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Implantation Success during In Vitro Fertilization

ABSTRACT

This study aimed to demonstrate the clinical performance of an ultra-sensitive follicular fluid
(FF) G-CSF immunoassay to confirm previous work, indicating a correlation between FF G-
CSF concentration and live birth potential of the corresponding embryo after in vitro
fertilization.

This study was a noninterventional, prospective, diagnostic clinical multicentric study
conducted between August 2012 and January 2014 with 396 single embryo transfers (SETs)
from 278 subjects.

During oocyte retrieval, FF was individually collected. Embryo morphology and
implantation success were evaluated.

The implantation success rate in the high G-CSF group (32.3%) was higher than the overall
rate (27.5%). Similarly, for embryos with optimal morphology, implantation success rates
were highest among those in the high G-CSF concentration category (34.5%) compared with
low (19.6%) and intermediate (29.8%) G-CSF concentration categories. Significant
differences in mean G-CSF concentrations were observed between the study sites. To
minimize bias, analyses were repeated using data from the center with the largest number of
SETs. In alignment with the overall analysis, this center demonstrated a 43% greater
probability of implantation for optimal embryos with high G-CSF compared to the general
implantation rate among optimal embryos and a 327% increase compared with the

implantation rate of optimal embryos with low G-CSF.
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INTRODUCTION

Despite advances in many different areas, the practice of in vitro fertilization (IVF) could be
improved by increasing success rates and reducing high multiple birth rates, which contribute to
prematurity and increased neonatal and childhood morbidity [1]. These issues could be
minimized with single embryo transfers (SET); however, this strategy is limited by the relatively
low success rate of current IVF procedures. Oocyte retrieval can be performed in about 90% of
started IVF cycles and embryo transfer can be carried out in 81% of started IVF cycles, but the
live birth rate/cycle is limited to only approximately 30% [2, 3]. This means that only about 5%
of collected oocytes leading to a live birth [4].

In daily practice, clinicians and embryologists at IVF laboratories have to decide which embryos
have the highest competence (i.e., the best probability to implant and to initiate a pregnancy), by
primarily relying on an assessment of morphologic characteristics. Such evaluations are poorly
discriminative and not predictive of subsequent birth [5]. While cell-free nucleic acids [6], micro
RNAs [7], mitochondrial DNA [8], and metabolic profiling [9] are currently being investigated
as methods to predict reproductive potential, current literature lacks sufficient evidence in
support of concrete evaluators for embryo reproductive potential.

Recently, granulocyte colony stimulating factor (G-CSF), measured by commercially available
antibody coated bead-based multiplex assay (Luminex XMap Technology from Bio-Rad), in
individual FF collected during oocyte retrieval, was shown to be correlated with the birth
potential of the corresponding embryo [10, 11]. Subsequently, two retrospective studies
evaluated the validity of FF G-CSF as a biomarker for oocyte and embryo selection. In both
studies, the mean implantation success rate was significantly higher for embryos with higher FF
G-CSF concentrations. Combining G-CSF concentration with classical morphological scoring

methods resulted in a significant increase in implantation success rate [10]. While the exact
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mechanism by which FF G-CSF impacts embryo implantation success is largely unknown,
several hypotheses exist. Some studies postulate FF G-CSF is involved in oocyte—uterus
crosstalk that leads to the preparation of a receptive uterus [12], while others proposed that FF
G-CSF may influence the mRNA content of the oocyte itself, potentially influencing immune
system signalling and embryo self-repair [13, 14].

Thus, G-CSF quantitation, in conjunction with standard morphological assessment, appears to be
an informative, non-invasive method to assess embryo competence, with potential to improve
reproductive outcomes. For routine clinical application G-CSF evaluation has to be easily
performed. Previous analyses with commercially available ELISA kits did not correlate with
those measured by Luminex and were not predictive of embryo implantation success [15]. Thus,
a more sensitive ELISA-based immunoassay has been developed. This immunoassay is based on
specific proprietary antibodies that allow for a level of G-CSF quantitation that is not possible
using commercially available ELISA assays.

Our study specifically assessed whether embryo implantation success rate at 12 weeks gestation
(10 weeks after Day 2 or Day 3 [referred to as Day 3 from herein out] fresh SET) will increase

with increasing FF G-CSF concentration, as quantified by FF-G-CSF Elisa.

