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ARTICLE

Time-lapse imaging algorithms rank human 
preimplantation embryos according to the 
probability of live birth
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ABSTRACT
Research question: Can blastocysts leading to live births be ranked according to morphokinetic-based algorithms?

Design: Retrospective analysis of 781 single blastocyst embryo transfers, including all patient clinical factors that might be potential 
confounders for the primary outcome measure of live birth, was weighed using separate multi-variable logistic regression models.

Results: There was strong evidence of effect of embryo rank on odds of live birth. Embryos were classified A, B, C or D according to 
calculated variables; time to start (tSB) and duration (dB{tB – tSB}) of blastulation. Embryos of rank D were less likely to result in live  
birth than embryos of rank A (odds ratio [OR] 0.3046; 95% confidence interval [CI] 0.129, 0.660; P < 0.005). Embryos ranked B were  
less likely to result in live birth than those ranked A (OR 0.7114; 95% Cl 0.505, 1.001; P < 0.01), and embryos ranked C were less likely 
to result in live birth than those ranked A (OR 0.6501, 95% Cl 0.373, 1.118; P < 0.01). Overall, the LRT (Likelihood Ratio Test) p-value for 
embryo rank shows that there is strong evidence that embryo rank is informative as a whole in discriminating between live birth and no live 
birth outcomes (p = 0.0101). The incidence of live birth was 52.5% from rank A, 39.2% from rank B, 31.4% from rank C and 13.2% from 
rank D.

Conclusions: Time-lapse imaging morphokinetic-based algorithms for blastocysts can provide objective hierarchical ranking of embryos for 
predicting live birth and may have greater discriminating power than conventional blastocyst morphology assessment.
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KEY MESSAGE
This retrospective study demonstrated for the first time that human blastocyst embryos can be objectively ranked according to their propensity 
to produce a live birth using an in-house derived morphokinetic-based algorithm from time-lapse imaging. This appears to have greater 
discriminating power than subjective, conventional morphology assessment.
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INTRODUCTION

A ssessment of the value 
of time-lapse imaging 
(TLI) following its recent 
introduction into clinical 

IVF practice (Cruz et al., 2011; 
Pribenszky et al., 2010; Wong et al., 
2010) has largely centred on the 
incidence of pregnancy in comparison 
to conventional culture (Rubio et al., 
2014; Wu et al. 2016). Some studies 
have tried to evaluate algorithms 
predictive of blastulation (Cruz 
et al., 2012; Dal Canto et al., 2012; 
Hashimoto et al., 2016; Herrero et al., 
2013; Kirkegaard et al., 2014; Milewski 
et al., 2015; Motato et al., 2016), and 
others have searched for algorithms 
predictive of euploidy or aneuploidy 
(Campbell et al., 2013a,b; Del Carmen 
et al., 2017; Franasiak et al., 2014; 
Kramer et al., 2014; Lagalla et al., 
2017; Minasi et al., 2016; Mumusoglu 
et al., 2017; Rienzi et al., 2015). Of late, 
there have been several reviews  
looking at the use of TLI in all these 
domains (Armstrong et al., 2015; 
Milewski and Ajduk, 2017; Polanski 
et al., 2014; Pribenzsky et al., 2017; 
Racowsky et al. 2015). A large 
retrospective analysis of live births 
comparing TLI to conventional culture 
was recently published, concluding 
that the former can improve the 
incidence of live births by 19% in this 
system (Fishel et al., 2017). There are 
conflicting views on the value of TLI for 
improving IVF outcome, which in part 
is due to what has been  
measured; for instance, assessing TLI 
outcome solely while treating  
the embryo as an independent factor 
(see Kirkegaard et al., 2016); or 
comparing TLI algorithms to  
using a time-lapse incubator as a  
closed incubation system only,  
without considering any algorithms 
(Rubio et al., 2014). Furthermore, 
different days of embryo transfer 
and different culture systems (Ciray 
et al., 2012), and different embryo 
phenotypes (Athayde Wirka et al., 
2014) have been used. Few  
studies have focused on live birth 
outcome.

In this retrospective analysis, treatment 
outcome using single embryo transfer 
at the blastocyst stage was examined; 
all embryos were cultured in the same 
TLI device with an identical culture 

system. All potentially confounding 
clinical factors were evaluated, and  
an assessment was done of  
whether embryos could be objectively 
and successfully ranked for their 
potential to result in a live birth based 
on a simple TLI algorithm.  
The relevance of conventional 
blastocyst morphology in comparison 
to using the TLI algorithm was also 
tested.

