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42.1 Introduction

In in vitro fertilization (IVF) practice, technologies or tests
that can help assess the viability and developmental compe-
tence of embryos may not only improve IVF success rates;
they may also enable broader adoption of single embryo
transfer (SET), which would in turn reduce multiple gesta-
tion pregnancies and lower associated maternal/fetal risks
[1]. Currently, standard embryo assessment methods depend
on morphological evaluation by microscope at a few static
points in time (e.g., Day 1, Day 2, Day 3, and Day 5 post-
insemination) [2, 3]. Morphological evaluation and selec-
tion, however, have lacked wunderlying biological
understanding and sufficient predictability for implantation
due to the inherent subjectivity of morphological grading
[4-6] and the weak correlation between morphology and
embryonic health [7-9]. Without predictive and objective
tools that can supplement morphology, clinical embryolo-
gists are routinely forced to make their best guess of which
embryo(s) to transfer among morphologically similar
embryos.

New research in embryo assessment promises to provide
additional information to help discriminate among morpho-
logically similar embryos and improve the likelihood of
selecting the single embryo that will successfully develop,
implant, and result in a live birth. However, before new tools
and technologies can be introduced into the IVF laboratory,
several validation steps should be taken to ensure their safety,
accuracy, and efficacy. These steps, which follow the initial
discovery and development phases, may include biological
validation, clinical validation, performance characterization,
and comparison to standard of care [10]. Increasingly, clini-
cal practitioners and patients also expect successful valida-
tion to result in approval from a regulatory body [11]. In this
case, the regulatory body would require the intended use of
the new tool or technology to be clearly stated and validated.

The objective of this chapter is to describe the develop-
ment, validation, and practical application of the first nonin-
vasive embryo viability assessment tool that has been
designed to meet clinical test criteria and proven to add criti-
cal information to the decision-making practices of clinical
embryologists. In describing this novel test, we review the
criteria for development and validation of a clinical test,
assess the scientific underpinning of prediction using time-
lapse imaging, and introduce new advances in automation
enabled by state-of-the-art computer vision software.

42.2 Clinical Testing

The goal of clinical testing is to help clinicians improve
assessment or treatment decisions by determining a disease
risk probability (in the case of a screening test) or diagnosing
a disease (in the case of a diagnostic test) [12]. Typically, a
clinical test is developed against a reference standard test that
is more invasive, more risky, or prohibitively expensive. A
clinical test may also be developed as a first-pass surrogate
for a more invasive procedure (e.g., venous ultrasonography
serves as a surrogate marker of vein thrombosis and reduces
the need for a highly invasive venography procedure [13];
cell-free fetal DNA analysis of maternal blood can detect fetal
genetic anomalies without requiring invasive amniocentesis
or chorionic villus sampling procedures [14]).

In clinical embryology, several noninvasive candidate
technologies have been proposed as surrogates for invasive
embryo assessment and predictors of embryo developmental
potential, including culture media assessment [15-17],
cumulus cell assessment [18, 19], and time-lapse imaging
[20-22]. Parallel advances in assay and embryo biopsy tech-
niques have resulted in increased use of preimplantation
genetic testing (PGT) together with blastocyst culture for
assessing not only the genetic and chromosomal status of an
embryo but also its overall implantation potential [23, 24].
While embryo biopsy is invasive to the embryo and typically
relevant for IVF patients indicating a need for PGT, noninva-
sive technologies have the potential to be more economical
and more broadly applicable. However, most noninvasive
technologies are in early development stages; as such, they
have not been prospectively validated in independent clinical
trials and lack the basic prerequisites for successful clinical
translation.

Three major requirements are needed in order to suc-
cessfully implement a novel embryo assessment technology
or test into the IVF laboratory. First, a predictive biomarker
based on scientific evidence and validated in clinical studies
must be associated with a confirmable and desirable out-
come. Second, the detection of the predictive biomarker
must be accurate, reliable, and practical to use by clinicians.
Finally, the combined test (predictive biomarker + detec-
tion method) must be characterized for performance and
shown to provide actionable information that improves the
standard of care. In addition to these major requirements,
scientists have increasingly demanded that new technolo-
gies be brought to patients via an evidence-based approach
that includes basic research, which provides scientific
understanding and clinical confidence in the test [10, 11,
22]. In a recent review, Palmer et al. noted that in reproduc-
tive medicine, it is common for only the first milestone—
report of a novel biomarker correlation—to be achieved;
whereas, successful culmination of all milestones ideally
results in content for regulatory submission documents and
eventual regulatory approval [11]. In support of this
approach, new standards for reporting diagnostic accuracy
(STARD) are being required of authors seeking to publish
new test results [25].
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42.3 The Eeva Test

