
miscarriages per number of clinical pregnancies.

The quality of randomized controlled trials was assessed
by risk of bias tool 2.0 (RoB 2.0) provided by the Cochrane
library [31]. Non-randomized studies were assessed by risk
of bias in non-randomized studies of Interventions tool
(ROBINS-I) [32]. Publication bias was assessed by funnel
plot.

Statistical analysis

Analysis was conducted using the statistical software Review
Manager Version 5.0. The effects of AOA-ICSI compared to
ICSI were measured using odds ratios with 95% confidence
intervals (CI). We assessed heterogeneity using /> along with
a visual inspection of forest plots. Studies showing toler-
able levels of heterogeneity (I* values < 30%) were analyzed
using a fixed-effect model, and studies showing greater
degree of heterogeneity were analyzed using a random-effect
model. Subgroup analyses were performed based on differ-
ent indications. Fertilization factors subgroup include ICSI
failures and the use of AOA on account of impaired fertiliza-
tion, including no or low fertilization rates (< 50%). Non-
fertilization factors subgroups include those have normal
fertilization rate but have embryo developmental arrest in
previous cycles or male-factor infertility. Sensitivity analysis
was conducted by removing each article one at a time from
the overall effect estimates with high heterogeneity.

Results
Study selection

The electronic and manual search yielded a total of 123
records in the period of the last decade. Full texts of 16
studies were further reviewed for eligibility. Two studies
were excluded because their indicators were compared on
a cycle basis [33, 34]. Two studies were excluded because
of no detailed oocyte number available [35, 36]. Twelve
studies met the inclusion criteria and were included in this
meta-analysis [15, 24, 26, 27, 37—44]. Figure 1 illustrates the
breakdown of the selected studies according to type of study.

Study characteristics

Patient characteristics and study information were extracted
and listed in Table 1. Seven studies evaluated the use of
AOA in patients with fertilization issues following conven-
tional ICSI. Two studies focused on AOA after ICSI failure

resulting from total fertilization failure or a low fertilization
rate [43, 44]. Four studies evaluated AOA in patients with
no or low fertilization rate or teratozoospermia [15, 38, 39,
41]. One study evaluated AOA in patients with no or low
fertilization rate or embryo development deficiency [24].
The remaining five studies assessed AOA for entirely non-
fertilization factors. Four studies evaluated AOA solely for
cases of embryo development deficiency [26, 27, 37, 40],
while one study exclusively considered AOA for male fac-
tors [42].

Primary outcomes

For the primary outcomes, AOA was associated with the
statistically significant increase of fertilization rate (OR
1.99,95% CI 1.16-3.41, Fig. 2) and live birth rate (OR 4.58,
95% CI 1.52-13.80, Fig. 3) in ICSI failure patient with all
reasons.

Subgroup analysis of primary outcomes

In subgroup analysis, AOA exhibited a significant improve
on patients with indications of no or low fertilization in both
primary outcomes with fertilization rate (OR 3.19, 95% CI
1.62-6.28, Fig. 4) and live birth rate (OR 11.15, 95% CI
2.96-41.97, Fig. 5). By contrast, in the non-fertilization fac-
tors group, no statistical significance was observed in both
primary outcomes with including fertilization rate (OR 0.97,
95% CI10.71-1.33, Fig. 4) and live birth rate (OR 2.17,95%
CI 0.68-6.97, Fig. 5). No enough data was retrieved for sub-
group analysis on the age of the female partner, source of
sperm, type of embryo, or protocol of AOA. Detailed data
for primary outcomes were shown in Supplemental Table 1.

Secondary outcomes

Regarding the secondary outcomes, the improvement
was not statistically significant in cleavage rate (OR
1.23,95% CI 0.70-2.15), blastocyst rate (OR 2.08, 95%
CI 0.98-4.39), high-quality embryo rate (OR 1.21, 95%
CI 0.91-1.61), and implantation rate (OR 2.51, 95% CI
0.91-6.88) (Fig. 6). The results showed AOA-ICSI sig-
nificantly improved the secondary outcomes including
biochemical pregnancy (OR 4.38, 95% CI 1.97-9.75) and
clinical pregnancy (OR 2.94, 95% CI 1.38-6.23) (Fig. 7).
In the subgroup analysis, AOA exhibited a positive
effect on patients with indications of no or low fertiliza-
tion at stages such as blastocyst rate (OR 1.35, 95% CI
1.04-1.75), biochemical pregnancy rate (OR 8.43, 95%
CI 4.41-16.11), and clinical pregnancy rate (OR 3.75,
95% CI 1.63-8.65). By contrast, in the non-fertilization
factors group, no statistical significance was observed
in most secondary outcomes including cleavage rate

