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Abstract
Objective  To compare the effectiveness of calcium ionophore–induced artificial oocyte activation (AOA) and 
piezoelectric stimulation in improving fertilization, embryo quality, and pregnancy outcomes in ICSI cycles of severe 
male factor infertility.

Methods  A prospective controlled study was conducted at the Istanbul University IVF Center between December 
2023 and June 2025. Data collection and follow-up for all pregnancy outcomes, including live birth, were completed 
before July 2025. The study included 150 couples with severe male factor infertility divided into three groups: (i) 
Control (conventional ICSI, n = 50), (ii) ICSI + Calcium ionophore (n = 50), and (iii) ICSI + Piezoelectric (n = 50). Severe 
male factor infertility was defined according to WHO (2021) criteria. Oocytes were fertilized and cultured under 
standardized conditions. Embryo morphology was assessed on Day 3 according to the Istanbul Consensus (2011) 
criteria and on Day 5 using the Gardner and Schoolcraft grading system. Statistical comparisons were performed 
using ANOVA, Kruskal–Wallis, and chi-square tests, with p < 0.05 considered significant. The primary outcome measure 
was the fertilization rate, while embryo quality and clinical outcomes were evaluated as secondary outcomes.

Results  Fertilization rates were significantly higher in the ICSI+Piezoelectric group compared with both the control 
and ICSI+Calcıum ionophore groups (p < 0.0001). The proportion of good-quality (Grade I) embryos was also greater 
in the ICSI+Piezoelectric group (38.2%) than in the control (28.3%) and ICSI+Calcıum ionophore (29.5%) groups 
(p < 0.05). No statistically significant differences were observed in pregnancy outcomes, including implantation, 
clinical pregnancy, ongoing pregnancy, or live birth rates; however, a non-significant trend toward higher ongoing 
pregnancy rates was noted in the ICSI+Calcıum ionophore group.

Conclusions  Piezoelectric activation was associated with higher fertilization rates and improved early embryo 
morphology; however, these improvements did not translate into statistically significant differences in clinical 
pregnancy or live birth outcomes.

Keywords  Piezoelectric activation, Intracytoplasmic sperm injection (ICSI), Calcium ionophore, Oocyte activation, 
Embryo quality, Severe male infertility, Assisted reproduction

Artificial oocyte activation in ICSI cycles 
in severe male infertility cases: is calcium 
ionophore or piezoelectric better?
Ayşe Altun Akpınar1, Burçin Karamustafaoğlu Balcı1* , Çiğdem Çelik1, Büşra Duymaz Edgü1 and Cemil Akgül1

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s43043-026-00311-7
http://orcid.org/0000-0001-5196-4502
http://crossmark.crossref.org/dialog/?doi=10.1186/s43043-026-00311-7&domain=pdf&date_stamp=2026-3-6


Page 2 of 10Akpınar et al. Middle East Fertility Society Journal           (2026) 31:21 

Introduction
Male factor infertility remains a significant contributor 
to subfertility globally, particularly in scenarios involving 
severe sperm abnormalities such as extreme oligosper-
mia, asthenozoospermia, or teratozoospermia. Despite 
the widespread use of intracytoplasmic sperm injection 
(ICSI), fertilization failure (often stemming from oocyte 
activation deficiency (OAD)) continues to impede suc-
cessful outcomes [1, 2].

For many years, the paternal contribution to early 
embryogenesis was largely regarded as a simple car-
rier of the paternal genome. However, recent research 
underscores that sperm deliver far more than DNA: they 
convey centrosomes, activation factors, RNAs—includ-
ing mRNAs and small non-coding RNAs—and epi-
genetic information such as histone modifications and 
DNA methylation patterns that can profoundly influence 
zygotic and preimplantation development [3, 4]. These 
paternal factors are now recognized as critical determi-
nants of embryo quality, affecting pronuclear formation, 
cleavage dynamics, and subsequent developmental com-
petence [4, 5]. Studies have demonstrated that deficien-
cies in sperm-derived components can manifest as early 
as the first cell cycle—resulting in abnormal pronuclear 
morphology, delayed cleavage, or increased fragmenta-
tion—suggesting that paternal effects commence at the 
very onset of embryogenesis [6, 7].

Oocyte activation deficiency remains a critical factor 
underlying fertilization failure rates, which can reach 
up to 5% in some series [1]. Artificial oocyte activation 
(AOA) has been adopted as a salvage technique when 
natural activation fails. AOA methods include chemical 
approaches using calcium ionophores such as ionomycin 
or A23187, which generate an artificial surge of Ca², and 
physical methods like electrical or piezoelectric stimula-
tion which transiently perturb the oolemma to facilitate 
Ca²⁺ influx [8, 9].

