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ABSTRACT — OBJECTIVE: The quality of the 
embryo is crucial for the outcome of in vitro 
fertilization; however, the ability to accu-
rately distinguish embryos with the highest 
reproductive potential from others is not en-
tirely reliable. Most of the methods of classi-
fication of embryos in Assisted Reproductive 
Technologies (ART) are subjective and in 
clinical practice, there is still a lack of semi or 
fully automated procedures. Since measure-
ment of Zona Pellucida Thickness Variability 
is a reliable parameter for assessing the em-
bryo’s hatching capacity, we describe a new 
automatic method to record and quantify 
a new morphological parameter, the Local 
Zona Pellucida Thickness Variation (LZPTV) 
using an innovative fractal-based analysis 
similar to Bending Energy that captures the 
high-frequency variability of the thickness 
of the Zona Pellucida.

PATIENTS AND METHODS: 436 digitized 
images of embryos obtained from 187 In-
tracytoplasmic Sperm Injection (ICSI) proce-

dures, were evaluated retrospectively. The 
images of the embryos classified according 
to Veeck’s Embryo Grading Classification 
(VEGC) were processed by the software 
program “Embryon” for LZPTV computa-
tion.  

RESULTS: Patients with high LZPTV em-
bryos had a significantly higher birth rate 
(54.7%) than patients with low LZPTV em-
bryos (9.7%), or patients with Grade I VEGC 
(33.7%), the LZPTV measure also had a sig-
nificantly higher specificity than the VEGC 
to predict pregnancy (83.5% vs. 53.8%) or 
delivery (80.2% vs. 49.1%). 

CONCLUSIONS: This new parameter, there-
fore, provides a reliable additional source of 
information that could be included in an inte-
grative standardized approach in ART practice 
and research.

KEYWORDS
Zona pellucida thickness, Bending energy, 
Fractal analysis, Embryo quality.
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PATIENTS AND METHODS

Clinical selection of patients 
and ICSI procedures

The material was retrospectively taken from 2 data sets 
of the Infertility and Assisted Reproduction Unit, De-
partment of Obstetrics and Gynecology, “Sapienza” 
University of Rome (Italy) in October 2011-October 
2012 with strict adherence to the highest Italian Ethical 
and legal requirements and with formal approval of the 
Institutional Ethics Committee for the research article 
(prot. N. 807/12), including full informed consent and no 
selection of embryos. Data set 1 (algorithm training data 
set) included 66 images from 30 consecutive ICSI pro-
cedures. Data set 2 (algorithm test data set) included 370 
images from another 157 consecutive ICSI procedures.

The age of the female patients ranged from 25 to 
45 years (mean ± SD = 36.5 ± 4.7 years); the age of the 
male patients ranged from 30 to 51 years (mean ± SD = 
39.68±4.8 years).

All patients underwent a standard primary infer-
tility assessment. They had previous failed in-vitro 
fertilization (IVF) treatments ranging from 0 to 4. All 
female patients had normal basal FSH and estradiol 
values and normal thyroid function36. ICSI treatment 
management was performed as already reported37.

Preparation of semen samples collected by mas-
turbation was performed following the World Health 
Organization (WHO) standard protocol38. ICSI was 
performed on methaphase II oocytes according to the 
procedure reported by Palermo 39. Oocyte fertilization 
was assessed 16-18 hours after ICSI and confirmed by 
the presence of two pronuclei. Embryos were observed 
by an inverted microscope with Hoffman modulation 
contrast at 400x (TE 2000 U, Nikon Corporation, To-
kyo, Japan) evaluated according to the amount of frag-
mentation and the number of blastomeres and routinely 
scored using the VEGC (I, II, III, IV, or V) at 40-42 
hours after ICSI9. All images were captured by a com-
puterized system (X-ProTM

, Alexasoft, Nikon Instru-
ments, Florence, Italy).