The Eeva™ Test was designed with clinical test criteria in
mind and combines both a highly robust predictive marker
of embryo development and a novel detection assay to rap-
idly obtain quantitative measurements of the biomarker in a
clinical setting. Below we detail the use of Eeva in the IVF
laboratory workflow and its underlying science and technol-
ogy. We further describe clinical results from multiple pro-
spective, multicenter studies that compare the use of Eeva
results combined with morphology (adjunctive grading
method) against morphology alone (traditional morphology
grading method).

42.4 The Eeva Test Deployed in Standard
Incubators or Benchtop Incubators

The original Eeva Test consisted of (1) a multi-well dish that
provides individual culture for embryos with the same
media drop, (2) an imaging system that collects data inside
a standard incubator, and (3) intelligent software that auto-
matically analyzes and measures cell division timings
(8 Fig. 42.1).

Recently, other incubator formats have been developed
and adapted for use with the Eeva™ Test. Benchtop incubators
are now being fitted with cameras, lighting sources, and

Multi-well dish provides individual
culture within the same media drop

Eeva results: Quantitative information
regarding embryo development

B Fig.42.1 The Eeva" Test in the IVF laboratory workflow
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time-lapse imaging software so that benchtop incubator
users may also leverage Eeva’s unique automation capabili-
ties. Importantly, these new time-lapse benchtop incubators
utilize both brightfield and darkfield imaging. Utilizing both
brightfield and darkfield modalities together provides more
information about embryos than brightfield alone and may
lead to further discovery of novel features correlated to
embryos’ development potential.

42,5 Predictive Information Enabled by
Time-Lapse

The first major requirement of a clinical test is identifying a
predictive biomarker with correlation to a measureable, clin-
ical outcome. Recently, increasing availability and usage of
time-lapse imaging systems—both homemade and commer-
cial variations—have enabled researchers to identify poten-
tial image biomarkers during human embryo culture in a safe
and noninvasive manner. Time-lapse systems currently vary
in a number of ways, harboring variations in format/foot-
print (e.g., some are enclosed in stand-alone box formats 26,
27], while others integrate seamlessly with conventional
incubators [28-31]), embryo culture environment (e.g., some
require individual culture of embryos [27], while others
enable group culture [28-31]), and mode of illumination
(e.g., most offer brightfield imaging, while others offer

Imaging system collects data
inside a standard incubator

Computer aided tracking and
analysis of embryo development
against validated parameters
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darkfield or multimodal imaging). Importantly, all systems
inherently have optical alignment, focusing, image capture,
and image storage capabilities and utilize low-power illumi-
nation that exposes embryos to overall less light than con-
ventional microscopy [27, 29, 31]. As a result of these
advances, the clinical embryology field has been able to study
the function and consequences of dynamics occurring dur-
ing human embryo development and explore application to
clinical practice.

Time-lapse imaging in clinical embryology has a rela-
tively long history that can be broken down into two phases:
an observational phase and a predictive phase. Beginning in
1997, time-lapse imaging was focused on observing new
aspects of embryo development, such as polar body extru-
sion, fertilization, pronuclear formation and abuttal, cyto-
plasmic flares, and embryo hatching [26, 32-34]. Since 2010,
time-lapse imaging has shifted focus to identifying predictive
parameters that can help assess developmental outcomes of
the embryo, such as blastocyst development, implantation,
and most recently ploidy [27, 29, 30]. Numerous publications
since 2010 have reported statistically significant correlations
between time durations of cell stages and embryo outcomes.
These studies, together with studies that have demonstrated

PN 1st
breakdown cleavage

Landmark
events:

IVF/ICSI

safety of time-lapse and continuous monitoring of human
embryos, are reviewed in detail elsewhere [20-22]. Overall,
the increasing intensity of interest in time-lapse imaging sug-
gests that noninvasive biomarker discovery is feasible, ongo-
ing, and promising for use in the clinic.