Meta-analytic evidence indicates that AOA sig-
nificantly enhances fertilization and live birth rates in 
patients with previous fertilization failure: fertilization 
odds approximately triple and live birth odds rise more 
than ten-fold, whereas no significant benefit is observed 
in patients without prior activation failure [1, 10]. In a 
subset of patients with confirmed PLCζ deficiency, ICSI 
combined with AOA dramatically improved outcomes: 
live birth rates of 66.3% compared to merely 4.6% in 
non-AOA controls, with significantly higher cumulative 
clinical pregnancy and live birth rates [11]. Despite these 
encouraging clinical results, the artificial Ca²⁺ elevation 
introduced by ionophores—typically a single, non-oscil-
latory spike—may not faithfully recapitulate physiologi-
cal Ca²⁺ oscillations [12]. This raises concerns about the 
correct activation of downstream signalling cascades 

including CaMKII, MPF decay, DAG/PKC pathways, 
mitochondrial stability, and epigenetic regulation [13].

Piezoelectric activation offers a potential alternative, 
hypothesised to better mimic natural Ca²⁺ dynamics by 
mechanically inducing transient membrane perturba-
tions. A 2025 sibling-oocyte study reported comparable 
fertilization and blastulation rates between piezoelectric 
and calcium ionophore protocols, suggesting potential 
equivalency in early developmental outcomes [14]. How-
ever, rigorous, controlled clinical studies directly com-
paring these AOA modalities in the context of severe 
male factor infertility are scarce.

In light of the mechanistic importance of PLCζ-
mediated activation, the theoretical limitations of current 
chemical AOA, and preliminary evidence supporting 
piezoelectric methods, we designed a comparative clini-
cal study. This study aimed to evaluate the efficacy of cal-
cium ionophore versus piezoelectric AOA in ICSI cycles 
involving severe sperm abnormalities, such as extreme 
oligospermia, asthenozoospermia, or teratozoospermia, 
compared to control cycles without male factor infertility.

Materials and methods
Study design and patient selection
This prospective controlled study was conducted at 
the IVF Center of Istanbul University, Istanbul Fac-
ulty of Medicine between December 2023 and June 
2025. All data collection and follow-up, includ-
ing live birth outcomes, were completed before July 
2025. Ethical approval was obtained from the Insti-
tutional Review Board (approval number:21.12.2023-
E-29624016-050.99-99-2310074), and written informed 
consent was obtained from all participants.

The primary outcome measure of the study was the fer-
tilization rate, defined as the proportion of normally fer-
tilized oocytes (2PN) per injected metaphase II oocyte. 
Secondary outcomes included embryo quality param-
eters and clinical outcomes, such as implantation rate, 
clinical pregnancy rate, and ongoing pregnancy rate.

The study included three groups:

 	• Control group (conventional ICSI): 50 patients with 
severe male factor infertility who underwent ICSI 
without artificial oocyte activation.

 	• ICSI+ Calcium ionophore group: 50 patients with 
severe male factor infertility who underwent ICSI 
followed by calcium ionophore–induced artificial 
oocyte activation.

 	• ICSI+Piezoelectric group: 50 patients with severe 
male factor infertility who underwent ICSI followed 
by piezoelectric artificial oocyte activation.

Severe male factor infertility was defined as sperm con-
centration < 5  million/mL, progressive motility < 10%, 



Page 3 of 10Akpınar et al. Middle East Fertility Society Journal           (2026) 31:21 

or morphology < 1% according to WHO 2021 criteria. 
The study groups were formed sequentially rather than 
randomized due to the phased implementation of the 
piezoelectric system in our IVF unit. At the time of study 
initiation, conventional ICSI and calcium ionophore–
assisted ICSI were routinely available, whereas piezoelec-
tric activation became available later during the study 
period. All patients were included prospectively accord-
ing to predefined inclusion criteria and treated consecu-
tively within each group.

Ovarian stimulation and oocyte collection.
Controlled ovarian stimulation was performed using 

standard antagonist protocols. Oocytes were retrieved 
36  h after hCG trigger and denuded to assess nuclear 
maturity. Only metaphase II (MII) oocytes were included 
in the study.

Intracytoplasmic sperm injection and artificial oocyte 
activation.

1.	 Control group

 	• ICSI was performed without artificial activation.

2.	 ICSI+Calcıum ionophore group

 	• After ICSI, oocytes were exposed to Ca²⁺ 
ionophore (Gynemed, Germany; distributed by 
Biltek, Turkey).