Embryo transfer was performed at Day 2 after 
oocytes retrieval under US guidance, with the Wal-
lace embryo transfer catheter (HG Wallace®, Hythe, 
Kent, UK) by the same doctor to avoid the variabili-
ty inter-operators. All patients received supplemental 
Progesterone (50 mg/day, intramuscular (i.m.); Pronto-
gest®; IBSA, Lodi, Italy) from the day of replacement37.

Chemical pregnancy was initially determined 14 
days after embryo transfer by a positive qualitative 
serum β-hCG assay, followed by repeated quantita-
tive β-hCG levels. Clinical pregnancy was defined as 
at least one fetus with a positive heartbeat revealed by 
transvaginal sonography 4 to 5 weeks after embryo 
transfer 37. The Implantation Rate (IR) was defined as 
the number of gestational sacs on US as a percentage 
(%) of embryos transferred.

INTRODUCTION

Infertility is a social problem because it raises issues 
relating to the health and well-being of individuals, 
couples, and society as a whole1,2. The medical treat-
ment of infertility has progressed dramatically, making 
parenting possible for many who until recently would 
not been able to achieve this goal. Multiple pregnancy, 
however, resulting from the transfer of multiple embry-
os, together with high-risk maternal and perinatal ad-
verse conditions, are significant limitations of Assisted 
Reproductive Technologies (ART). Successful single 
embryo transfer remains the “golden standard”3,4 still 
not reached.

A series of morphological, morphokinetics, auto-
mated and semi-automated non-invasive methodolo-
gies also based on Artificial Intelligence has been de-
veloped to evaluate the feasibility of a human embryo 
to be implanted in a woman uterus but, to date, none 
has been proven superior to the others5-21.

Criteria that can be assessed by routine microsco-
py prior to fertilization or embryo transfer would be 
helpful in selecting embryos for transfer during ART 
procedures. However, very few reliable, predictive and 
non-invasive markers have been identified so far. An 
important prognostic parameter for evaluating the suc-
cess of an in vitro fertilization treatment is the thick-
ness variation of the Zona Pellucida (ZP). The Thick-
ness of the Zona Pellucida (ZPT) and the Variability of 
the Thickness of the Zona Pellucida (ZPTV) seem to 
successfully predict the clinical outcome of ART22-33. 
However, semi or fully automated methods using these 
parameters are lacking due to the significant variability 
inter-operators. One of the major problems with sub-
jective evaluation and selection is that it cannot be con-
sidered robust and reliable and does not provide predic-
tive clinical information5-8,18.

It is also important to evaluate the morphological 
criteria in the measurement of the variation in the thick-
ness of the ZP which can be carried out with the aid of a 
digitized imaging system and analysis software.

To be suitable for larger clinical studies, an auto-
mated procedure must evaluate the morphology of the 
shape with quantitative and reproducible methods31-35.

The aim of the present research was: 1) to evaluate 
the clinical efficacy of an original quantitative morpho-
logical analysis of ZP in digitized embryos collected on 
Day 2 after Intracytoplasmic Sperm Injection (ICSI); 
2) to evaluate the predictive potential of this method 
on the fate of the embryo with respect to the Veeck’s 
Embryo Grading Classification (VEGC) widely used 
for the assessment of embryo quality9.

This new method, developed by “Embryon” soft-
ware program, allows to characterize the morphology 
of Zona Pellucida of the embryo with a single numeri-
cal value the Local Zona Pellucida Variation (LZPTV), 
a morphological descriptor related to the Bending En-
ergy of the embryo Zona Pellucida Thickness (ZPT).
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The first step in calculating the LZPTV is to accu-
rately determine the ZPT defined as the distance be-
tween the reference points along the outer and inner ZP 
boundaries respectively.

As shown in Figure 1, the distance ZPT between 
the polygons A and B is calculated as the length of a 
segment z on the half-line s, originating in the bary-
center c of the inner polygon B and passing through the 
reference point Ri, between the internal polygon B and 
the outer polygon A.