@ Springer



168 Journal of Assisted Reproduction and Genetics (2025) 42:165-183
[ Identification of studies via databases and registers J
)
c
=]
§ Electronic search (n = 120) .| Records removed before screening:
‘-.c: Manual search (n = 3) Duplicate records removed (n = 11)
s
—
)
: - | Title clearly did not meet the eligibility
> Records screened by title (n = 112) criteria (n = 76)
§
@ y
Review (n = 2)
Records screened by abstract (n = 36) » No full text published (n = 14)
— No primary outcomes reported (n = 4)
2
2
= Records excluded with reasons:
w Full articles assessed for eligibility (n = 16) > No detailed oocytes number (n = 2)
Compare on a cycle basis (n = 2)
—
S
3
°
% Studies included in review (n = 12)
=
N/

Fig. 1 PRISMA 2020 flow diagram of studies included in the meta-analysis

(OR 0.96, 95% CI 0.28-3.35), blastocyst rate (OR 4.80,
95% CI 0.52-44.68), high-quality embryo rate (OR 1.07,
95% CI 0.65-1.77), implantation rate (OR 2.26, 95% CI
0.43-11.91), biochemical pregnancy rate (OR 2.78, 95%
CI 0.95-8.15), and clinical pregnancy rate (OR 2.39, 95%
CI0.76-7.47) (Supplemental Figs. 1-6).

The overall results of each stage were summarized in
Table 2. AOA was associated with the statistically signifi-
cant increase of fertilization rate and live birth rate in ICSI
failure patient with all reasons. All secondary outcomes pre-
sented superiority or equivalence in the AOA group. The
subgroup analysis results of each stage were summarized
in Table 3. AOA exhibited a positive effect on patients with
indications of no or low fertilization, presenting the same
trends but more significant benefits compared to the results
in the overall analysis. On the contrary, no statistical sig-
nificance was observed in both primary outcomes and all
secondary outcomes in the non-fertilization factors group.
Detailed data for secondary outcomes were shown in Sup-
plemental Table 1.

@ Springer

Safety

Limited data are available regarding the association
between AOA and other potential adverse outcomes. Our
meta-analysis showed a result that the use of calcium iono-
phore did not increase the possibility of miscarriage rate
(OR 0.43, 95% CI 0.08-2.43, Fig. 8). For other adverse
outcomes, one study showed no significant difference in
rates of oocyte degeneration, miscarriage, preterm deliv-
ery, and fatal congenital anomalies between AOA and non-
AOA groups [43]. One study analyzed the gestational age
and birth weight of infants between the ICSI and AOA-
ICSI groups and found no significant difference [42].
One study reported no congenital abnormality in the ten
live birth events [41]. One study reported no major birth
defects among the newborn babies in both AOA and non-
AOA groups [39]. One study showed that there was no
significant difference in one early pregnancy loss between
the control group and the AOA group [40].
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Table 1 (continued)

18

Sensitivity analysis

No obvious effects in results after removing each individ-
ual study one by one in fertilization, cleavage, high-quality
embryo, biochemical pregnancy, clinical pregnancy, live
birth, and miscarriage rate, indicating low sensitivity and
stable results. After removing Ebner et al. [37], the heteroge-
neity for blastocyst rate decreased significantly, and the OR
of blastocyst rate became 1.36 [1.10, 1.66] with a significant
effect [37]. After removing Zhang et al. the heterogeneity
for implantation rate decreased significantly, and the OR
of it became 3.67 [1.52, 8.85] with a significant effect [42].
Both the beneficial impact of AOA on blastocyst rate and
implantation rate became more pronounced in the remaining
studies after removing the outliers.

Both frozen embryo
and fresh embryo

Embryo type

Sperm source

Both ejaculated
sperm and tes-
ticular sperm

Indications

Failed ICSI or
sperm malfor-
mation

Risk of bias

All observational studies ware rated as the low or moderate
category according to the ROBINS-I bias risk. Randomized
control studies were rated as some concerns or no informa-
tion according to the RoB2.0 (Fig. 9) [45]. The funnel plot of
all studies included showed no clear evidence of publication
bias (Fig. 10).