 	• Immediately after ICSI, The oocytes were 
incubated in ionophore-containing medium for 20 
minutes at 37 °C in 5% CO2 and then transferred 
back to fresh culture medium.

3.	 ICSI+Piezoelectric group

 	• After ICSI, oocytes were incubated for 30 minutes 
before artificial activation.

 	• Oocytes were then exposed to piezo stimulation 
using the Zeus piezoelectric system (Zeus Co., 
Japan), according to the manufacturer’s protocol.

Fertilization assessment
Fertilization was evaluated 16–18  h post-ICSI. Normal 
fertilization was defined as the presence of two pronu-
clei (2PN) and two polar bodies. Oocytes without pro-
nuclei or with abnormal fertilization were excluded from 
embryo development assessment. Fertilization rate was 
calculated for each patient as the number of fertilized 
oocytes divided by the total number of injected oocytes, 
and statistical analyses were performed using patient-
level data.

Embryo culture and grading
Embryo development was assessed at both the cleav-
age stage (day 2–3) and the blastocyst stage (day 5–6), 
depending on the individualized clinical transfer strat-
egy. Cleavage-stage embryos were graded according to 
standard morphological criteria, including blastomere 
number, symmetry, and fragmentation, while blastocysts 
were evaluated based on expansion, inner cell mass, and 
trophectoderm quality.

To enable a unified comparison across patients with 
different transfer timings, embryos were subsequently 
classified into three overall developmental quality cat-
egories (good, moderate, poor) based on their stage-
appropriate morphological grade, irrespective of the day 
of development. This day-independent classification was 
used for statistical analysis.

Day 2/3 embryos were evaluated for cleavage, blasto-
mere number, symmetry, and fragmentation according to 
the Istanbul Consensus (2011).

Embryo grading at the on Day 3

 	– Blastomere Number and Symmetry

 	• A high-quality Day 3 embryo typically contains 
6–8 blastomeres (cells).

 	• The blastomeres should be uniform in size and 
shape, as irregularities may indicate abnormal 
division.

 	– Fragmentation Rate

 	• Fragmentation refers to the presence of small, 
anucleate cytoplasmic fragments within the 
embryo.

 	• The grading system is generally as follows:

 	• Grade 1 (0% fragmentation): No fragments, 
evenly sized blastomeres-Excellent quality.

 	• Grade 2 (10% fragmentation): Few small 
fragments -Good quality.

 	• Grade 3 (10–25% fragmentation): Moderate 
fragments, slightly uneven blastomeres-Fair 
quality.

 	• Grade 4 (25% fragmentation): Significant 
fragmentation, irregular blastomeres-Poor 
quality.

 	– Multinucleation

 	• Ideally, each blastomere should contain a single 
nucleus.
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 	• The presence of multinucleated cells is associated 
with lower implantation potential and increased 
chromosomal abnormalities.

Day 5/6 blastocysts were graded using the Gardner and 
Schoolcraft system, based on expansion, inner cell mass 
(ICM), and trophectoderm (TE) morphology.

Embryo grading at the on Day 5
asasasasas

 	– Number (1-6): Blastocyst expansion and hatching 
stage

1.	 Early blastocyst
2.	 Blastocoel fills more than 50% of the embryo
3.	 Full blastocyst (blastocoel completely expanded)
4.	 Expanded blastocyst (zona pellucida starts 

thinning)
5.	 Hatching blastocyst (partially hatched)
6.	 Fully hatched blastocyst

 	– First Letter (1, 2, 3): Inner Cell Mass (ICM) 
Quality (Determines the cells that will form the baby)

1.	 Many tightly packed cells, well-organized
2.	 Fewer cells, loosely packed
3.	 Very few cells, irregular structure

 	– Second Letter (1, 2, 3): Trophectoderm Quality 
(Determines the cells that will form the placenta)

1.	 Many cells, forming a uniform layer
2.	 Moderate number of cells, slightly irregular
3.	 Few cells, highly irregular

(Gardner & Schoolcraft. In vitro culture of human 
blastocysts.)

Embryo transfer
Embryo transfer was performed on Day 2, Day 3, or Day 
5 under ultrasound guidance by the same infertility and 
reproductive endocrinology specialist experienced in IVF 
procedures. The day of embryo transfer (cleavage-stage 
or blastocyst-stage) was determined according to routine 
clinical practice and individual embryo development.

All embryo transfers were performed as fresh embryo 
transfer cycles. The number of embryos transferred (sin-
gle or double embryo transfer) was determined based on 
patient age, embryo availability, and national regulations. 
Both first and repeated embryo transfer cycles were 
included in the study.