This set of distances, i.e. the lengths of the segments 
zi, are subsequently used to construct, in a Cartesian 
plane in polar coordinates, a broken line representing 
the set of distances as an angular parameter βi defined 
for each point Ri as the angle comprised between the 
half-line s, passing for the barycenter c and the point 
Ri, and a reference line r passing for the barycenter c. 
The broken line is therefore a sequence of N segments, 
each between two successive points pi in the Cartesian 
plane, and which will have a number N of vertexes v 
corresponding to the number of the same points pi as 
shown in Figure 1. 

At each vertex vi a local curvature is calculated, by 
using the broken line points within a neighborhood of 
the given vertex. The final result of this operation is a 
set of local curvature k(i), which is used to calculate 
the final LZPTV shape factor using the following for-
mula:

where L is the length of the broken line and N is the 
number of vertices. The number N of reference points Ri 
(with i varying from 1 to N) can vary very much, and it 
is clear that the greater their number, more details of the 
ZPT variations will be captured by LZPTV morphologi-
cal parameter. However, the LZPTV remains constant as 

Image processing

The images obtained in format jpg with a resolution of 
2560 x 1920 or 1280 x 960 pixels were processed by the 
“Embryon” software program (Advanced Computer Sys-
tems, ACS, Rome, Italy). Embryo images were segmented 
to highlight the ZP region, leading to the identification of 
the outer and inner boundaries of the ZP (Figure 1). This 
segmentation method is based on an active contour para-
metric model adapted to the ZP segmentation of human 
embryo images40,41. The active contour (or snake) meth-
od42 is widely used for segmentation of medical image, 
due to its ability to segment diffuse contours with low in-
tensity values. This feature was used for our purposes in 
the present study. ZP is relatively transparent and does not 
have a high contrast outer boundary, even at the early em-
bryonic stages. Furthermore, human embryos may have 
some artifacts, removed by morphological operations 
on the edge as outlined by Morales et al12,43. The active 
contour is manually initialized if the automatic segmenta-
tion process fails, allowing ZP boundaries to be correctly 
identified even in the most difficult circumstances.

The external and internal boundaries of the ZP were 
identified by a polygon A and B respectively, which, in 
turn, were defined by a set of reference points along the 
ZP boundaries indicated as points in Figure 1.

Following the detection of the internal and exter-
nal profiles of the ZP boundaries, the ZP was analyzed 
by calculating a new morphological parameter, the 
LZPTV related to the variability of the ZPT.

Morphological parameters: 
mathematical considerations

The LZPTV method was based on the application of an 
innovative analysis of the internal and external bound-
aries of the ZP, which considers the local “curvature” 
of the ZP boundaries.

Figure 1. Zona pellucida boundaries and corresponding thickness curve.
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Statistical Analysis

Data were collected and analyzed retrospectively by 
calculating statistical tests with estimated population 
midpoints and 95% confidence interval (CI). The CIs 
are calculated according to the efficient (corrected for 
continuity) score method described by Newcombe49. 
The statistical parameters commonly used to charac-
terize the accuracy of diagnostic tests were sensitivity, 
specificity, Positive Predictive Value (PPV), Negative 
Predictive Value (NPV) and prevalence.

RESULTS

According to LZPTV analysis, the 370 embryos were 
classified as: 62 “Top” embryos and 308 “Poor” em-
bryos. The 157 patients were divided in “Top” and 
“Poor” clusters: “Top” (Group A = 54 patients) if at 
least one “Top” embryo was present; “Poor” (Group 
B = 103 patients) if not even one Top embryo was 
present. 

According to VEGC, the same 370 embryos were 
classified as: 142 “Grade I”, 158 “Grade II”, 62 “Grade 
III”, 7 “Grade IV” and 1 “Grade V”. The same 157 
patients were divided in “Grade I” and “Grade II-V” 
clusters: “Grade I” (Group C = 89 patients) if at least 
one “Grade I” embryo was present; “Grade II-V” 
(Group D = 68 patients) in all other cases. In Group 
A, B, C and D, mean age (years) were 36.7, 36.4, 36.3 
and 36.7 while mean number of embryos transferred 
were 2.5, 2.3, 2.4, and 2.3 respectively (with 2.4 the 
overall mean number of embryos transferred).