Mean age
29.26+3.78

control:
30.13+2.61

AOA:

Discussion

Study group

AOA: 883 MII
oocytes

control: 2671 MIIL
oocytes

Main findings

To assess the effectiveness of calcium ionophore treatment
for AOA and establish a standard treatment indication, a
comprehensive meta-analysis the control group and the AOA
group is conducted. This analysis incorporated data from 12
studies, encompassing a total of 16,804 ICSI oocytes. The
results of our analysis revealed notable improvements in the
overall fertilization rate per mature oocyte. An increase in
pregnancy rate and live birth rate per ET and treatment cycle
was also observed when AOA was administered following
ICSI treatment.

In order to further refine the indications for AOA, a sub-
group analysis was performed. The results of our subgroup
analysis demonstrate that the use of AOA can improve out-
comes more notably in ICSI cases of no or low fertilization
while AOA may not be effective in addressing the failure
caused by embryo developmental problems.

in advance and
incubated for

AOA protocol

10 mM calcium
ionophore
(A23187)
(Sigma, MO,
USA) prepared
10 min

Study type
Retrospective
cohort study

NA

Country Study period

China

Interpretation

In clinical practice, AOA may be used as the final option
for couples experiencing fertilization failure. Despite the
results of many studies, the effectiveness and safety of AOA
have not yet been established. The ultimate goal of therapy

Author, year

a
o
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AOA Control Odds Ratio Odds Ratio
e O dL d E d = A andaom, 350& QI
Akashi 2023 549 1036 170 722 8.6% 3.66 [2.96, 4.52] -
Aydinuraz 2016 80 97 71 97 7.6% 1.72[0.86, 3.44] T
Barbera’n 2023 131 190 321 421 8.4% 0.69 [0.47, 1.01] ™
Bonte 2019 1104 1752 286 1884 8.7% 9.52[8.12, 11.16] -
Chen 2022 422 642 503 689 8.6% 0.71[0.56, 0.90] bl
Darwish 2015 25 37 22 40 6.9% 1.70 [0.67, 4.31] 1=
Ebner 2015 386 512 358 489 8.5% 1.12[0.84, 1.49] i i
Fawzy 2018 874 1310 720 1180 8.7% 1.28 [1.09, 1.51] [
Lam 2021 138 265 26 188 8.2% 6.77 [4.19, 10.93] o
LI 2019 132 262 85 251 8.4% 1.98 [1.39, 2.83] -
Ruan 2023 545 702 320 608 8.6% 3.12[2.46, 3.97] =
Zhang 2023 1637 2344 654 1086 8.7% 1.26 [1.08, 1.46] -
Total (95% Cl) 9149 7655 100.0% 1.99 [1.16, 3.41] <
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Fig. 2 Forest plot for overall fertilization rate
AOA Control Odds Ratio Odds Ratio
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Akashi 2023 52 162 0 51 7.9% 48.94 [2.96, 808.41] —
Barbera'n 2023 4 17 7 44 13.0% 1.63 [0.41, 6.47] -1
Bonte 2019 60 225 2 123 12.8% 22.00 [5.27,91.77] o
Chen 2022 16 69 4 46 13.8% 3.17 [0.99, 10.19] [ =
Ebner 2015 23 57 5 57 141% 7.04 [2.44, 20.29] o
Lam 2021 10 17 1 8 9.5% 10.00 [1.00, 100.46] = ’
LI 2019 10 26 4 24 13.1% 3.13[0.82, 11.85] T
Zhang 2023 80 242 40 100 15.8% 0.74 [0.46, 1.20] =T
Total (95% ClI) 815 453 100.0% 4.58 [1.52, 13.80] ‘
Total events 255 63
Heterogeneity: Tau? = 1.94; Chi? = 45.59, df = 7 (P < 0.00001); |2 = 85% ’ t y ‘
Test for overall effect: Z =2.71 (P = 0.007) i 0.1contro| " AOA L