All patients received luteal support with vaginal 200 mg 
micronised progesterone 3 times/dayand daily 50  mg 

intramuscular progesterone. Surplus embryos were cryo-
preserved for subsequent cycles. In cases using the PPOS 
protocol, with suboptimal endometrial appearance, or at 
risk of ovarian hyperstimulation syndrome (OHSS), all 
embryos were cryopreserved.

These embryo transfer characteristics were comparable 
across the study.

Outcome measures

 	• Fertilization rate (2PN / injected MII oocytes).
 	• Cleavage rate (≥ 2-cell embryos / normally fertilized 

oocytes).
 	• Blastocyst formation rate (blastocysts / cleaved 

embryos).
 	• High-quality embryo rate (day 3 and day 5).
 	• Clinical outcomes; implantation rate, clinical 

pregnancy rate and ongoing pregnancy rate.

Statistical analysis
The normality of the data distribution was assessed 
using the Shapiro–Wilk test. For variables showing a 
normal distribution, comparisons among groups were 
performed using one-way ANOVA, and if significant, 
post-hoc pairwise comparisons were conducted with 
the Tukey–Bonferroni test.For variables not following a 
normal distribution, non-parametric tests were applied, 
and descriptive statistics were presented as median (IQR: 
Q1–Q3). Group comparisons for non-normally distrib-
uted variables were performed using the Kruskal–Wal-
lis test, and in case of significant differences, pairwise 
comparisons were conducted with the Dunn–Bonfer-
roni post-hoc test.Categorical variables were compared 
among groups using the Pearson chi-square test. A 
p-value < 0.05 was considered statistically significant in 
all analyses.

Results
The demographic and laboratory characteristics of 
the groups demonstrated some significant differences 
(Table  1). Female age showed a statistically significant 
difference among the three groups. The mean age of the 
control group was 31.9 ± 4.2; ICSI+Calcıum ionophore 
group 34.4 ± 4.6 and ICSI+Piezoelectric group 32.5 ± 3.9 
(p:0.0186). The ICSI+Calcıum ionophore group was 
2 years older than the control and ICSI+Piezoelectric 
group. Because female age differed between groups, a 
multivariable linear regression analysis was performed 
to adjust for potential confounding. Female age was 
not independently associated with fertilization rate 
(β = 0.0006, p = 0.91). Likewise, ovarian reserve markers 
including AMH (p = 0.91), FSH (p = 0.51), and antral fol-
licle count (p = 0.99) were not significant predictors. After 
adjustment for these variables, the ICSI+Piezoelectric 
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group remained a strong independent predictor of 
higher fertilization rate (β = 0.285, p < 0.00001), whereas 
the ICSI+Calcıum ionophore group did not differ from 
control (p = 0.70), (Table  2). Male age did not differ sig-
nificantly among the groups (p = 0.055), indicating a com-
parable male demographic profile.

In what concerns ovarian response of the groups;

 	• Control group: 50 patients severe male infertility 
factor, with a mean of 7.22 ± 3.45 MII oocytes per 
patient (total number of MII oocytes: 361).

 	• ICSI+Calcıum ionophore group: 50 patients 
with severe male factor infertility, with a mean of 
4.74 ± 3.30 MII oocytes per patient (total number of 
MII oocytes: 237).

 	• ICSI+Piezoelectric group: 50 patients with severe 
male factor infertility, with a mean of 6.28 ± 3.87 MII 
oocytes per patient (total number of MII oocytes: 
314).

The total oocyte count was significantly reduced in 
the ICSI+Calcıum ionophore group compared to the 

control (p = 0.0019). Similarly, the MII oocyte count was 
also lower in the ICSI+Calcıum ionophore group when 
compared with both the control and ICSI+Piezoelectric 
groups (p = 0.0017). These results can be explained with 
the age difference between the ICSI+Calcıum ionophore 
group and the two other groups (Table 1).

The most striking difference was observed in fertil-
ization rates, which were significantly higher in the 
ICSI+Piezoelectric group compared to both the control 
and ICSI+Calcıum ionophore groups (p < 0.0001). Pair-
wise comparisons confirmed that piezoelectric activa-
tion provided a superior fertilization outcome (p < 0.05). 
Median (IQR) fertilization rates further supported this 
observation, with values of 63 (36.8–80) in the control 
group, 55.5 (33–75) in the ICSI+Calcıum ionophore, and 
100 (70–100) in the ICSI+Piezoelectric group (Table  1). 
Fertilization rates across the three study groups are illus-
trated in Fig.  1, demonstrating a significantly higher 

Table 1  Comparison of baseline demographic characteristics, oocyte yield, and fertilization outcomes among the three study groups 
(Control, ICSI + Calcium ionophore, and ICSI + Piezoelectric). The table presents female and male age, the total number of retrieved 
oocytes, and the number of metaphase II (MII) oocytes. In addition, fertilization rates are shown both as mean ± SD and as median 
values with interquartile ranges (IQR). Pairwise comparisons highlight significant differences between groups

Control Group ICSI+Calcium ionophore 
Group

ICSI+Piezoelectric 
Group

p value Pairwise comparisons
p-value

n Mean ± S.D. n Mean ± S.D. n Mean ± S.D.
Female Age 50 31.9 ± 4.2 50 34.4 ± 4.6 50 32.5 ± 3.9 0.0186* Control-Piezo: p < 0.05.