MATERIALS AND METHODS

Study Design

This noninterventional, prospective clinical study was designed to evaluate the clinical
performance of the FF-G-CSF immunoassay. FF were collected individually during standard
IVF procedures while maintaining traceability to the corresponding oocyte. (Figure 1A).
Ethical Approval

The study protocol, including amendment, and informed consent documents, were approved by

Independent Ethical Committees at each study site. The study, including informed consent
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procedures, was conducted in accordance with applicable laws and regulations, International
Conference on Harmonization guidelines on Good Clinical Practices, and the ethical principles
that have their origin in the Declaration of Helsinki.

Patients

Between August 2012 and January 2014, participants were recruited among women undergoing
IVF procedures at 10 sites in Belgium, Denmark, and Sweden. Women aged 18 to 36 years and
eligible for SET at Day 3 or Day 5 with good ovarian response to endocrine stimulation and 6 to
16 large follicles (>14 mm diameter) containing oocytes and FF at the time of oocyte retrieval
were eligible to participate. Women with a previous history of severe endometriosis and/or
ovarian surgery or high follicle stimulating hormone were excluded

Embryo Morphology Scoring

After incubation, each embryo was characterized by number and size of blastomeres,
fragmentation percentage, multinucleation status, cytoplasm aspect, and compaction. Based upon
these data, each embryo was retrospectively scored by a central reader for efficacy assessment
purposes as A (optimal), B (intermediate), C (poor), or D (discarded) as previously reported [10].
It was also documented if the embryo was frozen or freshly transferred.

Follicular fluid Immunoassay

Frozen FFs were transferred on dry-ice to the central testing laboratory (Artialis SA, Liege,
Belgium), by special courier (Euro Connection Company, Alleur, Belgium). FFs were thawed
and G-CSF quantification was performed in triplicate using the FF-G-CSF immunoassay.
Characteristics of the assay were presented in details elsewhere [16, 17]. The results obtained
with this specific ELISA assay are highly correlated with those obtained with the Luminex®

technology (data not shown).
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Statistical Analysis

Statistical analysis and programming was performed using R-2.15 statistical software package,
rjags-3.2 package, stats 2.15 package and JAGS-3.2 (Appendix 1). The probability of
implantation success was calculated for G-CSF categories using the Bayesian beta-binomial

model. Probabilities were compared across G-CSF categories using Fisher’s exact test.

RESULTS

Patient Disposition and Baseline Characteristics

Of 465 women enrolled, 278 completed the study according to the protocol with 396 SETs (288
Day 3 and 33 Day 5 fresh, 64 Day 3 and 11 Day 5 frozen). The mean age +SD of study
participants at SET was 30.9+£3.37 years. Of the 288 Day 3 fresh SETs, 72.9% were designated
as morphology A, 8.7% as morphology B, and 18.4% as morphology C. Overall, 27.4% of Day 3
embryos successfully implanted in the uterus.

Clinical Performance of the FF-G-CSF Immunoassay

The 4-parameter logistic curve generated from Day 3 fresh SETs exhibited a sigmoidal trend
(Figure 1B), suggesting a correlation between G-CSF concentration and implantation success;
however, the probability that the top of the curve was significantly greater than the bottom of the
curve was not significant. The inflection point of the curve corresponds to 22.3 pg/mL of G-CSF,
which means that above this concentration, the probability of a successful implantation is greater

(mean 28.2%) than below this concentration (mean 24.0%).
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Using ROC curve analysis, G-CSF thresholds were selected that corresponded to the highest

negative predictive value (17.5 pg/mL) and the highest positive predictive value (48 pg/mL) for

oNOYTULT D WN =

implantation success. Although there was no significant difference in the probability of

10 implantation success among G-CSF categories, the probability of embryos associated with a
G-CSF concentration >48 pg/mL was 17% greater than the overall implantation success rate

15 (Table 1). Among embryos with morphology category A, high G-CSF concentration similarly
17 increased the probability of implantation success by 15%.

Post Hoc and Exploratory Analyses

2 Although not significantly different, mean G-CSF concentrations + SD were higher for

24 successful than for failed implantations in every case-Day 3 fresh SETs: 42.2+21.3 pg/mL

26 (n=79) versus 40.3+20.6 pg/mL (n=209); Day 3 frozen SETs: 44.0+30.9 pg/mL (n=13) versus
41.5+£22.3 pg/mL (n=51); Day 5 SETs: 58.2+17.3 pg/mL (n=5) versus 48.3+22.5 pg/mL (n=28);
31 Day 5 frozen SETs: 44.3+ 6.4 pg/mL (n=4) versus 30.1 &+ 13.8 pg/mL (n=7).

33 The implantation success rate curve (Figure 1C) demonstrates an approximate linear increase in
implantation success rate from 25 to 75 pg/mL of G-CSF, regardless of morphology category.
38 This linear increase is maintained to about 80 to 90 pg/mL, then reaches a plateau.