Fig. 3 Forest plot for overall live birth rate

for infertility couples is to improve pregnancy or live birth
rates. Our analysis on primary results strongly supported the
beneficial of calcium ionophore. AOA therapy can provide
infertility couples with more fertilized oocytes and eventu-
ally improve their probability to be expecting and owning a
child [38]. While some studies have suggested that calcium
ions may improve the developmental potential of embryos
by regulating the cell cycle in theory [37], our results regard-
ing the stage of cleavage, blastocyst formation, implantation,
and high-quality embryo rate do not support this hypothesis.
It implied that calcium ionophore can overcome fertiliza-
tion failures caused by defective Ca** oscillations but cannot
overcome these relevant to oocyte activation and meiosis
resumption disorders caused by downstream signaling cas-
cades or defective proteins caused by gene mutations. The

lack of positive effects of AOA on embryo development
may be also related to the quality or aging of the oocytes.
Even though the improvements were not statistically sig-
nificant in every stage, it is notable that outcomes at each
stage following AOA treatment presented superiority or at
least equivalence to the control group, indicating that AOA
need to be diagnose correctly and cautiously recommended
for eligible patients.

In terms of safety, several previous studies have reported
that there were no adverse effects of calcium ionophore on
in vitro or in vivo embryo development [35, 46—48]. Our
meta-analysis showed a result that the use of calcium iono-
phore did not increase the possibility of miscarriage rate,
which is consistent with these previous studies [49, 50].
One study included also conducted a comparison of PGT

@ Springer
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AOA Control

3.1.1 Fertilization Factors

Akashi 2023 549 1036 170 722
Aydinuraz 2016 80 97 71 97
Bonte 2019 1104 1752 286 1884
Fawzy 2018 874 1310 720 1180
Lam 2021 138 265 26 188
LI 2019 132 262 85 251
Ruan 2023 545 702 320 608
Subtotal (95% ClI) 5424 4930

Total events 3422 1678

Heterogeneity: Tau? = 0.80; Chi* = 318.88, df = 6 (P < 0.00001); I* = 98%

Test for overall effect: Z = 3.36 (P = 0.0008)

3.1.2 Non-fertilization Factors

Barbera’'n 2023 131 190 321 421
Chen 2022 422 642 503 689
Darwish 2015 25 37 22 40
Ebner 2015 386 512 358 489
Zhang 2023 1537 2344 654 1086
Subtotal (95% Cl) 3725 2725
Total events 2501 1858

Heterogeneity: Tau? = 0.09; Chi? = 22.34, df =4 (P = 0.0002); I* = 82%

Test for overall effect: Z=0.17 (P = 0.87)

9149
5923

Total (95% Cl)

Total events 3536

Heterogeneity: Tau? = 0.86; Chi? = 623.36, df = 11 (P < 0.00001); 1> = 98% y

Test for overall effect: Z =2.51 (P = 0.01)

Fig.4 Forest plot for subgroup analysis of fertilization rate

and AOA-PGT showing that calcium ionophore activation
did not affect the proportion of blastocyst aneuploidy, ges-
tational age, and weight at birth [42], which is confirmed
by study that indicated the use of high concentrations of
A23187 does not increase the risk of chromosome segrega-
tion aberrations [51]. However, the evidence for the safety
of AOA at the mechanism level is too limited.

The prolonged Ca** exposure is considered to disrupt
the cytoplasmic ion composition and affect cell homeosta-
sis [52]. And non-physiological increases in Ca>* levels
might unexpectedly activate proteins in signal transduction
pathways, leading to abnormal gene expressions and epige-
netic modifications [53]. AOA treatment has been shown
to increase the methylation of DMR2 maternal allele and
affect the expression of the imprinted gene Igf2r, leading
to lower birth weight in mice [54]. AOA is also found to
change the imprinting methylation rates at H/9 and SNRPN
at cleavage stage, inducing epimutations in human embryos
[55]. Additionally, the artificial calcium signaling induced
by AOA is suspected to have unintended downstream effects.
These potential consequences may include an effect on mito-
chondrial function or other critical developmental pathways.
This raises concerns about the long-term impacts of AOA

@ Springer
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Odds Ratio Odds Ratio
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3.66 [2.96, 4.52] -
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1.98 [1.39, 2.83] G
3.12 [2.46, 3.97) -
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0.69 [0.47, 1.01] 1
0.71[0.56, 0.90] -
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1.26 [1.08, 1.46] o
0.97 [0.71, 1.33] ¢
1.99 [1.16, 3.41] L 4

001 0.1 1 10 100
control AOA

on embryo viability and health [56]. These studies elucidate
the mechanisms through which AOA may influence embryo
development, but the clinical experience is too limited to
conclude whether it will cause clinically significant con-
sequences on embryos and offspring with certainty. More
mechanism researched is still urgently needed.