MATERIALS AND METHODS

This multicentre study included 843 
transfers for 781 unique patients 
attending CARE fertility centres 
from January 2013 to December 
2015, at CARE Nottingham, CARE 
Northampton, CARE Manchester, 
CARE Sheffield, Beacon CARE Fertility 
Dublin and CARE London. All embryos 
were cultured in the EmbryoScope 
(Vitrolife, Sweden). Only embryos at 
the blastocyst stage were assessed, 
both using conventional morphological 
criteria and the TLI algorithm. All 
protocols for patient treatments 
complied with UK regulation (Human 
Fertilization and Embryology Act, 
1990, 2008) and all UK facilities 
are regularly inspected by the 
Human Fertilization and Embryology 
Authority (HFEA), which includes 
the use of TLI. The retrospective 
analysis of the use of TLI algorithms 
for embryo selection did not require 
ethical or Institutional Review Board 
(IRB) approval, as confirmed by the 
chair of the IRB on 13 January 2017, 
having been performed according 
to previously validated procedures, 
and practised under licence from 
the HFEA. All patients were fully 
counselled and gave their signed 
consent. TLI was undertaken using the 
EmbryoScope with strict adherence 
to annotation protocols. All embryos 
were selected for transfer based on 
their in-house-derived TLI algorithm 
rank for transfer; standard morphology 
of the selected embryos was also 
recorded in the conventional manner 
at embryo transfer. The primary end-
point of this study was a live birth 
event, i.e. the number of patients 
achieving a delivery of a live birth for 
each embryo transfer. Only ‘fresh’ 
single embryo transfer cases were 
included, and all preimplantation 
genetic testing cases were  
excluded.

The following clinical variables 
were categorized for inclusion in 
the analysis: patient age, day of 
embryo transfer, number of embryos 
transferred, donor age (where 
applicable), body mass index (BMI), 
anti-Müllerian hormone (AMH), antral 
follicle count (AFC), gonadotrophin 
type, gonadotrophin dosing days 
and gonadotrophin total dose. The 
groupings applied are presented for 
each variable in TABLE 1. Patient age 
was considered as a binary variable 
in the modelling (<38 and 38+), 
corresponding to the common 
grouping used by HFEA, which is 
familiar to patients. The groupings for 
categorizing BMI, AMH and AFC were 
chosen to correspond with clinically 
meaningful categories, i.e. to reflect 
what might be considered to be above, 
below or within a normal/healthy range. 
The oocyte provider ages (<29, 29–32 
and 33+), gonadotrophin dosing days 
and the total dose were categorized 
based on the quantiles of the observed 
distribution to ensure that sufficient 
information was present in each of the 
categories for a robust analysis.

The following definitions were used for 
the BMI, AMH and AFC categories, relat-
ing to the data presented:

•	 	BMI:	<18.5	(underweight),	18.5–<25	
(healthy weight), 25–<30 (overweight), 
30–<40 (obese), 40+ (extremely 
obese).

•	 	AMH	(pmol/l):	<6	(low),	6–<24	
(normal), 24–<70 (high), 70+ (very 
high).

•	 	AFC:	<4	(extremely	low),	4–<10	
(low), 10–<14 (somewhat low), 14–<22 
(normal), 22–<35 (high), 35+ (very 
high).

OVARIAN STIMULATION 
PROTOCOLS

Pituitary suppression for ovarian 
stimulation was performed either with 
gonadotrophin-releasing hormone 
agonist (Suprecur; 0.5 ml subcutaneously 
daily; Sanofi Aventis, UK) or antagonist 
(Cetrotide; 0.25 mg daily; Merck 
Serono, UK), and ovarian stimulation 
was achieved using human menopausal 
gonadotrophin (Menopur; Ferring, UK) 
and/or recombinant FSH (Gonal-F; 
Merck Serono), as previously described 
(Campbell et al., 2013b; Fishel et al., 
2016).
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TABLE 1 VARIABLES OFFERED TO THE MODELS DURING THE STEPWISE SELECTION PROCEDURE. FOR EACH OUTCOME 
RESPECTIVELY, THOSE MARKED Y WERE INCLUDED IN THE FINAL MODEL

Variable Included in live  
births model?

Included in  
implantation model?

Included in clinical  
miscarriage model?

Patient age (years) Y Y Y

Embryo rank (A/B/C/D) Y Y N

Total previous cycles Y Y Y

Total previous miscarriages N N Y

Aspirin (Y/N) N N N

Intralipids (Y/N) N N N

Clexane (Y/N) N N N

Prednisolone (Y/N) N N N

BMI N N N

Day 2 FSH N N N

AMH N N N

AFC N N N

Gonadotrophin type Y Y N

Maximum endometrial thickness (mm) N Y N

Ethnicity N N N

Duration of infertility (years) N N N

Gonadotrophin total dose N N N

Gonadotrophin dosing days N N N

MTHFR (Y/N) N N Y

Catheter used N N N

HCG name N N N

Eggs collected N N N

Mature eggs inseminated N Y N

Mature eggs inseminated out of eggs collected ratio N N N

Transfer grade/morphology Y Y N

Patient type (oocyte recipient/standard) Y Y Y

Donor age (years) N N N

Gonadotrophin total dose (IU) N Y N

Oocyte recipient/patient age interaction N N N

Embryo rank/patient age interaction N N N

Embryo rank/oocyte recipient interaction N N N

Embryo rank/donor age interaction  
(where applicable)