Time-lapse biomarkers have great potential as predictive
clinical tests, but the reproducibility of their predictive ability
is critical to validating clinical utility. An analysis of the stud-
ies that defined a precise time window for embryo develop-
ment prediction showed that the major predictors are
biomarkers observed in early embryo development, before
the 5-cell stage. In particular, the time from 2- to 3-cell (P2)
and the time from 3- to 4-cell (P3) stage were reported in six
out of seven of the studies that investigated which embryos
are most likely to become a blastocyst or implant or be
euploid [27, 29, 35-37] (@ Fig. 42.2) and several following
reports [35, 38]. These P2 and P3 timings were consistent
embryo viability predictors even when stimulation protocols
[39], fertilization methods [40], culture media [41, 42], and
culture environments [43] were varied. In addition to clinical
reproducibility, mechanistic studies have also demonstrated
that embryos with abnormal P2 and P3 timings exhibit dis-
tinct gene expression profiles [29], aneuploidy probabilities at

2-cell 2nd 3rd 4th
appearance division division division

000000

3-cell 4-cell 5+-cell
stage stage stage stage
- o >
Wong et al. 2010 14t6m 11.1+22h 10+16h
(Blastocyst prediction) —
11.8+1.2h
Mesegugr etal. 2‘01'1 —_— s 0.810.7h 533+42h
(Implantation prediction)
Cruzetal.2012 124103 h
e 0.6 + 0.2 h
(Blastocyst prediction) 0:6£020  535:07n
11£1h
Hlinka et al. 2012 0254080 45411 5
(Implantation prediction)
Rubio et al. 2012 12.1+£2.2h
(Implantation prediction)
Azzarello et al. 2012 249+0.6h
(Live birth prediction)
Chavezetal. 2012 144 m
11.8+0.7 h
(Ploidy prediction**) _w

*5-8 cell stage: 40 £ 10 m; 8 cell stage: 23 + 1h; 9-16 cell stage: 55+ 15 m
**dynamic assessment of fragmentation was also included in the study

B Fig.42.2 Overview of published time-lapse biomarkers that are
predictive of clinical outcomes. Landmark events captured by
time-lapse imaging are mapped to the progression of preimplantation
embryo development. Time-lapse biomarkers that have been used for
prediction in at least three publications—and are implemented in the

Eeva Test—are colored dark red, while others are colored light blue.
Average values for embryo outcomes within the optimally predictive
windows are labeled above colored bars. (Adapted with permission
from Chen et al. [22])
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the embryo level [30], aneuploidy at the single blastomere
level [44], and micronuclei patterns [30], compared to
embryos with normal P2 and P3 timings. This collection of
evidence supports the conclusion that P2 and P3 are reliable
across independent datasets, and, moreover, are grounded in
basic scientific understanding. Development of the Eeva Test,
therefore, was based on (1) incorporation of P2 and P3 into a
simple classification tree and prediction algorithm and (2)
development of intelligent image analysis software that could
reliably measure P2 and P3 in a busy clinical laboratory.

42.6 Automation Enabled by Intelligent
Software

525

Separate from this technological advance, other groups have
performed research to help automate the morphological
analysis of static embryo images to the blastocyst stage [48,
49] and the detection of cytoplasmic waves generated post-
fertilization [50]. Since the objective in designing the Eeva
Test was to provide embryologists with quantitative infor-
mation about embryo development, the test focused on the
clinically and scientifically validated predictive markers P2
and P3 and integrated automated software to quantify these
validated parameters.

42.7 Clinical Outcomes for Using
the Eeva Test

The second major requirement of a clinical test is that it is tech-
nically reliable, accurate, and practical for daily laboratory use.
Although time-lapse biomarkers may provide great clinical
value, extraction of these markers requires manual assessment
of hundreds of images per embryo, which would be prohibi-
tively time-consuming and laborious for routine use. In order
for predictive time-lapse biomarkers to be clinically realized,
novel detection methods are required to automatically extract
and quantify image data in a high-throughput fashion.