Nevertheless, it has been shown that differences in Ca>*
signaling patterns cannot only have effects on implanta-
tion and post-implantation development but also influence
long-term consequences including birthweight and postnatal
growth rate in offspring [56]. Some adverse genetic effects
may only appear in the later stages of a child’s growth [53].
Only several follow-up studies of children born following
calcium ionophores activation have reported reassuring
results about neurodevelopmental and language develop-
mental outcomes [49, 58]. Most reports at present support
the view that AOA technology will not increase the prob-
ability of congenital malformations [35].

There are some studies that showed impaired fertilization
rate after AOA due to operation damage or reasons men-
tioned above [40, 59]. More prospective and mechanism
studies are required to confirm the observations and assess
the safety of AOA and make aware of the potential risks.
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1dy © sbgroup 2 djom, 95% CI
3.9.1 Fertilization Factors
Akashi 2023 52 162 0 51 7.9% 48.94 [2.96, 808.41] —_—
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Fig.5 Forest plot for subgroup analysis of live birth rate

Before making a conclusion, the application of AOA should
be strictly limited to patients with appropriate indications,
and the health of the children born through this experimental
technique should be tracked very closely [56].

Employing AOA as a routine therapy for all ICSI fail-
ure patients would be risky given the uncertain benefits and
potential safety issues. Therefore, effort should be made to
identify the specific patient populations that are most likely
to have determinate benefits from AOA and avoid unnec-
essary exposure for other patients. Currently, there is no
authoritative consensus regarding application criteria for
AOA treatment for ICSI failure. It has been suggested that
AOA may not be universally beneficial for all ICSI patients
[60]. Previous studies reported that cases with reasons such
as oocyte maturation disorders, severe forms of teratozoo-
spermia, aberrant pronuclear development, and techni-
cal problems cannot be improved by AOA [41]. Besides,
whether AOA is a possible treatment to overcome embryo
developmental problems is still controversial [37].

Our subgroup analysis showed that AOA can improve
outcomes more notably in ICSI cases of no or low fertiliza-
tion while not in the failure caused by embryo developmen-
tal problems. In addition, the only study that exclusively
included male factor infertility patients (such as sperm
malformation) reported a decrease in live birth rates fol-
lowing AOA, suggesting a lack of evidence for this patient

population to receive AOA intervention [42]. Studies on
sperm malformations of bent neck and sperm flagella abnor-
malities caused by a DNAHI mutation confirmed our point
that male factor infertility at least some types of sperm mal-
formation patients may not be suitable candidates for AOA
[61, 62]. The current indications for using AOA appear to
be broad to some degree [42].

Several diagnostic tests can be used to define the cou-
ples who will benefit from AOA in subsequent cycles
and assist the clinical management. Previous studies
have utilized the mouse oocyte activation test (MOAT)
to categorize the reasons for oocyte activation defects
[20]. Oocytes with activation rate lower than 20% were
diagnosed as sperm-related OAD and showed the most
obvious improvement [44]. More sensitive diagnostic
tests, such as human oocyte calcium analysis (HOCA),
have been employed to predict the effectiveness of AOA
on certain patients. Cases with abnormal sperm activation
capacity in HOCA are associated with favorable responses
to AOA [14]. However, the use of specialized Ca** imag-
ing equipment limits the application of HOCA [63]. Fur-
thermore, our previous research has shown that patients
diagnosed with fertilization failure who are carrying
different homozygous or compound heterozygous muta-
tions in PLCZ]I can achieve successful fertilization and
obtain more useable embryos through oocyte activation

@ Springer
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AOA Control
r

2.1.1 Cleavage rate

Aydinuraz 2016 73 80 65 71 2.3%
Barbera'n 2023 87 131 231 321 4.2%
Chen 2022 413 422 493 503 2.9%
Darwish 2015 0 22 11 25 0.6%
Ebner 2015 380 386 329 358 2.9%
Fawzy 2018 854 874 702 720 3.6%
Lam 2021 136 138 25 26 0.8%
Ruan 2023 513 545 291 320 4.0%
Subtotal (95% ClI) 2598 2344 21.3%
Total events 2456 2147

Heterogeneity: Tau? = 0.38; Chi? = 23.88, df =7 (P = 0.001); I?=71%

Test for overall effect: Z=0.71 (P = 0.48)