Calcıum-Piezo: p < 0.05.

Male Age 50 35.8 ± 3.6 50 37.3 ± 5.1 50 34.9 ± 4.1 0.055

Total oocyte count 50 9.06 ± 4.01 50 6.32 ± 3.41 50 8.26 ± 4.59 0.0019* Control-Calcıum: p < 0.05.

MII oocyte count 50 7.22 ± 3.45 50 4.74 ± 3.30 50 6.28 ± 3.87 0.0017* Control-Calsiyum: p < 0.05.
Calcıum-Piezo: p < 0.05.

Fertilization rate (%±S.D) 50 57.3 ± 31.3 50 55.6 ± 31 50 84 ± 22.3 p < 0.0001* Control-Piezo: p < 0.05.
Calcıum-Piezo: p < 0.05.

Fertilization rate
Median (IQR)

50 63 (36.8–80) 50 55.5 (33–75) 50 100 (70–100)

Female age, male age: ANOVA test was used, for pairwise comparisons, the Tukey post-hoc test with Bonferroni correction was applied. Total oocyte count, MII 
oocyte count, Fertilization count: Kruskal Wallis was used, pairwise comparisons were performed using the Dunn post-hoc test with Bonferroni correction

* Significant at p < 0,05

Table 2  Multivariable linear regression analysis was performed 
to evaluate the independent effects of female age, ovarian 
reserve parameters (FSH, AMH, AFC), and treatment group on 
fertilization rate
Variable β (Beta) p value
Female age (years) 0.0006 0.91

FSH −0.0045 0.51

AMH −0.0009 0.91

Antral follicle count (AFC) −0.0001 0.99

ICSI+ Piezoelectric group (vs. conventional ICSI) 0.285 < 0.00001

ICSI+Calcium ionophore group (vs. conventional 
ICSI)

0.11 0.70

Fig. 1  Fertilization rates among study groups
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fertilization rate in the ICSI+Piezoelectric group com-
pared with both the control and ICSI+Calcıum iono-
phore groups.

The comparison of embryo quality among the three 
study groups is summarized in Table  3. A significant 
difference was observed in the distribution of embryos 
according to morphological grading (p < 0.05). The pro-
portion of good-quality embryos (Grade I) was signifi-
cantly higher in the ICSI + Piezoelectric group (38.2%) 
compared with both the control (28.3%, p = 0.0077) and 
ICSI + Calcium ionophore (29.5%, p = 0.042) groups. 
Similarly, the percentage of average-quality embryos 
(Grade II) was also greater in the ICSI + Piezoelectric 
group (31.5%) than in the control (21.6%, p = 0.0046) and 
ICSI + Calcium ionophore (20.7%, p = 0.0060) groups. 
In contrast, the incidence of poor-quality embryos 
(Grade III) was significantly higher in the ICSI + Piezo-
electric group (12.7%) compared with both the Con-
trol (5.5%, p = 0.0017) and ICSI + Calcium ionophore 
(5.5%, p = 0.0067) groups. No significant differences 
were observed between the ontrol and ICSI + Calcium 

ionophore groups for any of the embryo quality catego-
ries. The rate of unfertilized or developmentally arrested 
embryos was significantly lower in the ICSI+Piezoelectric 
group (17.5%) compared to both the control (44.6%) and 
ICSI+Calcium ionophore (44.3%) groups (p < 0.001). 
There was no significant difference between the con-
trol and ICSI+Calcıum ionophore groups (p = 0.91), 
whereas both showed markedly higher rates compared 
to the ICSI+Piezoelectric group (Control–Piezoelec-
tiric: p < 0.0001; Calcium–Piezoelectric: p = 0.0001). The 
distribution of embryo quality grades among the study 
groups is shown in Fig. 2. The ICSI+Piezoelectric group 
exhibited a higher proportion of good-quality (Grade 
I) embryos, as well as a broader distribution of embryo 
grades, compared with the control and ICSI+Calcıum 
ionophore groups.