Computer vision software that can analyze embryo vid-
eos in real time is now transforming the time-lapse imag-
ing field and allowing predictive biomarkers to be rapidly
quantified in the clinical laboratory. Image analysis soft-
ware is widespread in many areas of clinical laboratory
medicine, such as oncology and pathology. In reproductive
medicine, software tools for quantitative and rapid image
analysis of sperm quality [45] and for screening cervical
cytology samples [46, 47] are also available. Applied to
clinical embryology, image analysis software is particularly
challenging due to several unique features of the develop-
ing human embryo. Blastomeres of the human embryo
may divide in multiple dimensions (e.g., in and out of
plane) and may include confounding events (e.g., frag-
mentation, reverse cleavage, abnormal cleavage). In addi-
tion, for each patient, multiple embryos developing at
variable rates must be surveyed.

In their 2010 report demonstrating the first use of three
cell cycle parameters to predict embryo development, Wong
et al. also established the first proof of concept of cell track-
ing software used to measure the cell cycle parameters in
human embryos [29]. The Wong et al. approach utilized
computer vision techniques to simulate images and com-
pare the simulations to observed image data for 14 cryopre-
served embryos. In their study, darkfield imaging was
employed as it provided strong contrast of blastomere mem-
branes for model estimations. The development of the Eeva
Test introduced a data-driven probabilistic framework that
uses approximate inference to quantify P2 and P3 and vali-
dated the Eeva Test’s predictive performance for approxi-
mately 1000 fresh human embryos [31]. Eeva software
predictions were shown to have good (>90%) agreement
with manual predictions made by human observers [31].

The final and often most elusive requirement for a novel
clinical embryology test is that it is characterized for perfor-
mance and shown to improve the standard of care. When
performing a retrospective study, it is relatively straightfor-
ward to extract one or more promising biomarkers from a
sampling of time-lapse videos. However, it is challenging and
significantly less common to demonstrate comparable per-
formance of the biomarker on an independent set of pro-
spectively collected test data from multiple centers. It is rarer
still that new potential selection methods are compared to
traditional embryo selection methods based on morphology.
Here, we describe how the Eeva Test provides validated and
actionable information that may improve current embryo
selection based on morphology.

42.7.1 The Eeva Test Is Independently
Validated in Diverse Clinical

Embryology Laboratories

Following the development of the integrated Eeva Test, we
conducted a prospective, five-center clinical study that was
designed to assess its performance on a diverse and indepen-
dent clinical dataset and to evaluate the effectiveness and
utility of using the test as an adjunct to traditional morpho-
logical assessment (» ClinicalTrials.gov #NCT01369446) [31].
Specifically, we sought to test the Eeva Test’s ability to assist
embryologists in selecting embryos that have the greatest
potential to develop into usable blastocysts (i.e., blastocysts
suitable for transfer or freezing) as well as the Eeva Test’s
impact on embryologists’ embryo selection decisions. The
ability to predict blastocyst formation by Day 3 has clinical
value as it could potentially improve IVF success rates while
avoiding the potential risks associated with extended culture
for blastocyst transfer [51-56].

Our initial results demonstrating the predictive power of
time-lapse biomarkers P2 and P3 for identifying embryos
with high developmental competence were consistent with
Wong et al. and other successive studies [29]. Using refined
cutoffs of P2 9.33-11.45 h and P3 0-1.73 h, the Eeva Test
automatically differentiated a usable blastocyst from an
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O Fig. 42.3 Adjunctive use of D3 morphology plus Eeva Test results
significantly improves the specificity of D3 embryo selection. a Design
for an embryo selection cohort study comparing the use of D3
morphology vs. D3 morphology plus Eeva Test results. b—-d D3 embryo
selection by individual embryologists (1, 2, and 3) using morphology
only versus morphology plus Eeva Test for b all embryos (n = 755); ¢
“good morphology” embryos (n = 235), defined using criteria of 6-10
cells, <10% fragmentation, and perfect symmetry; and d “good

arrested embryo with significantly improved diagnostic
specificity (85%) compared to traditional morphology (57%,
p <0.0001) [31]. Specificity, or the ability to correctly predict
which embryos will arrest, is highly relevant to embryo
selection since traditional morphology is most limited in
selecting among “good morphology” embryos. Furthermore,
development and validation of the Eeva Test were performed
on clinical data collected from five IVF clinics undergoing
their own standard procedures for stimulation, egg retrieval,
embryo culture, and insemination, suggesting broad appli-
cability of the Eeva Test in diverse clinical embryology labo-
ratories.