2.1.2 Blastocyst rate

Akashi 2023 151 549
Barbera’n 2023 18 131
Ebner 2015 159 334
Fawzy 2018 447 874
LI 2019 37 85
Ruan 2023 53 222
Subtotal (95% CI) 2195
Total events 865

Heterogeneity: Tau? = 0.80; Chi? = 81.15, df = 5 (P < 0.00001); I* = 94%

Test for overall effect: Z = 1.92 (P = 0.06)

2.1.3 High-quality embryo

Akashi 2023 190 549
Aydinuraz 2016 28 80
Barbera'n 2023 44 131
Chen 2022 163 422
Ebner 2015 197 386
Fawzy 2018 513 874
Lam 2021 28 136
LI 2019 114 262
Ruan 2023 141 513
Zhang 2023 165 1537
Subtotal (95% CI) 4890
Total events 1583 1

Heterogeneity: Tau? = 0.17; Chi? = 60.16, df = 9 (P < 0.00001); I> = 85%

Test for overall effect: Z = 1.29 (P = 0.20)

2.1.4 Implantation rate

Aydinuraz 2016 2 6
Ebner 2015 32 72
LI 2019 11 41
Ruan 2023 46 133
Zhang 2023 118 363

Subtotal (95% Cl)
Total events

615
209

27
30
18
328
13
28

444

37
38
132
145
136
413
4
67
55
101

128

a oo s

50

71

170 4.2%
321 3.7%
310  4.0%
720  47%
36 3.2%
119 4.0%
1676  23.7%

170 4.3%
7 3.6%
321 4.2%
503 4.6%
358  4.6%
720 4.7%
25  23%
251 4.4%
291 4.4%
654  4.6%
3364 41.8%

10 1.0%
48  2.7%
38 24%
83 27%
157 4.3%
336 13.1%

Heterogeneity: Tau? = 1.00; Chi? = 22.96, df = 4 (P = 0.0001); I* = 83%

Test for overall effect: Z=1.79 (P = 0.07)

Total (95% Cl)
Total events

10298

5113 3790

7720 100.0%

Odds Ratio

0.96 [0.31, 3.01]
0.77 [0.50, 1.19]
0.93[0.37, 2.31]
0.03 [0.00, 0.51]

5.58 [2.29, 13.61]
1.09 [0.57, 2.09]

2.72[0.24, 31.15]
1.60 [0.95, 2.69]
1.23 [0.70, 2.15]

2.01[1.28, 3.16]
1.55 [0.83, 2.88]
14.74 [8.74, 24.85]
1.25[1.03, 1.52]
1.36 [0.61, 3.05]
1.02 [0.60, 1.72]
2.08 [0.98, 4.39]

1.90 [1.27, 2.85]
0.47 [0.24, 0.90]
0.72[0.47, 1.11]
1.55 [1.18, 2.05]
1.70 [1.27, 2.28]
1.06 [0.86, 1.29]
1.36 [0.43, 4.29]
2.12 [1.46, 3.07]
1.63[1.14, 2.31]
0.66 [0.50, 0.86]
1.21 [0.91, 1.61]

0.75[0.09, 6.23]
5.60 [2.12, 14.82]
1.96 [0.64, 5.95]
8.25 [3.12, 21.81]
1.03 [0.69, 1.54]
2.51[0.91, 6.88]

1.51 [1.19, 1.92]

Heterogeneity: Tau? = 0.31; Chi? = 200.27, df = 28 (P < 0.00001); I> = 86%

Test for overall effect: Z = 3.37 (P = 0.0007)
Test for subaroup differences: Not apolicable

Favours experimental

Fig.6 Forest plot for overall cleavage, blastocyst, high-quality embryo and implantation rate
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Fig. 7 Forest plot for overall biochemical pregnancy and clinical pregnancy rate