When pregnancy outcomes were compared, no statis-
tically significant differences were observed among the 
groups. The implantation rates were 30% (9/30) in the 
control group, 48% (13/27) in the ICSI+Calcıum iono-
phore group, and 33% (12/36) in the ICSI+Piezoelectric 
group (p = 0.32). Although the ICSI+Calcıum ionophore 
group showed a numerically higher rate, the difference 
did not reach statistical significance. Similarly, clini-
cal pregnancy rates were 27% (8/30), 44% (12/27), and 
25% (9/36) in the control, ICSI+Calcıum ionophore, and 
ICSI+Piezoelectric groups, respectively (p = 0.21). Again, 
the ICSI+Calcıum ionophore group demonstrated a non-
significant trend toward higher pregnancy and live birth 
rates, but without statistical significance.

For ongoing pregnancy, the rates were 23% (7/30) in 
the control, 41% (11/27) in the ICSI+Calcıum ionophore, 
and 17% (6/36) in the ICSI+Piezoelectric group (p = 0.12). 
This pattern suggests that calcium ionophore activation 
may be associated with improved pregnancy continua-
tion, though the sample size may not have been sufficient 
to establish significance, neither causality.

Table 3  Comparison of embryo quality among the three study groups (Control, ICSI + Calcium ionophore, and ICSI + Piezoelectric). 
The table summarizes the distribution of embryos according to morphological grading: good-quality embryos (Grade I), average-
quality embryos (Grade II), poor-quality embryos (Grade III), and unfertilized or arrested embryos. Significant differences were observed 
particularly in the distribution of Grade II, Grade III, and unfertilized/arrested embryos among the groups

Control Group ICSI+Calcium iono-
phore Group

ICSI+Piezoelectric Group p value Pairwise comparisons
(p value)

Number of Good-quality 
embryos (GI)

102/361
(%28.3)

70/237
(%29.5)

120/314
(%38.2)

0.014* Control–Calcium: p = 0.81
Control–Piezo: p = 0.0077*
Calcium–Piezo: p = 0.042*

Number of Average quality 
embryos (GII)

78/361
(%21.6)

49/237
(%20.7)

99/314
(%31.5)

0.0028* Control–Calcium: p = 0.86
Control–Piezo: p = 0.0046*
Calcium–Piezo: p = 0.0060*

Number of Poor quality 
embryos (GIII)

20/361
(%5.5)

13/237
(%5.5)

40/314
(%12.7)

p < 0.001* Control–Calcium: p = 1.0
Control–Piezo: p = 0.0017*
Calcium–Piezo: p = 0.0067*

Number of unfertilized or 
arrested embryos

161/361
(%44.6)

105/237
(%44.3)

55/314
(%17.5)

p < 0.001* Control–Calcium: p = 0.91
Control–Piezo: p < 0.0001*
Calcium–Piezo: p = 0.0001*

Fig. 2  Proportion of good-quality (Grade I) embryos
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The live birth rates were 23% (7/30) in the control, 41% 
(11/27) in the ICSI+Calcıum ionophore, and 17% (6/36) in 
the ICSI+Piezoelectric group (p = 0.09). Although not sta-
tistically significant, the ICSI+Calcıum ionophore group 
showed a consistent trend toward higher pregnancy con-
tinuation and live birth compared to the other groups 
(Table  4). Pregnancy outcomes, including implantation, 
clinical pregnancy, ongoing pregnancy, and live birth 
rates, are summarized in Fig. 3. No statistically significant 
differences were observed among the groups, although a 
non-significant trend toward higher pregnancy outcomes 
was noted in the ICSI+Calcıum ionophore group.

Di̇scussi̇on
In this study, conventional ICSI, ICSI with calcium iono-
phore activation, and piezoelectric-assisted ICSI were 
compared for fertilization outcomes, embryo quality, and 

pregnancy parameters. The most notable finding was that 
piezoelectric activation significantly enhanced fertiliza-
tion rates and increased the number of embryos obtained 
compared with both conventional ICSI and calcium ion-
ophore treatment. In this study, ICSI+Piezoelectric led to 
more good- and average-quality embryos, less unfertil-
ized oocytes, less arrest embryos but it was also accom-
panied by an increase in poor-quality embryos. This 
broader distribution suggests that piezoelectric activa-
tion may rescue oocytes that would otherwise fail to acti-
vate, thereby increasing heterogeneity in embryo quality. 
However, these early laboratory improvements did not 
consistently translate into higher clinical pregnancy nor 
live birth rates. Conversely, calcium ionophore activa-
tion was associated with numerically higher implantation 
rate, clinical pregnancy, and ongoing pregnancy rates, 
although ICSI+Calcıum ionophore group was two years 
older than the other two groups.