42.7.2 The Eeva Test Improves Embryo
Selection and Reduces Embryologist
Variability

Since clinical embryologists are faced daily with the chal-
lenge of selecting from among several comparable embryos
those which are the top candidates for transfer, it was

Embryologist

morphology” embryos (n = 178), defined using more stringent criteria
of 7-8 cells, <10% fragmentation, and perfect symmetry. Note that
embryologists 1 and 2 were very conservative in their morphological
assessments and expected that almost all D3 “good morphology”
embryos would become usable blastocysts. Error bars represent upper
95% confidence interval. **p < 0.01, #p < 0.0001. (Adapted with permis-
sion from Conaghan et al. [31])

important to assess the impact of the Eeva Test on embry-
ologists’ embryo assessment decisions. Our prospective
study design evaluated the embryo assessment of three
experienced clinical embryologists for 755 embryos. Two
methods of embryo assessment were compared: in the first
arm, embryologists made predictions about embryo devel-
opment using Day 3 morphology only (traditional grading
method); in the second arm, the same embryologists made
predictions about embryo development using Day 3 mor-
phology plus Eeva Test results (adjunctive grading method)
(@ Fig. 42.3a).

When Eeva Test was used adjunctively with Day 3 mor-
phology, each embryologist’s likelihood of selecting
embryos that would develop to blastocysts was signifi-
cantly improved compared to traditional morphological
methods alone (B Fig. 42.3b). This improvement was even
more pronounced among a subset of n = 235 embryos that
were preselected as having “good” morphology (6-10 cells,
<10% fragmentation, perfect symmetry) (8 Fig.42.3c) and
a subset of n = 178 embryos where “good” morphology
was more stringently defined (7-8 cells, <10% fragmenta-
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tion, perfect symmetry) (8 Fig. 42.3d). As expected, each
case demonstrated remarkably high inter-individual vari-
ability when morphology alone was used for embryo
assessment. When the Eeva Test was used together with
morphology, the embryologists’ performances were more
consistent, as the standard deviation among embryologists
was reduced [31].

In a separate study, we used the Eeva Test to assess dif-
ferences in embryo scoring among a diverse set of embry-
ologists, postulating that better, more consistent embryo
scoring would positively impact any embryologist’s ability
to choose the embryo with the highest developmental
potential [57]. This study was performed by looking at five
different embryologists from unique practices around the
United States, including three senior embryologists with at
least 10 years of clinical experience and two junior embry-
ologists with less than 3 years of experience from practices
that performed between 300 and 1000 fresh IVF cycles
per annum. To assess embryologists’ performance, odds
ratio (OR) and other diagnostic measures were calculated
by comparing prediction results to true blastocyst out-
comes.

When Eeva Test results were used adjunctively with mor-
phology, the odds of an embryo forming a blastocyst was
3.51-fold (95% CI = 2.62-4.69) higher in the group predicted
to develop into blastocysts than in other embryos. In con-
trast, the OR using morphology alone was 2.69 (95%
CI = 2.06-3.50). This improvement in OR was also assessed
in the subset of morphologically good and fair embryos. By
morphology alone, the OR for this subset dropped to 1.68,
slightly better than random prediction (p < 0.0001). Adding
Eeva Test results improved OR to 2.57, a 53% increase over
traditional morphology and significantly better than random
prediction (p < 0.0001, @ Fig.42.4a). In addition to OR, Eeva
Test results also helped improve the positive predictive value
(PPV) over morphology alone (54% vs. 43%, p = 0.02) while
maintaining the same level of negative predictive value (NPV,
68% vs. 68%, B Fig. 42.4b).

These results indicate that the Eeva Test aids embryolo-
gists of diverse backgrounds by distinguishing among
similar-looking embryos that are evaluated first by morpho-
logical criteria. Using Eeva Test results as an adjunct to mor-
phology, every individual embryologists prediction
performance was improved (8 Fig. 42.4c). Using the Eeva
Test adjunctively to morphology, the variability in perfor-
mance across all five embryologists was reduced from a range
of 1.06 (OR = 1.14-2.20) to a range of 0.45 (OR = 2.33-2.78,
O Fig. 42.4c). Notably, the embryologist with the greatest
improvement in OR was one of the senior embryologists
with more than 10 years of training in morphology grading.
Since intra- and inter-operator variability in morphological
grading has been shown to negatively impact IVF success
rates [4, 6], adjunctive use of the Eeva Test may improve the
standardization, reproducibility, and ultimate success of Day
3 embryo selection.
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42.7.3 Eeva Test Results Correlate
to Implantation and Pregnancy