[64], presenting a potential indicator for AOA treatment.
Additionally, ICSI with AOA can successfully overcome
sperm-related OAD in couples with ACTL9, ACTL7A, and
IQCN mutations [65-68]. It may indicate that sequencing

of these genes can be used as screen criteria to select

appropriate individuals for activation interventions [69].
For AOA protocols, the protocols employed across the

included studies vary significantly in type of the calcium

Table 2 Comparison of effectiveness outcomes between AOA-ICSI and ICSI patients

Outcome Studies Participants AOA group Control group Odds ratio 95% CI
Fertilization rate® 12 16,804 64.74% 46.19% 1.99 [1.16,3.41]
Cleavage rate® 8 4942 94.53% 91.60% 1.23 [0.70, 2.15]
Blastocyst rate® 6 3871 37.94% 31.19% 2.08 [0.98, 4.39]
High-quality embryo rate® 10 8254 32.37% 33.53% 1.21 [0.91, 1.61]
Implantation rate® 5 951 33.98% 21.13% 2.51 [0.91, 6.88]
Biochemical pregnancy rate® 6 867 37.87% 12.39% 4.38 [1.97,9.75]
Clinical pregnancy rate® 9 1023 36.34% 13.08% 2.94 [1.38, 6.23]
Live birth rate® 8 1268 31.29% 13.91% 4.58 [1.52,13.80]
Miscarriage rate’ 6 302 24.64% 56.00% 0.43 [0.08,2.43]

“Per mature oocytes
PPer fertilized oocytes cultured
“Per transfer cycles

dPer clinical pregnancies
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Table 3 Subgroup analyses of effectiveness outcomes between AOA-ICSI and ICSI patients

Outcome or Subgroup

With fertilization factors

With non-fertilization factors

AOA group Control group Odds ratio 95% CI

AOA group Control group Odds ratio 95% CI

Fertilization rate® 63.09% 34.04% 3.19 [1.62,6.28] 67.14% 68.18% 0.97 [0.71, 1.33]
Cleavage rate® 96.27% 95.25% 1.34 [0.92,1.96] 91.57% 88.15% 0.96 [0.28, 3.35]
Blastocyst rate® 39.77% 37.89% 1.35 [1.04, 1.75] 38.06% 7.61% 4.80 [0.52, 44.68]
High-quality embryo rate® 42.00% 40.18% 1.33 [0.92,1.94] 22.98% 28.00% 1.07 [0.65, 1.77]
Implantation rate® 32.78% 11.45% 2.82 [0.75, 10.60] 34.48% 27.32% 2.26 [0.43, 11.91]
Biochemical pregnancy 35.62% 5.98% 8.43 [4.41, 16.11] 44.06% 20.41% 2.78 [0.95, 8.15]
rate®
Clinical pregnancy rate®  35.25% 12.42% 3.75 [1.63,8.65] 39.95% 27.05% 2.39 [0.76, 7.47]
Live birth rate® 30.70% 3.40% 11.15 [2.96,41.97] 31.95% 22.67% 2.17 [0.68, 6.97]
Miscarriage rate? 24.72% 75.00% 0.07 [0.01,0.44] 20.41% 11.11% 1.47 [0.19, 11.59]

#Per mature oocytes

bPer fertilized oocytes cultured

Per transfer cycles

dPer clinical pregnancies

reagents, and the duration, concentration, and timing of
calcium treatment (Table 1); however, the available data
was insufficient to allow the comparison. In patients with
no or low fertilization after ICSI, some study indicated
fertilization rates with the use of calcimycin were less
efficient compared to ionomycin, causing significantly
different Ca®* responses [70, 71]. Ca’* concentration in
culture media during AOA can have a negative effect on

the efficiency in both mice and humans. No improvement
in either the pattern of Ca>* release or mouse embryonic
developmental potential after ionomycin exposure in the
presence of threefold Ca>* concentrations in the culture
medium [72]. A study suggests that different AOA pro-
tocols do not have a significant impact on pregnancy out-
comes [43]. Further meta-analyses should be conducted in
the future to develop more standardized AOA protocols.

AOA Control Odds Ratio Odds Ratio
il 0, Ll Qm 2505 QI
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Akashi 2023 16 52 3 3 147% 0.06 [0.00, 1.32] —
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Ruan 2023 6 35 5 5 14.7% 0.02 [0.00, 0.41] —
Subtotal (95% CI) 89 12 4M1.7% 0.07 [0.01, 0.44] ‘
Total events 22 9

Heterogeneity: Tau? = 0.00; Chi? = 1.74, df = 2 (P = 0.42); = 0%
Test for overall effect: Z = 2.84 (P = 0.005)

2.7.2 Non-fertilization factor

Chen 2022 7 26 4 8 21.4%
Ebner 2015 5 23 1 5 17.5%
Zhang 2023 18 98 1 41 19.3%
Subtotal (95% ClI) 147 54 58.3%
Total events 30 6