N N N

Embryo rank/day of embryo transfer interaction N N N

Embryo rank/patient age/oocyte recipient interaction N N N

Embryo rank/transfer grade interaction N Y N

Embryo rank/transfer stage interaction N N N

Embryo rank/day of embryo transfer and transfer grade 
interaction

N N N

Embryo rank/day of embryo transfer and transfer stage inter-
action

N N N

AFC = antral follicle count; AMH = anti-Müllerian hormone; BMI = body mass index; HCG = human chorionic gonadotrophin.
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OOCYTE RETRIEVAL, 
DENUDATION AND INTRA-
CYTOPLASMIC SPERM 
INJECTION
Female sedation was achieved with 
a combination of propofol (Braun, 
Germany), fentanyl (Auden McKenzie, 
UK) and midazolam (Hamelyn, UK), and 
transvaginal ultrasound-guided oocyte 
retrieval	took	place	approximately	36 h	
post human chorionic gonadotrophin 
injection (10,000 IU; Pregnyl; Organon, 
UK; or Ovitrelle; Merck Serono) 
or agonist trigger (Buserelin 0.5 ml 
subcutaneous; Suprefact, Sanofi SA, 
France), using an aspiration needle 
(Vitrolife, Sweden) connected to a 
vacuum pump (Rocket Medical, UK). 
Oocyte–cumulus complexes were 
recovered from follicular aspirates 
using a stereomicroscope in a class 
II hood with a heated stage, washed 
and cultured in Ferticult IVF medium 
(Fertipro, Belgium) at 5% CO2 in 
air, 37.0°C, and maximum humidity, 
in standard small volume box or 
flatbed incubators (Galaxy 48R, New 
Brunswick, UK; Miri, ESCO, Japan).

Oocytes allocated for intracytoplasmic 
sperm injection (ICSI) were cultured for 
2–4 h before cumulus cell denudation 
with 15–20 IU/ml cumulase (Origio, 
Denmark) in the same medium and 
complete removal of the coronae 
radiatae with a 140 µm pipette (EZ 
Squeeze; Research Instruments, UK). 
Oocytes at the metaphase II stage 
underwent insemination by ICSI within 
2 h of denudation, following which 
they were placed in the EmbryoScope. 
Oocytes allocated for IVF were 
inseminated following sperm preparation 
using SupraSperm density gradient 
(Origio, Denmark) and washing in 
Ferticult IVF medium (Fertipro) at a 
concentration of 0.2 mmol/l, between 3 
and	6 h	post	oocyte	recovery.	Culture	
was performed in standard incubators for 
18 ± 1 h before fertilization was assessed. 
The sperm preparation method was the 
same for IVF and ICSI.

EMBRYO CULTURE AND 
INCUBATION

For TLI, following ICSI or IVF, oocytes 
or zygotes, respectively, were placed 
individually in microwells of EmbryoSlides 
(Vitrolife, Sweden) in 25 µl Global IVF 
medium (LifeGlobal) supplemented with 
10% dextran serum supplement (Irvine 
Scientific); the wells were overlaid with 

1.4 ml mineral oil (Fertipro, Belgium) and 
the slides were placed in the EmbryoScope 
at 37.0°C in 5.5% CO2, 5% O2 and 
89.5% N2	for	up	to	6 days.	EmbryoSlides	
were prepared with medium and oil that 
had equilibrated overnight. The built-in 
microscope was used to acquire images 
of each fertilized oocyte every 10–20 min 
through seven focal planes.

Selection of the embryos was based 
on time-lapse algorithm ranking (A to 
D) and morphological assessment was 
recorded for all transferred blastocysts 
using a scoring system modified from 
the Gardner and Schoolcraft (1999) 
annotation of trophectoderm and inner 
cell mass morphology where scores AA/
AB/BA, etc. were replaced by numbers: 
1:1/1:2/2:1, etc., as per the Istanbul 
consensus recommendation (The 
Istanbul Consensus, 2011).

EVALUATION OF TIME-LAPSE 
IMAGES

Time-lapse images were collected for 
the duration of the culture period, 
until embryo transfer. The images were 
used for the assessment of fertilization 
following ICSI and in vitro embryo 
development. For ICSI, the time of 
insemination was programmed into the 
EmbryoScope as the time-point midway 
through the ICSI procedure. For IVF, 
the time of insemination was recorded 
as the time spermatozoa were added to 
the oocytes. Because of the difference 
in timing of sperm penetration in ICSI 
versus IVF, the designation of time post 
insemination (hpi) was based on pronuclei 
fading (PNf) after carefully controlled 
annotation. For ICSI, the mean time was 
23.23 ± 3.7 h (n = 2547 zygotes); for IVF, 
the	mean	was	25.18 ± 3.6 h	(n = 785). 
Hence ICSI zygote PNf occurred on 
average 1.95 h before IVF embryos. This 
difference in the modelling is accounted 
for as described below.