Clinical outcomes for the four different groups are 
indicated in Table I. Group A “Top” embryos had 57.4% 
of birth compared to 9.7% for the Group B “Poor” em-
bryos (p < 0.05). Similar results hold for the pregnancy 
rate - 72.2% of Group A vs. 26.2% of Group B (p < 
0.05) - and for the implantation rate (IR) – 36.6% of 
Group A vs. 13,1% of Group B (p < 0.05). Moreover, 
the IR of Group A was significantly better than the 
overall IR (p <0.05).

On the contrary, in the case of the standard VEGC 
method the birth rate of Group C “Grade I” was 33.7%, 
not statistically different from 16.2% for the Group D 
“Grade II-V” and the IR of Group C was not signifi-
cantly better than the overall IR. 

Furthermore, according to Table II and Table III, 
LPZTV parameter had a statistical significantly high-
er specificity than the VEGC in predicting pregnan-
cy (83.5% vs. 53.8%; p < 0.05) and birth (80.2% vs. 
49.1%; p < 0.05). The two diagnostic measures were not 
significantly different with regard to sensitivity, either 
for pregnancy or for the delivery end-point. In other 
words, the LZPTV method introduced significant-
ly fewer false-positive cases for embryo transfer and 
proved to be a significantly more selective and reliable 
indicator than the Veeck’s classification.

the number of points increases behond a threshold val-
ue of N=10000, corresponding to the maximum level of 
details captured by the imaging system used. LZPTV is 
conceptually related to the Normalized-Bending Energy 
(NBE) of the ZPT curve, since the shape changes are the 
expression of the amount of energy needed to transform 
the specific shape being analyzed into its lowest energy 
state (i.e., a circle)44.

LZPTV/NBE represents a means of obtaining quan-
titative information on the complexity of shapes under 
investigation. For biological shapes, Normalized-Bend-
ing Energy (NBE) indeed provides a particularly signif-
icant physical interpretation in terms of the energy to be 
applied in order to produce or modify specific objects45. 
Seemingly, the LZPTV parameter expresses the variation 
measured as a function of the ideal curvature expected for 
an object in the shape of a perfect circle, although the dif-
ference recorded represents a true geometric modification 
and should be considered as a true morphological index. 
In systems biology, both NBE and LZPTV methods are 
described as reliable indicators of shape changes, pheno-
typic transition, and cancer cell behavior46,47.

The LZPTV parameter (including the segmentation 
of the outer and inner boundaries ZP) was then pro-
cessed by “Embryon”. All LZPTV computations were 
performed blindly.

Algorithm training set

Embryos with LZPTV values above an identified thresh-
old value were classified “Top”, while LZPTV values be-
low this value were labeled as “Poor”. According to the 
classification of individual embryos, the diagnostic test of 
a treatment is defined as follows: “Top” treatment, if at 
least one “Top” embryo was present; “Poor” treatment, if 
no “Top” treatment was present. In this regard an optimal 
LZPTV threshold was experimentally determined on a 
training data set of 66 images, obtained from the first 30 
consecutive ICSI procedures. The classical method based 
on Receiver Operating Characteristic (ROC) curve analy-
sis was used. More precisely, the optimal threshold of 18.5 
x 103 was determined using the Youden index criteria48.