While the first critical steps in developing the Eeva Test as
a predictive and automated clinical assay have been
achieved, further work is needed to confirm the impact of
Eeva Test results on implantation and pregnancy outcomes.
Toward this goal, we performed the first analysis examining
whether the time-lapse markers used by the Eeva Test
correlate with implantation and pregnancy outcomes. We
focused our analysis on embryos that were transferred at
the blastocyst stage using standard morphological selection
criteria (without Eeva Test results). Of 141 embryos trans-
ferred at the blastocyst stage, those embryos denoted by the
Eeva Test as having a high probability to develop (Eeva
High indicating P2, 9.33-11.45 h, and P3, 0-1.73 h) had a
statistically higher chance of implantation than those
embryos denoted by the Eeva Test as having a low probabil-
ity to develop (Eeva Low indicated by P2 or P3 out of spe-
cific timing windows) (49% vs. 21%, p < 0.001) (B Fig.42.5).
Similarly, for these 77 blastocyst transfer patients, those
with at least one Eeva High embryo transferred were more
likely to achieve clinical pregnancy (60% vs. 40%, p = 0.09)
and ongoing pregnancy (56% vs. 37%, p = 0.11) than those
with only Eeva Low embryos transferred. These results add
further evidence to recent retrospective reports showing
correlation between P2, P3, and implantation [27] and
pregnancy outcomes [58].

The Eeva Test’s fully automated algorithm was further
examined in a blinded, multicenter study published in 2014
[59]. This study took place in six different IVF centers, each
recruiting and treating patients using their own protocols,
laboratory equipment, and consumables. A total of 331
transferred embryos with known implantation from 205
patients enrolled at 6 IVF clinics were analyzed. We found
that Eeva High embryos had a significantly higher probabil-
ity of successful implantation (37%, 41/111) than Eeva Low
embryos (23%, 50/220, p = 0.003, B Fig. 42.6a). Eeva Test
results were also correlated with clinical pregnancy rates.
Patients were divided into two groups: patients with at least
one Eeva High embryo transferred and those with no Eeva
High embryo transferred. Patients’ clinical characteristics for
the two groups were compared, including egg age, number of
eggs retrieved, number of 2PNs on Day 1 and number of
embryos transferred. There was no statistically significant
difference found for any of the clinical characteristics
assessed. However, patients with at least one Eeva High
embryo transferred had significantly higher clinical preg-
nancy rates than those with no Eeva High embryos trans-
ferred (51% vs. 39%, p = 0.04). Additional analysis of embryo
implantation revealed a statistically significant difference
between the two groups of patients (34% vs. 25%, p = 0.03).
In a three-category version of the Eeva Test results (High/
Medium/Low), Eeva High embryos had the highest likeli-
hood of implantation (37%), followed by Eeva Medium
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O Fig. 42.4 Adjunctive use of Day 3 morphology plus Eeva Test
results significantly improves Day 3 embryo selection and consistency
among embryologists. a OR for predicting blastocyst formation using
Morphology Only (left) and Morphology followed by Eeva Test (right).
ORs and 95% confidence intervals were calculated for all embryos
(represented in gray) and for the subset of embryos graded as good/
fair (represented in blue). b Mean PPV and mean NPV across all

(35%) and Eeva Low (15%); and the difference in implanta-
tion rates between Eeva High vs. Eeva Low embryos and
Eeva Medium vs. Eeva Low embryos was statistically signifi-
cant (p < 0.0001, p = 0.0004, respectively, B Fig. 42.6b).
Furthermore, although the IVF centers each followed their
own standard procedures for embryo culture and selection,
Eeva Test results correlated to embryo implantation consis-
tently across the different IVF centers (8 Fig. 42.6¢).
Consistent with our study results, a growing body of pub-
lished, independent studies have reported that Eeva Test

embryologists predicting blastocyst formation using Morphology Only
and Morphology followed by Eeva Test, among good/fair embryos.