The EmbryoViewer image analysis 
software (Vitrolife) was used to log 
and display the precise timing of 
developmental events as they were 
annotated by the embryologists 
studying the time-lapse images. The 
morphokinetic variables of interest 
have been described in detail 
previously (Campbell et al., 2013a, 
2013b; Fishel et al. 2017). All times 
were recorded in hpi. Following 
implementation of an in-house-derived 
time-lapse algorithm to rank embryos 

according to likelihood of live birth, 
the algorithm was used prospectively 
for selection of blastocysts for 
transfer. For this study, blastocyst 
ranking depended upon annotating 
for the relative time to the start of 
blastulation (rtSB) and the duration 
of blastulation (dB), with the following 
weighting: rank A = rtSB ≤ 93.1 h; 
B: rtSB > 93.1 h, dB ≤ 12.5 h; C: 
rtSB > 93.1 h, dB > 12.5 h. D was 
scored for those embryos in which 
the start of blastulation could not 
be annotated; this may occur due to 
obscuring fragmentation, presence 
of multiple fluid-filled vacuoles, or 
anomalous kinetics. As the algorithm's 
morphokinetic variable, tSB, is based 
on time from insemination, and as we 
observed a 1.95 h delay for IVF  
embryo development (unpublished 
data) compared with ICSI, the 
algorithm was adjusted for IVF  
embryos as follows in order to 
generate the ranking (A–D): 
RelSBIVF = tSB – 1.95 h.

EMBRYOLOGY ANNOTATION 
PROTOCOLS AND QUALITY 
CONTROL

Following training in annotation and 
competency assessment, CARE 
embryologists participate in regular 
quality assurance (QA) exercises and use 
a centralized annotation QA protocol 
whereby example embryos are annotated 
by each practitioner and their values are 
compared with those of their colleagues. 
Intra correlation coefficients (ICC) 
are calculated for each morphokinetic 
value. Annotation quality is considered 
assured where the ICC is greater than 
0.9, demonstrating close correlation 
between practitioners, and competency 
in annotation.

EMBRYO SELECTION AND 
TRANSFER

Following TLI, embryos were objectively 
selected using user-defined time-
lapse algorithms programmed into 
the ‘Compare and Select’ software 
as described above. All embryos 
were annotated before decision on 
transfer. Rank A was given the highest 
priority while rank D had the lowest. 
Morphology was scored at the time of 
transfer, but for decision on transfer, 
morphology was considered only 
secondary to the morphokinetic 
algorithm.
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Embryo transfer was performed using a 
Wallace (UK) embryo transfer catheter 
under ultrasound guidance.

STATISTICS

The primary outcome measurement was 
live birth, i.e. the delivery of one or more 
babies; and the secondary outcome was 
the incidence of miscarriage (including 
HCG-determined implantation which 
did not result in a clinical pregnancy 
and clinical loss, defined as a loss of 
pregnancy following fetal heart detection 
on ultrasound). Separate multi-variable 
logistic regression models were fitted to the 
study data in order to assess the effects of 
embryo rank on each outcome of interest. 
A logistic regression analysis models the 
probability of the binary outcome as 
a function of the supplied explanatory 
variables. To explicitly control for differences 
in the patient populations between the 
embryo rank groups, potential confounding 
variables from the available clinical data 
were also considered as other explanatory 
variables in the models.

To choose which of the available variables 
to include as covariates in each model, 
a forward–backward stepwise variable 
selection procedure was performed. This 
procedure started with an initial model 
that included just an intercept term and 
new explanatory variables were added (and 
removed) one at a time to look for the 
model that has the best value of the Akaike 
information criterion (AIC) – a measure of 
model fit that has a penalty for the number 
of parameters in the model. TABLE 1 shows 
the variables made available to the variable 
selection procedure and those that were 
selected to be in the final model for each 
outcome.

A number of interactions (‘effect 
modifications’) were made available to 
the variable selection procedure. An 
interaction allows the level of one or more 
variables to change the effect of another 
variable. Any combination of variables 
may interact with each other, resulting 
in an enormous number of potential 
interactions. To make the variable 
selection and model fitting practicable, the 
interactions were limited to the following:

•	 	Patient	age	with	an	indicator	for	
whether the patient was an oocyte re-
cipient, to allow for the possibility that 
the patient's age is less (or even more) 
important when they have received an 
egg donation.