40 Correspondingly, there was a trend toward higher success rates with G-CSF >18 pg/mL
compared with <18 pg/mL (p=0.1227; data not shown).

45 Clinical Performance of FF-G-CSF Immunoassay Based on Data from a Single Site

47 To address statistically significant between-site differences in mean G-CSF, post hoc exploratory
49 analyses were performed for the single site with the largest number of transfers, 114 Day 3 fresh
SETs. Similar patterns were observed, although the magnitude of difference in implantation

54 success rates among G-CSF groups was more pronounced (Figure 1D and Table 2).
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DISCUSSION

In this study, we tested the hypothesis that implantation success rates at 12 weeks gestation of
Day 3 fresh SETs will increase with increasing FF G-CSF concentration, as quantified by the
FF-G-CSF immunoassay. While the study failed to show statistically significant differences
between all of the different G-CSF concentrations and morphological categories, these results do
confirm that there is an association between the concentration of G-CSF in FF and the
implantation potential of the corresponding embryo.

While this present study is an observational study, a set of 3 interventional FF-G-CSF Elisa for
Embryo Selection and Fertility Improvement studies (DESTINy - NCT02593513,
NCT02593461, NCT02586272) were also initiated in order to extend these preliminary findings.
In particular, these studies aim to evaluate the implantation success rate, overall and within each
morphological category, between interventional and control groups for elective Day 3 fresh
SETs. As embryos in the interventional group are to be selected based on morphology and FF G-
CSF concentration (as determined by FF-G-CSF Elisa), the DESTINy studies aim to generate
additional support for the correlation between FF G-CSF concentration and implantation success
rate and create additional support for the use of FF-G-CSF Elisa as an adjunct to embryo

morphology during IVF procedures (see ClinicalTrials.gov).

Study sites were allowed to use their usual collection procedures, as long as these procedures
remained internally consistent. Differences among centers, in lumen needle type, tubing length,
and flushing procedures or absence of flushing introduced variability into FF dilutions. This
impacted the quantification of FF G-CSF concentration and caused differences in mean G-CSF
concentrations among the sites. In order to address these differences, the analyses were repeated
using data from the study site with the largest number of SETs, where the same collection

methods were used for all procedures. The results from this single site demonstrated a similar
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pattern to the overall data, with larger, but nonsignificant, differences in the probability of

implantation success, presumably due to a reduction in protocol variability.

oNOYTULT D WN =

While variability in embryo handling procedures may attribute to the non-significance of the

10 results, data from this non-interventional study do suggest that higher levels of FF G-CSF are
associated with higher implantation success rates. If our data are confirmed in future prospective
15 randomized trials comparing a standard morphology arm with a combined morphology/FF-G-

17 CSF arm, this FF-G-CSF immunoassay may prove to be helpful as an adjunct to morphology

assessments in selecting embryos for transfer and may lead to improved pregnancy rates.

24 Words count: 1938
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Figure captions

Figure 1. A. Study design. During standard IVF procedures (i.e., oocyte retrieval), FFs were
individually collected, while maintaining traceability to the corresponding oocyte. After
retrieval, FFs and oocyte(s) were separated, oocyte(s) underwent fertilization, and FFs were
frozen until G-CSF quantification was performed at a central laboratory using the FF-G-CSF
immunoassay. Day 2/3 embryos were selected for transfer using the standard morphological
criteria at each site. Embryo transfer was conducted in the usual fashion and associated
implantation success rates were recorded at 12 weeks gestation (10 weeks after SET). The results
of the FF-G-CSF immunoassay were not provided to the sites or Investigators and were not used
to assist in embryo selection for transfer. If the first IVF cycle under the study protocol was not
successful, subjects could be included in the study for a second IVF cycle. As this was a non-
interventional, diagnostic study, no safety data were collected; B - Implantation Success Rate by
G-CSF Concentration for Day 3 Fresh SETs (4-Parameter Logistic Regression; all sites); C -
Cumulative Implantation Success Rate (All SETs).; D - Implantation Success Rate by G-CSF
Concentration for Day 3 Fresh SETs (4-Parameter Logistic Regression; Single site). CRF
indicates case report form; FF, follicular fluid; SET, single embryo transfer; G-CSF indicates

granulocyte colony stimulating factor; CI indicates confidence interval.
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Table 1. Probability of Implantation Success by G-CSF and Morphological Categories for
Day 3 Fresh SETs (ROC Curve Analysis; All Sites)

Successful Implantations/SETs

lantation Success, % (95% CI)?