*p =0.02, ns (not significant; error bars represent upper 95% confi-
dence intervals). ¢ Consistent improvement in ORs for individual
embryologists who predicted blastocyst formation using Morphology
Only and Morphology followed by Eeva Test, among good/fair
embryos. (Reproduced with permission from Diamond et al. [57])

results correlate to implantation and/or pregnancy regardless
of patient population or IVF practice patterns. Kirkegaard
and colleagues performed a retrospective multicenter analy-
sis of 1519 transferred embryos from 7 clinics located in 3
countries and found that embryos manually analyzed and
classified as High had a statistically significantly higher
implantation rate (30% relative increase) than embryos that
were manually classified as Low [60]. Kieslinger and col-
leagues showed that in good prognosis patients (<41 years
old, <3 previous attempts, and > 5 2PNs) with mostly SET,
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Patient # # Avg age Implantation Gl Ongoing
R pregnancy
population Pts Embs (years) rate rate pregnancy rate
49% (44/89) 60% (28/47) 55% (26/47)
At least 1
Eeva High 47 89 32.1+£5.2
transferred
21% (11/52) 40% (12/30) 37% (11/30)
Only Eeva
Lows 30 52 32.2+5.1
transferred
p-value p=0.9 p<0.001 p=0.09 p=0.11

O Fig.42.5 Time-lapse markers used by the Eeva Test are correlated
with positive implantation and pregnancy outcomes. A retrospective
analysis of implantation and pregnancy rates was performed for two
populations of patients with Eeva imaging and blastocyst transfer
based on morphology only. The two patient populations included
those with at least one Eeva High transferred (i.e., one Eeva High

transferring Eeva High and Medium embryos resulted in a
significantly higher ongoing pregnancy rate of 36.8%
(89/242) compared to 18.4% (7/ 38) for Eeva Low embryos
(p = 0.02) [61]. Aparicio-Ruiz and colleagues conducted a
multicenter retrospective study of 626 IVF cycles using donor
oocytes with the following findings: (1) Eeva Test results
were correlated with embryo implantation in not only
cleavage-stage embryo transfer but also blastocyst transfer
(implantation rates for cleavage stage transfer: Eeva High
38.2%, Medium 31.7%, and Low 26.1%; implantation rates
for blastocyst transfer: Eeva High 66.7%, Medium 50%, Low
31%); (2) Patients where no Eeva High embryos were trans-
ferred had an ongoing pregnancy rate of 46.7%, while patients
where at least one Eeva High embryo was transferred experi-
enced a significantly increased ongoing pregnancy rate of
67% [62]. In comparison, no significant difference was
observed for ongoing pregnancy rates in patients with or
without morphology grade A embryos transferred (60.2% vs.
59.3%). This broad collection of publications by independent
investigators provides strong evidence that the Eeva Test dif-
ferentiates embryos with higher implantation potential, and
may therefore complement traditional morphology to aid in
embryo assessment.

embryo could be transferred with another Eeva High or Eeva Low
embryo) and those with only Eeva Low transferred (i.e., one or more
Eeva Low embryos were transferred). The Eeva High vs. Low denomina-
tions are based on whether time-lapse markers P2 and P3 are within
defined time windows (P2, 9.33-11.45 h, and P3, 0-1.73 h). (Adapted
with permission from Chen et al. [22])

42.7.4 The Eeva Test Improves Clinical
Outcomes

The gold standard for evaluating the effectiveness of time-
lapse-based embryo assessment is a well-designed ran-
domized controlled trial (RCT). To ensure that an RCT is
adequately powered, pilot studies are needed to estimate
the sample size for RCT. Adamson and colleagues assessed
the impact of using the Eeva Test in adjunct with tradi-
tional morphology by conducting a prospective concurrent
cohort-controlled pilot study [63]. A total of 319 patients
were assessed, 98 in the test group (the Eeva Test was used
in embryo selection) and 221 in the control group (tradi-
tional morphology alone was used for embryo selection). All
patients met the same inclusion/exclusion criteria including
<41 years of age at the start of the IVF cycle, planned day 3
transfer, fewer than three failed IVF cycles, atleast four zygotes
(2PN on Day 1), and no PGT. Implantation rate and clinical
pregnancy rate were significantly higher in the test group in
which the Eeva Test was used compared to the control group
(implantation rate, 30% vs. 19%, p = 0.003; clinical pregnancy
rate 46% vs. 32%, p = 0.02, B Fig. 42.7a, b). In a sub-analysis
of the test group, the authors found that patients receiving at
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Site A