•	 	Embryo	rank	with	each	of	patient	age,	
oocyte recipient indicator, donor age 
(where applicable), day of embryo 
transfer, transfer grade and transfer 
stage (number of cells) and day of em-
bryo transfer and morphology. These 
interactions were included to allow 
for the possibility that the sizes and 
directions of the embryo rank effects 
vary for different groups of patients.

•	 	A	three-way	interaction	between	em-
bryo rank, oocyte recipient status and 
patient age was also made available. 
This was included because the corre-
sponding two-way interaction without 
embryo rank was being included. 
Importantly, these interactions were 
included to allow for the possibility 
that the size and direction of the 
embryo rank effects vary for different 
groups of patients.

Fitted final models were used to provide 
estimates of the directions and sizes 
of the effects of interest (presented as 
odds ratios [OR] which describe the 
relative difference in the odds of a live 
birth or clinical miscarriage between 
different treatment cycles) for each 
outcome (TABLE 2). The estimated 
effect sizes are accompanied by profile 
likelihood confidence intervals (CI), 
which quantify the uncertainty in the 
estimates arising from the sample data. 
Likelihood ratio tests (LRT) are provided 
to assess the overall significance of each 
variable, across the multiple groups of a 
categorical variable. A LRT tests the null 
hypothesis that including the variable in 
question does not improve the model fit 
(as measured by the likelihood).

All analyses were performed using the 
statistical software package R version 3.3.1 
(R Core Team, 2016). The logist package 
was used to implement Firth's penalized 
maximum likelihood logistic regression 
method (Heinze and Ploner, 2016) when 
analysing clinical miscarriage.

RESULTS

A total of 843 single blastocyst transfers 
were examined for LB according 
to their TLI algorithm value of the 
transferred embryos. The mean ages 
of patients were 34.8 (n = 373), 35.4 
(n = 297), 34.8 (n = 93) and 37.1 
(n = 80) for embryos with algorithm 
ranks of A, B, C and D, respectively. 
An assessment of the value of a 
hierarchical ranking of embryos using 
all the available clinical data was 
undertaken, as shown in TABLE 1. A full 

data set was available for 781 transfers, 
included in a detailed analysis; 
summary statistics for each continuous 
or discrete variable were considered in 
the analysis versus embryo rank and are 
shown in TABLE 2. Of the 781 transfers, 
354 (45.3%) had an embryo ranked 
A,	273	(35.0%)	ranked	B,	86	(11.0%)	
ranked	C,	and	68	(8.7%)	ranked	D.	
There	were	329	(42.1%)	live	births;	186	
(52.5%) from transfers with an embryo 
ranked A, 107 (39.2%) from rank B, 27 
(31.4%) from rank C, and 9 (13.2%) 
from D-ranked embryos. There was 
strong evidence of an effect of embryo 
rank on the odds of live birth. Embryos 
of rank D were less likely to result in 
a live birth than embryos of rank A 
(OR	0.3046;	95%	CI	0.129,	0.660;	
P < 0.010), and similarly embryos of 
rank D were less likely to result in a 
live birth than embryos of rank B (OR 
0.428;	95%	CI	0.190,	0.963;	P < 0.01). 
Embryos ranked B were less likely to 
result in a live birth than those ranked 
A (OR 0.7114; 95% Cl 0.505, 1.001; 
P = 0.0101), and embryos ranked C 
were less likely to result in a live birth 
than	those	ranked	A	(OR	0.6501,	95%	
Cl 0.373, 1.118; P = 0.0101). Overall, 
the data provide strong evidence of an 
effect of embryo rank on the odds of 
live births (LRT p-value = 0.0101). There 
was no evidence of an independent 
effect of embryo rank on the odds of 
clinical miscarriage.

The role of morphology assessment was 
also examined; in the absence of TLI 
data, this would have been the primary 
factor in deciding which embryo to 
transfer. The highest incidence of live 
birth was achieved with blastocysts 
graded ‘2:2’ when compared with 
other morphology grades (FIGURE 1). 
The comparison showed that selecting 
for an embryo grade 2:2 for transfer is 
associated with an increase in the odds 
of a live birth compared with grades 
1:1/1:2/2:1	(OR	0.6795;	95%	Cl	0.485,	
0.988), or with grades 2:3/3:2/3:3; OR 
0.3181; 95% CI: 0.171, 0.573).