Increase in Probability of
Implantation Success

G-CSF Category

<175
(pg/mL)
4/27
All 15.3
(6.4-28.6)
4/21
= [—— 19:6
s P (8.3-35.7)
=
S B 0/4
= (intermediate) NA
C 0/2
(poor) NA

17.5-48

46/171
27.0
(21.6-32.7)

37/125
29.8
(23.3-36.6)

3/13
23.9
(8.8-45.3)

6/33
18.5
(9.3-31.0)

>48

29/90
323
(24.6-40.7)

22/64
34.5
(25.3-44.5)

1/8
14.2
(2.3-39.7)

6/18
337
(17.7-52.6)

All

79/288
275
(23.3-31.9)

63/210
30.0
(25.0-35.4)

4/25%
16.5
(6.9-30.6)

12/53
22.8
(14.4-33.1)

>48 vs All  >48 vs <17.5
17% 111%
15% 76%
14% NA
48% NA

Cl indicates confidence interval; G-CSF, granulocyte colony stimulating factor; NA, not applicable; SET, single embryo

transfer
* p<0.05 versus morphology C
2 via Bayesian beta-binomial model
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Table 2. Probability of Implantation Success by G-CSF and Morphological Categories for
Day 3 SETs (Single Site)

oNOYTULT D WN =

e}

Successful Implantations/SETSs Increase in Probability of
Probability of implantation Success, % (95% CI)? Implantation Success

—_ .
—_ O

G-CSF
Category 17.31-48.7 >48.7 >48.7 vs All
(pg/mL)

—_
N

>48.7 vs
<17.31

—_
w

—_
N

—_
wv

2/20 16/71 8/23 26/114
10.7 227 35.0 22.9 53% 327 %
(29-25.0)  (153-314)  (204-51.9)  (16.9-29.7)

2/18 16/62 8/22 26/102
11.9 259 36.6 25.6 43% 307 %
(3.3-27.5)  (17.635.7)  (21.4-53.8)  (19.0-33.0)

0/1
0/2 0/0 0/3
NA NA NA NA NA NA

WN =00 ®NO
Morphology

01 017 01 0/9
NA 3.1 NA 2.4 NA NA
(0.0-23.35) (0.0-18.7)

NN
(SN

CI indicates confidence interval; G-CSF, granulocyte colony stimulating factor
2 via Bayesian beta-binomial model
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2 APPENDIX 1

Z Statistical Analysis

573 Sample Size

?(1) Statistical analysis and programming was provided by Arxios SPRL (Genappe, Belgium) and
:g was performed using R-2.15 statistical software package, rjags-3.2 package, stats 2.15

1‘51 package and JAGS-3.2. The estimated incidence of embryos in the different G-CSF categories
EZ was based on previous studies [10, 11]. The sample size was evaluated by simulation of

;g power curves based on sample sizes from 100 to 1000 (with step size of 50) and 500 to 600
;; (with a step size of 20). For each sample size, 20,000 virtual data sets were simulated using
;431 the proportions 0.3067, 0.5357, and 0.1582 for FF G-CSF categories and the proportions

25

;? 0.3667, 0.1667, and 0.0645 for implantation success/failure outcomes. Two one-sided Fisher
;g exact test-based p-values were evaluated and averaged for each virtual data set to indicates the
2(1) power associated with that sample size. Based on these simulations, 300 SETs were

gg considered sufficient for statistical separation between the bottom asymptote from the top

22 asymptote of the 4-parameter logistic regression model with at least 80% power.

;573 Primary Statistical Analysis: 4-Parameter Logistic Regression

3(19) The primary statistical analysis was performed using a 4-parameter logistic regression model
jé [log (G-CSF) versus implantation success rate] with G-CSF concentration as a continuous

jg covariate. This model was selected because, as a continuous model, it allows for differences
j? in approximated implantation success rate for embryos falling within the same G-CSF

48

gg category and because a sigmoidal model with a log scale clearly indicates a relationship

g; between G-CSF and implantation success rate (sigmoid vs flat curve) [18].

;31 Secondary Statistical Analysis: Receiver Operating Characteristic Curve Analysis

gg The secondary statistical analysis was performed using a receiver operating characteristic

gg (ROC) curve analysis to determine G-CSF thresholds based on implantation success rates

60
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after Day 3 fresh SETs following the method described by Lédée et al. [11]. The probability
of implantation success was calculated for G-CSF categories using the Bayesian beta-
binomial model. Probabilities were compared across G-CSF categories using Fisher’s exact

test.
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