Although piezoelectric activation significantly 
improved fertilization and early embryological parame-
ters, these advantages did not result in statistically signif-
icant improvements in implantation, clinical pregnancy, 
or live birth rates, underscoring the multifactorial nature 
of reproductive success.

Recent evidence indicates that impaired sperm DNA 
integrity and defective chromatin decondensation are 
associated with reduced PLCζ efficacy, which may 
explain fertilization failure after ICSI and justify the use 
of artificial oocyte activation methods such as calcium 
ionophore or piezoelectric stimulation in severe male 
infertility cases [15]. Cavarocchi et al. highlighted that 
genetic and molecular abnormalities observed in severe 
asthenozoospermia can compromise post-ICSI fertiliza-
tion outcomes, supporting the implementation of adjunc-
tive clinical strategies such as artificial oocyte activation 
to improve reproductive success [16]. Advanced imaging 
approaches have revealed the complex three-dimensional 
and dynamic nature of human sperm motility, highlight-
ing functional heterogeneity that may not be captured by 
conventional assessments. Such detailed characterization 
is particularly relevant in severe male infertility, where 
impaired sperm function may necessitate adjunctive 
strategies such as artificial oocyte activation following 
ICSI [17].

Our results align with earlier reports demonstrat-
ing that ICSI+Piezoelectric improves fertilization effi-
ciency and embryo yield. Kimura &Yanagimachi first 
described the method in mice, showing higher survival 
and fertilization after membrane penetration [18]. Sub-
sequent clinical studies confirmed superior fertilization 
and sometimes improved blastocyst formation com-
pared with conventional ICSI [19–21]. In our study, 
ICSI+Piezoelectric also led to more good- and aver-
age-quality embryos, but this was accompanied by an 

Table 4  Comparison of reproductive outcomes among the 
three study groups (Control, ICSI + Calcium ionophore, and 
ICSI + Piezoelectric). The table presents the rates of biochemical 
pregnancy (β-hCG positivity), clinical pregnancy, ongoing 
pregnancy, and live birth. Data are shown as the number of 
events per total cases with corresponding percentages. Although 
higher rates were observed in the calcium-assisted ICSI group 
across several outcomes, the differences among groups did not 
reach statistical significance
Biochemical 
Pregnancy

Control 
Group

ICSI+Calcium 
ionophore 
Group

ICSI+Piezoelectric 
Group

p 
value

9/30 (% 
30)

13/27 (% 48) 12/36 (% 33) 0.32

Clinical 
Pregnancy

8/30 (% 
27)

12/27 (% 44) 9/36 (% 25) 0.21

Ongoing 
Pregnancy

7/30 (% 
23)

11/27 (% 41) 6/ 36 (% 17) 0.12

Live Birth 7/30 (% 
23)

11/27 (% 41) 6/36 (%17) 0.09

Comparisons among the groups in Table 3 were performed using the Pearson’s 
chi-square test

Fig. 3  Ongoing pregnancy rates among study groups
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increase in poor-quality embryos. This broader distri-
bution has been noted previously, suggesting that piezo 
activation may rescue oocytes that would otherwise fail 
to activate, thereby increasing heterogeneity in embryo 
quality. In contrast, calcium ionophore activation failed 
to improve embryo quality, possibly due to its non-spe-
cific and excessive calcium influx, which may disrupt 
normal oscillation patterns [22, 23], or may be due to the 
fact that the ICSI+Calcıum ionophore group was two 
years older than the other groups. One possible expla-
nation may be that piezoelectric activation may reduce 
mechanical damage to the oolemma while promot-
ing synchronized oocyte activation, resulting in supe-
rior embryo morphology [24]. The significantly lower 
rate of unfertilized or arrested embryos observed in the 
ICSI+Piezoelectric group suggests that Piezoelectric acti-
vation may induce a more physiological pattern of oocyte 
activation compared to chemical stimulants such as cal-
cium ionophore. Piezo-mediated activation mimics the 
natural sperm-induced calcium oscillations more closely, 
which are essential for meiotic resumption and subse-
quent embryonic development [25, 26].Previous studies 
have also demonstrated that excessive or artificial cal-
cium influx from ionophore exposure can lead to abnor-
mal cytoplasmic signaling, impaired embryo quality, and 
higher arrest rates [27, 28]. In contrast, piezoelectric acti-
vation has been associated with improved fertilization 
outcomes and embryo development, particularly in cases 
of severe male factor infertility [29, 30]. Taken together, 
our findings are consistent with the literature, supporting 
that Piezoelectric activation provides a more controlled 
and biocompatible alternative to chemical activation, 
enhancing early embryonic competence and reducing the 
risk of developmental arrest.