DISCUSSION

In summary, using the EmbryoScope for 
culture to the blastocyst stage, coupled 
with objective embryo selection criteria 
based on a morphokinetic algorithm, 
embryos can be successfully ranked 
based on their chance of achieving 
a live birth. An embryo rank of D is 
estimated	be	associated	with	a	69.5%	
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TABLE 2 SUMMARY STATISTICS FOR EACH CONTINUOUS OR DISCRETE VARIABLE CONSIDERED IN THE ANALYSIS  
VERSUS EMBRYO RANK. THE MEAN (AND SD = STANDARD DEVIATION) AND MEDIAN (AND RANGE), BY RANK

Variable Summary A (n = 354) B (n = 273) C (n = 86) D (n = 68) Total (n = 781)

Patient age (years) Mean (SD) 35.4 (5.11) 36.0	(4.96) 36.2	(5.13) 36.5	(5.20) 35.8 (5.07)

Patient age (years) Median (range) 35.0 (22–48) 35.0 (24–49) 36.0	(25–50) 36.5	(26–47) 35.0 (22–50)

Total previous cycles Mean (SD) 3.2 (2.02) 3.1	(1.62) 3.6	(2.52) 3.9 (2.42) 3.3 (2.00)

Total previous cycles Median (range) 2.0	(2–16) 2.0 (2–12) 3.0 (2–18) 3.0	(2–16) 2.0 (2–18)

Total previous  
miscarriages

Mean (SD) 0.3	(0.61) 0.3	(0.69) 0.4 (0.84) 0.4 (0.77) 0.3	(0.68)

Total previous  
miscarriages

Median (range) 0.0 (0–4) 0.0 (0–5) 0.0 (0–5) 0.0 (0–3) 0.0 (0–5)

Maximum endometrial thick-
ness (mm)

Mean (SD) 10.9	(2.60) 10.6	(2.28) 10.9	(2.62) 10.5	(2.16) 10.8	(2.46)

Maximum endometrial thick-
ness (mm)

Median (range) 10.6	(6–20) 10.2	(6–19) 10.2	(6–17.5) 10.5 (7–19.5) 10.4	(6–20)

Donor age (years) Mean (SD) 29.3 (3.98) 29.6	(3.78) 30.8 (3.75) 30.3 (4.38) 29.6	(3.92)

Donor age (years) Median (range) 30.0	(20–36) 30.0 (21–35) 31.0 (22–37) 29.0 (24–38) 30.0 (20–38)

Duration of infertility (years) Mean (SD) 3.3 (2.47) 3.0 (2.27) 2.9 (2.38) 3.6	(3.10) 3.2	(2.46)

Duration of infertility (years) Median (range) 3.0 (0–12) 3.0	(0–16) 2.0 (0–15) 3.0 (0–21) 3.0 (0–21)

Gonadotrophin total dose 
(IU)

Mean (SD) 2283.1 (981.18) 2294.3 (1112.53) 2439.2 (1075.45) 2862.5	(1199.18) 2356.2	(1069.58)

Gonadotrophin total dose 
(IU)

Median (range) 2250.0 (450–5400) 2250.0	(450–6000) 1800.0	(675–5400) 2700.0 (525–5400) 2250.0 (450–
6000)

Gonadotrophin dosing days Mean (SD) 10.2 (2.42) 9.8 (2.73) 10.3 (2.31) 10.6	(1.72) 10.1 (2.48)

Gonadotrophin dosing days Median (range) 12.0 (3–12) 10.0 (3–12) 12.0 (3–12) 10.5	(6–12) 10.0 (3–12)

Eggs collected Mean (SD) 12.2 (5.72) 11.2 (5.52) 9.8 (5.45) 7.2 (3.71) 11.1	(5.65)

Eggs collected Median (range) 11.0 (1–34) 11.0 (1–30) 9.0	(2–26) 7.0 (1–21) 10.0 (1–34)

Mature eggs inseminated Mean (SD) 9.8 (4.71) 9.2 (5.00) 8.1	(4.68) 5.3	(3.56) 9.0 (4.88)

Mature eggs inseminated Median (range) 9.0 (0–28) 9.0 (0–28) 7.0 (1–25) 4.5 (1–18) 8.0 (0–28)

Mature eggs inseminated  
out of eggs collected ratio

Mean (SD) 0.8 (0.17) 0.8 (0.19) 0.8 (0.18) 0.7 (0.24) 0.8 (0.19)

Mature eggs inseminated  
out of eggs collected ratio

Median (range) 0.9 (0–1) 0.9 (0–1) 0.9 (0.25–1) 0.8 (0.125–1) 0.9 (0–1)

Oocyte recipient patient  
age (years)

Mean (SD) 41.4 (4.01) 41.4 (4.74) 41.6	(5.61) 40.0 (5.41) 41.3 (4.55)

Oocyte recipient patient  
age (years)

Median (range) 42.5 (24–48) 42.0 (27–49) 44.0 (29–50) 40.5	(26–47) 42.0 (24–50)

Non-oocyte recipient  
patient age (years)

Mean (SD) 33.6	(3.88) 34.4 (3.72) 34.6	(3.78) 35.6	(4.79) 34.2 (3.94)

Non-oocyte recipient  
patient age (years)