As a consequence of the Italian Law, that explicitly 
prohibits the selection of embryos, we could not train 
our pattern recognition algorithm based on the charac-
teristics of individual 

embryos, and we had to rely on indirect evidence 
based on multiple transfers. Therefore, the ‘indepen-
dent statistical units’ were the transfers made from one, 
two or three embryos. We therefore adopted a most 
conservative approach considering as “Poor” a transfer 
made by three “morphologically poor” embryos, and 
as “Top”, a transfer in which at least one embryo is Top. 
This choice determines an underestimation of the ac-
curacy of the precision because in the 2Poor-1Top (by 
far the most frequent “Top” configuration), only one 
out of three embryos met the optimality criteria.
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A crucial point to be addressed is the relationship 
between LZPTV and VEGC. The significant correla-
tion (p = 0.0064, Fisher’s exact test) between LZPTV 
and VEGC (Table IV) suggests that both parameters 
refer to the same phenomenon and can be assumed to 
share the same biological basis. Indeed, the percentage 
of embryos giving consistent results (Top/Grade I and 
Poor/Grade II-V) for both parameters is around 60% 
but LZPTV gives a more reliable viability measure. 
The correlation between LZPTV and Veeck classi-
fication methods makes the combined use of the two 
approaches unnecessary, because Veeck classification 
does not add any relevant independent information in 
improving the predictive capability of LZPTV as re-
ported in Table II and Table III.

The use of Grade I as marker for the expected posi-
tive outcome, was dictated by the fact that using Grade 
I-II as prediction criterion practically abolishes the 
specificity of the test with vast majority of the embryos 
predicted as “viable”.

An indirect, albeit relevant, evidence of the advan-
tage of the LZPTV method is the fact the overall proba-
bility of birth is 26.1% (CI 19.6% - 33.8%), significantly 
lower than the birth rate of the LZPTV group “Top” 
which is equal to 57.4% (CI 43.3% - 70.5%). On the oth-
er hand, the probability of birth of the grade I Veeck’s 
group was 33.7% (CI 24.2% - 44.6%), not significantly 
different from probability of 26.1% (CI 19.6% - 33.8%) 
of the total population (Table III). The same consider-
ation also applies to pregnancy (Table II).

Table I. Clinical outcomes in LZPTV and VEGC patients.

 LZPTV VEGC

 Total Group A Group B Group C Group D

 N % N % N % n % N %
 
Patients 157 100.0 54 100.0 103 100.0 89 100.0 68 100.0
Not Pregnancy  91 58.0 15 27.8 76 73.8 42 47.2 49 72.1
Pregnancy  66 42.0 39 72.2  27 26.2  47 52.8  19 27.9 
Abortion 25 15.9 8 14.8 17 16.5 17 19.1 8 11.8
Birth 41 26.1 31 57.4  10 9.7  30 33.7 11 16.2
Embryos Transferred 370 100.0 134 100.0 236 100.0 215 100.0 155 100,0
Embryos Implanted 80 21.6  49 36.6  31 13.1  59 27.4  21 13.5 

Table II. Statistical analysis of LZPTV, VEGC or Combined tests in predicting pregnancy.

 %  CI (%) 

Pregnancy rate 42.0  34.3 – 50.2 

 LZPTV  VEGC  Combination

 % CI (%) % CI (%) % CI (%)

Sensitivity 59.1 46.3 - 70.8 71.2 58.6 - 81.4 87.9 77.0 - 94.2
Specificity 83.5 74.0 - 90.1 53.8 43.1 - 64.2 49.4 38.9 - 60.1
PPV 72.2 58.1 - 83.1 52.8 42.0 - 63.4 55.8 45.7 - 65.4
NPV 73.8 64.0 - 81.7 72.1 59.7 - 81.9 84.9 71.8 - 92.8

Table III. Statistical analysis of LZPTV, VEGC or Combined tests in predicting birth.

 %  CI (%) 

Pregnancy rate 42.0  34.3 – 50.2 

 LZPTV  VEGC  Combination

 % CI (%) % CI (%) % CI (%)

Sensitivity 75.6 59.4 - 87.1 73.2 56.8 - 85.2 97.6 85.6 - 99.9
Specificity 80.2 71.5 - 86.8 49.1 39.8 - 58.5 44.8 35.7 - 54.3
PPV 57.4 43.3 - 70.5 33.7 24.2 - 44.6 38.5 29.2 - 48.5
NPV 90.3 82.5 - 95.7 83.8 72.5 - 91.3 98.1 88.6 - 99.9
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