Regarding calcium ionophore activation, our findings 
partially mirror prior meta-analyses showing that iono-
phore-assisted oocyte activation improves fertilization, 
cleavage, and implantation rates, particularly in couples 
with previous fertilization failure or oocyte activation 
deficiency [23, 31]. In our unselected cohort, calcium 
ionophore did not significantly increase fertilization 
but demonstrated a trend toward improved clinical out-
comes. This echoes multi-center data showing that AOA 
is most effective when applied under specific indications 
such as globozoospermia or repeated ICSI failure [11]. 
Therefore, our results reinforce the idea that calcium 
ionophore AOA may improve clinical pregnancy rates in 
selected patient groups rather than universal application.

Piezoelectric activation facilitates sperm injection by 
reducing mechanical stress on the oocyte membrane, 
which may improve oolemma survival and promote fer-
tilization [32]. However, the subsequent developmental 
competence of embryos may still depend on intrinsic 
oocyte quality, sperm factors, and culture conditions. The 

higher fertilization but similar pregnancy rates observed 
in our study suggest that piezoelectric may primarily 
optimize the initial fertilization step without fully over-
coming downstream developmental bottlenecks.

Calcium ionophores mimic physiological calcium oscil-
lations that follow sperm–oocyte fusion, thereby promot-
ing activation. However, differences in ionophore type 
(ionomycin vs. A23187), exposure time, and laboratory 
protocols influence the magnitude of this effect [33, 34]. 
In our study, calcium ionophore was associated with 
more favorable trends in ongoing pregnancy and live 
birth (though not statistically significant), consistent with 
prior observations that proper Ca²⁺ signaling enhances 
developmental competence and implantation potential 
[25, 35].

From a clinical standpoint, our data suggest that 
ICSI+Piezoelectric may be useful in cases where maxi-
mizing fertilization and embryo availability is critical—
for example, in poor responders or when oocyte numbers 
are limited. Calcium ionophore AOA, in contrast, may 
hold greater value in cases with suspected activation defi-
ciency, as broad application to unselected populations 
may not consistently improve outcomes.

The numerically higher pregnancy and live birth rates 
observed in the calcium ionophore group, despite lower 
fertilization rates, may reflect differences in the qual-
ity and synchronization of oocyte activation. Chemical 
activation may induce a more sustained calcium signal-
ing pattern in oocytes with intrinsic activation deficiency, 
potentially supporting downstream embryonic com-
petence and implantation, even when fewer embryos 
are generated. In contrast, piezoelectric activation may 
efficiently trigger fertilization in a larger proportion of 
oocytes, including those with compromised develop-
mental potential, thereby increasing embryo yield but not 
necessarily improving the proportion of embryos capable 
of achieving implantation and live birth.

This study has several limitations. First, although group 
sizes were balanced, the overall sample size may have 
been insufficient to detect modest but clinically relevant 
differences in live birth rates, increasing the risk of type 
II error. Although assisted oocyte activation techniques, 
including piezoelectric activation, have raised concerns 
regarding long-term safety, no increase in adverse obstet-
ric or neonatal outcomes was observed in our cohort. 
However, given the limited sample size and follow-up 
period, larger studies with long-term follow-up are 
required to fully evaluate the safety profile of these tech-
niques.Second, female age was slightly but significantly 
different between groups. Third, the groups were not ran-
domized and were formed sequentially, which may intro-
duce selection bias and temporal confounding. Although 
all patients were enrolled prospectively using predefined 
criteria and treated consecutively, unmeasured temporal 
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or clinical factors may have influenced the observed out-
comes. Therefore, the results should be interpreted with 
caution .Finally, the study was conducted in a single cen-
ter, which may limit generalizability across laboratories 
with different stimulation and culture protocols. Another 
significant limitation of this study is the absence of time-
lapse morphokinetic assessment and preimplantation 
genetic testing (PGT-A) for aneuploidy, which could 
provide more detailed information about embryo devel-
opmental competence. Therefore, embryo quality in this 
study was assessed according to traditional morphologi-
cal criteria.

Piezoelectric activation was associated with higher fer-
tilization rates and improved early embryo development 
in ICSI cycles with severe male factor infertility. How-
ever, these improvements did not translate into statisti-
cally significant differences in clinical pregnancy or live 
birth rates. Larger, well-designed randomized controlled 
trials are required to determine whether the observed 
laboratory benefits of piezoelectric activation or calcium 
ionophore–induced artificial oocyte activation result 
in meaningful improvements in cumulative live birth 
outcomes.
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