Median (range) 34.0 (22–43) 34.0	(24–46) 35.0 (25–41) 35.5	(26–45) 34.0	(22–46)

decrease in the odds of a live birth 
compared with an embryo of rank A. 
The 95% CI for this comparison ranges 
from an 87.1% decrease to a 34.0% 
decrease in the odds. The analysis also 
highlighted the weakness of dependence 
on conventional morphology alone as a 
selection tool. For example, a grade 2:2 
blastocyst, which is the equivalent of the 
Gardner and Schoolcraft (1999) ranking 
BB, results in live birth at a significantly 
higher frequency than embryos graded 
1:1/1:2 or 2:1, which contradicts previous 
publications (Gardner and Schoolcraft, 

1999; Gardner et al., 2000; Istanbul 
Consensus, 2011). While TLI algorithms 
are objective and likely to achieve 
greater consistency in embryo selection, 
static morphology assessments remain 
subjective and prone to variability. 
Additionally, morphology grading is likely 
to reflect a limited number of single daily 
time-points when the grade is assigned, 
whereas TLI can provide photographs 
of the embryo at frequent intervals 
throughout culture; this in turn provides 
the opportunity to witness and evaluate 
changes in embryo morphology over time 

and therefore avoid the unreliability of a 
single-moment, subjective morphology 
grading. One of the limitations of most 
TLI studies is the comparison between 
TLI and conventional incubators for 
culturing embryos, irrespective of the use 
of algorithms; this type of comparison 
leaves open the question of whether 
uninterrupted incubation alone is an 
advantage, whether or not morphokinetics 
are considered for embryo selection. This 
study compares embryos cultured only in 
the EmbryoScope from Day 0 (ICSI) or 
Day 1 (IVF) up to Day 5 of development. 
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It also includes single blastocyst transfers 
only, to avoid any ambiguity of the effects 
of more than one embryo transferred. 
The results demonstrate the value of 
an objective algorithm for embryo 
selection. The main limitations of this 
study are, first, that the analysis was 
undertaken to validate the effectiveness 
of an in-house-derived algorithm and this 
algorithm may not produce similar results 
in other settings (Freour et al., 2015; 
Liu et al., 2016). Secondly, the efficacy 
of this ranking system remains to be 
demonstrated prospectively. Further, it is 
not possible to account for any clinical or 
physiological differences not contained 
within the available dataset and therefore 
this investigation may not have eliminated 
all confounding effects in this non-
randomized study.

TLI has been used in clinical practice 
for over 10 years (Hlinka et al., 2012; 
Lemmen et al., 2008) with several 
recent reviews (Armstrong et al., 2015; 
Chen et al., 2017; Kaser & Racowsky, 
2014; Polanski et al., 2014; Racowsky 

et al., 2015). Systematic reviews have 
either considered studies comparing 
TLI incubation to conventional 
incubation, or the overall impact of 
TLI as compared with conventional 
methods, or the potential effect of 
using morphokinetics for embryo 
selection. Van Loendersloot et al. 
(2014) applied a retrospective multi-
variable clinical pregnancy prediction 
model to rank embryos following 
Day 3 transfer, distinguishing those 
embryos with high, moderate or low 
implantation potential. Petersen et al. 
(2016)	also	used	a	morphokinetic	
algorithm for embryos transferred on 
Day 3 to predict blastulation based 
on data from 24 clinics over a 5-year 
period. However, apart from patient 
age, and whether IVF or ICSI was 
performed, embryos were treated as 
independent variables; there is concern 
regarding the validity of such studies 
because cohorts of embryos should 
not be considered independent. When 
associating embryological data with 
clinical outcome, all potential clinical 

confounders must be considered (Fishel 
et al., 2017; Kirkegaard et al., 2016).