Heterogeneity: Tau? = 2.27; Chi? = 6.34, df = 2 (P = 0.04); I = 68%
Test for overall effect: Z=0.36 (P =0.72)

Total (95% Cl) 236 66 100.0%

Total events 52 15

Heterogeneity: Tau? = 2.93; Chi? = 14.51, df =5 (P = 0.01); I = 66%

Test for overall effect: Z = 0.95 (P = 0.34)

Fig. 8 Forest plot for subgroup analysis of miscarriage rate
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Fig.9 Judgements about risk of
bias of included studies
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Strengths and limitations

This study is the first systematic review to include the
researches on calcium ionophore as AOA method to treat
ICSI failure published after 2017 [73]. With the increasing
recognition of AOA technology, the application of AOA has
been expanded these years that many centers have started to
use AOA to treat recurrent IVF failure cycles due to non-
fertilization factors. However, the clinical effectiveness in
different indications remains uncertain, and there is still
a lack of consensus on the use of AOA for such patients.
Only searching for the latest studies also ensure the overall
high quality of these included studies. A diversity of find-
ings underpins the strength of our conclusions. The design
of our study incorporates several key strengths. Firstly, we
comprehensively analyzed indicators at as many stages as

O © 6 0 O
® © & 0 0O

Judgement
= Some concerns
. Low

‘ No information

possible. By analyzing the effects across different stages, we
found that AOA is effective for fertilization and pregnancy
and subsequent processes, but does not make a particularly
significant contribution to the embryo developmental stages.
Secondly, our subgroup analysis provided clear evidence
that ICSI failure caused by non-fertilization factors such as
embryo developmental problems and teratozoospermia did
not benefit from AOA. It also found the heterogeneity of
fertilization factor subgroup decreased remarkably compared
to the overall group, suggesting different indications were an
important source of heterogeneity and enhanced the robust-
ness of the estimation in each subgroup.

This study inevitably entails the subsequent limitations.
First, due to the limited number and quality of the articles,
we had to perform a mixed analysis of randomized con-
trolled studies and observational studies. More RCTs can
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provide more reliable and robust evidence regarding the
evaluation of the intervention. However, fertilization fail-
ure after ICSI is of low incidence, and once failed in the first
ICSI cycle, patients usually ask for something to change in
the second cycle, therefore, making it very difficult to design
and conduct a methodologically precise RCT. Second, the
heterogeneity at some stages was still huge after removing
the outliers. In addition to different indications, we have
already differentiated to the greatest extent possible, varia-
tions in inclusion and exclusion criteria, patient character-
istics, and fertility treatment protocols across studies also
contributed to unavoidable heterogeneity. Third, it is difficult
to further distinguish different indications respectively, for
most of studies included couples with several indications for
ICSI, making it difficult to differentiate the specific effects of
AOA in subgroups. Studies with inclusion criteria of single
indication are necessary to confirm the observations in a
more extensive population.

Conclusions

The utilization of calcium ionophore treatment for AOA sub-
sequent to ICSI demonstrates a statistically improvement in
rates of fertilization, pregnancy, and live birth. The avail-
able evidence and our analysis of the miscarriage rate sug-
gest that AOA does not increase the risk of adverse health
outcomes in children born. However, there is still limited
RCT evidence to judge the effectiveness and safety of ICSI-
AOA. Thus, AOA should still be limited to application in
patients with appropriate indications. Our subgroup analysis
showed that couples with no or low fertilization rate rather

@ Springer

than embryo development deficiency benefit more from
AOA treatment in terms of improving final live birth rate.

In conclusion, our study demonstrated that AOA using
calcium ionophore has the potential to improve fertilization
failure and pregnancy outcomes. The result of the subgroup
analysis suggested that AOA can be recommended after
detailed counseling as a potential treatment for patients with
failed ICSI cycles caused by impaired fertilization. Its appli-
cation on male factors such as sperm abnormalities still lack
evidence regarding its effectiveness. For cases of embryo
developmental arrest and implantation failure caused by fac-
tors other than fertilization, the application of AOA should
be cautiously evaluated, taking the patients characteristics
into consideration. Further scientific research and follow-up
studies should be carried out to provide definitive evidence
of the influence of this treatment and obtain more detailed
data to guide subsequent research and clinical work.
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