O Fig.42.6 The Eeva Test results are correlated with implantation. a
Implantation rates for Eeva two-category High versus Low scored
embryos. The difference in implantation rates between Eeva High and
Eeva Low embryos is statistically significant: P = 0.003. b Implantation
rates for Eeva three-category High, Medium, and Low scored embryos.
Implantation rates between High versus Low and Medium versus Low
were significantly different (P < 0.0001 and P = 0.0004, respectively).

least one Eeva High embryo had significantly higher implan-
tation rates than patients receiving only Eeva Low embryos
(36.8% vs. 20.6%, @ Fig.42.7¢). Eeva High embryos compared
with Low embryos also had significantly higher implantation
rates (44.7% vs. 20.5%, B Fig.42.7d). Among morphologically
good or top embryos, Eeva High embryos were also more
likely to implant than Eeva Low embryos (B Fig. 42.7e-f).
These results demonstrated the clinical impact of the Eeva
Test in patients receiving Day 3 embryo transfers, adding fur-
ther evidence that the Eeva Test results add valuable informa-
tion beyond traditional morphology.

42.8 Conclusion and Future Work

The Eeva Test is the first time-lapse-based clinical test for
embryologists that has been cleared by the US Food and Drug
Administration to aid in embryo selection. The Eeva Test has

Site B Site C

¢ Implantation rates for embryos with Eeva High, Medium, and Low
scores from three clinical sites with at least 50 embryos of known
implantation data per site. For all three sites, the difference in
implantation rates between Eeva High and Low embryos is statistically
significant (chi-squared test): P = 0.02 (site A); P = 0.02 (site B); P = 0.002
(site C). Error bars represent 95% upper confidence limit. (Reproduced
with permission from VerMilyea et al. [59])

been validated in a series of prospective, multicenter studies
and shown to add value to embryologists' morphological
evaluations by improving embryo assessment and reducing
variability among embryologists. It combines both robust,
predictive markers of embryo development along with a
novel automated detection assay to rapidly obtain quantita-
tive measurements of early embryo development markers
that have been proven to be of value in determining the best
embryo in a cohort of multiple embryos. The Eeva Test meets
several important prerequisites for implementation in clini-
cal practice: it is scientifically and clinically validated, it con-
siders a practical intended use model, and it has demonstrated
clinical utility compared to the standard of care.

As the Eeva Test continues to be developed in the lab, new
markers of embryo viability and/or implantation potential can
be unearthed. Additionally, as more labs routinely grow
embryos to the blastocyst stage, significantly more frames of
videos may be assessed to learn more about embryo develop-
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O Fig.42.7 Using Eeva results together with morphology improves
implantation and pregnancy rates for Day 3 embryo transfer.

a Implantation rates in embryos selected using morphology plus Eeva
results (Test) versus using morphology alone (Control). b Clinical
pregnancy rates in patients whose embryos were selected using
morphology plus Eeva results (Test) versus using morphology alone

ment. Invasive tests of embryo chromosomal abnormality, for
instance, PGT, continue to be applied to more embryos around
the world, which supplies further outcome data to aid in ongo-
ing time-lapse research. Ongoing time-lapse research will
assess how noninvasive time-lapse imaging may be used in
conjunction with invasive tests such as PGT to further improve
embryo assessment. We envision that future versions of the
Eeva Test will incorporate complementary morphological fea-
tures and timings, blastocyst stage milestones, and other pro-
spectively validated parameters. We further expect that
automated analysis of these more complex morphological and
timing features will require increasingly sophisticated
approaches and likely a combination of illumination tech-
niques. The introduction of any automated algorithm will be
accompanied with the full spectrum of clinical validation steps
described here to ensure safety and efficacy for clinical use.
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(Control). c Implantation rates for patients who had at least one Eeva
High embryo transferred versus those who had only Low embryos
transferred. d—f Known implantation rates for Eeva High versus Low
embryos in all transferred embryos d, all good-quality embryos e, and
top-quality embryos f. (Reproduced with permission from Adamson
et al. [63])
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Review Questions

© 1. What are the limitations of traditional embryo
assessment methods based on embryo morphology?

. What are the emerging noninvasive technologies for
embryo assessment?

. What is the information provided by time-lapse imaging?

. What are the validation steps needed before new
technologies are introduced?

(7 X3
(203

What types of evidence support the use of the Eeva Test?

What are some of the future directions for time-lapse-
based embryo assessment tool?
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