Several studies have, however, reported 
on the use of TLI as a potential 
prognosticator in clinical practice 
(Adamson et al., 2016; Chen et al., 2016; 
Kong et al., 2016; Liu et al., 2016; Milewski 
et al., 2015; Mizobe et al., 2016; Rubio 
et al., 2014; VerMilyea et al., 2014; Wu et 
al., 2016; Yang et al., 2014). Other studies 
have disagreed (Freour et al., 2015; Wu 
et al., 2016). Given the complex nature of 
the effects of culture conditions and the 
milieu on preimplantation development, 
in addition to their inherent genetic 
and chromosomal complements, it is 
difficult to pinpoint any single feature 
that may directly impact outcome, 
especially because development of the 
implanting embryo to a live baby depends 
also on the maternal environment. A 
few studies have purported to relate 
discriminating morphokinetics of euploid 
and aneuploid embryos (Campbell 
et al., 2013a, 2013b; Minasi et al., 2016; 
Vera-Rodriguez et al., 2015) although 
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this has been disputed (Rienzi et al., 
2015). However, Bronet et al. (2015) 
even found distinctive morphokinetic 
differences between male and female 
embryos. More recently Mumusoglu et al. 
(2017), studying morphokinetics and the 
prediction of ploidy status when patient 
and ovarian stimulation–related factors 
were taken into account, concluded 
that aneuploid embryo development 
appears to be delayed at post-cleavage 
stages, but that the predictive ability 
was ‘low to moderate’. Of previously 
reported cut-off points for various TLM 
parameters, they only noted tSB within 
96.6 h	of	insemination	as	having	significant	
predictive ability (Campbell et al., 2014). 
Kong et al. (2016) reported a relationship 
between early cell division behaviour and 
developmental potential with elongation 
or shortening of the cell cycle affecting 
cell number. This study concluded that 
by excluding such embryos, the incidence 
of implantation and live birth following 
Day 3 transfer of embryos increased 
when cell number was maximal. Recently 
Ottolini et al. (2017), in an important 
study using TLI and genome-wide SNP 
genotyping and meiomapping of both 
polar bodies, analysed tripolar and other 
abnormal mitoses demonstrating that 
failure to coordinate the cell cycle in early 
cleavage and regulation of centrosome 
duplication is a major cause of human 
preimplantation developmental arrest 
in vitro.

Morphological evaluation of the 
embryos at specific time-points has 
been the method of choice for embryo 
selection for decades (Cummins 
et al., 1986; Fishel et al., 1983, 1983), 
although its limitations have later been 
recognized (Fehilly et al., 1985; Guerif 
et al., 2007; Hartshorne et al., 1991; 
Racowsky, 2009). Blastocysts also 
undergo a normal cycle of collapse 

and re-expansion and are often difficult 
to grade reliably. Although they can 
be reassessed at other time-points 
(The Istanbul Consensus, 2011), TLI 
highlights the transient nature of certain 
morphologies and thus a source of 
weakness of morphology-based grading 
as a prognosticator. A number of 
studies have found weak correlation 
between blastocyst morphology and 
chromosomal abnormalities, including 
those incompatible with post-
implantation development (Fragouli 
et al., 2010; Schoolcraft et al., 2010).

In the most recent meta-analysis on 
five randomized controlled trials using 
TLI algorithms, Pribenszky et al. (2017) 
reported a significantly higher incidence 
of ongoing clinical pregnancy and live 
birth, and a significantly lower incidence 
of early pregnancy loss following 
time-lapse incubation and algorithm-
based embryo selection compared 
with conventional culture with embryo 
selection based on single time-point 
morphology. The studies included a 
heterogeneous patient population, days 
of transfer, the way the visual information 
from the time-lapse devices was used 
to support embryo evaluation and 
end-points, and as such the quality of 
the evidence was deemed moderate to 
low owing to inconsistencies across the 
studies. Indeed, the studies in general 
did not include a comprehensive clinical 
confounder analysis. Motato et al. (2016) 
used the timing of expanded blastocyst 
formation (tEB) as the primary variable 
at ≤122.9 h and the synchronicity of the 
third round of cleavage divisions (s3 = 
t8 – t5) as the secondary variable setting 
the	optimal	range	of	≤5.67 h.	Motato 
et al. (2016) used these data to divide 
embryos into four categories (A–D), with 
a decreasing implantation potential (from 
72.2% for A to 39.7% for D). However, 

there are now many different algorithms 
of apparent efficacy, but in some 
laboratories advantages have not been 
proven, as comprehensively reviewed 
recently by Milewski and Ajduk (2017).

In conclusion, this study demonstrates 
the unique live birth capacity of 
individual blastocysts based on an 
algorithm that incorporates time to 
start and duration of blastulation. 
These parameters must be carefully 
annotated by embryologists, with 
tight quality control on annotation 
principles, and within a single 
culture system. This study further 
demonstrates the advantage of 
objective data, which can be 
revisited any time (as TLI images, for 
example) without embryo disruption, 
over the capricious and subjective 
morphological scoring at one or more 
discrete time-points. The study also 
highlights the need to ensure that 
analyses do not treat embryos as 
independent variables because this 
can lead to erroneous conclusions; it 
also argues in favour of inclusion of 
full clinical data in analyses of this type 
before drawing conclusions on clinical 
impact. The data importantly implicate 
a relatively simple algorithm to rank 
and therefore select embryos in clinical 
practice to improve the chance of a 
live birth. Although more high-quality 
evidence, such as large, well-controlled 
prospective randomized studies, are 
needed to definitively demonstrate 
the value of TLI, further research 
into other cellular processes such as 
chromosome segregation, cytoskeleton 
function and energy metabolism are 
required to reduce embryo wastage 
and unnecessary embryo transfers and 
cryopreservation and enable selection 
of only those embryos with the 
capacity to reach full term.
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