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Measurement of oocyte temporal maturation process by means of a simple

optical micro-system
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b Institut FEMTO-ST, UMR CNRS 6174, Département d’Optique P.M. Duffieux, Faculté des Sciences et des Techniques, Route de Gray, 25030 Besancon Cedex, France

We present a simple optical micro-system used to measure the transmission spectra of oocytes in order to qualify their maturation stage. Two
applications of the device are possible: (i) the evaluation of the maturation stages of oocytes, and (ii) the development of a fertilization indicator. For the
first applica-tion, GV, MI and MII oocytes were also analysed. Transmission spectra allow the 3 maturation stages to be identified but cannot be used to
estimate the maturity of an unknown oocyte. Oocytes are subject to continuous development. This is why spectral separation of the 3 maturation stages
cannot be made although they can be visually identified. However, the visual observation remains biologist-dependent. We therefore investigated the
temporal maturation evolution of the oocytes in terms of transmission spectra and probability analysis. Results show that oocytes to be fertilized should
not only be chosen in the MII stage, but also at the right time during the MII stage. This particular aspect requires further inves-tigation. However,
spectral measurements could be used as a technique for monitoring the maturation evolution of the oocytes. Fertilized oocytes exhibiting fertilization
abnormalities were also tested. The device proved to be an efficient fertilization indicator.

1. Introduction

The ability of an oocyte to be fertilized and to initiate embryo
development strongly depends on its maturation stage. Oocyte
maturity is defined by both nuclear and cytoplasmic maturi-
ties. The nuclear maturity can be estimated by observing oocytes
with a microscope. This technique is commonly used in in vitro
fertilization (IVF) centers in order to choose the oocytes to be
fertilized by Intra-Cytoplasmic Sperm Injection (ICSI). However,
the cytoplasmic maturity is more difficult to estimate and is
somehow biologist-dependent. Only certain abnormalities can be
detected by optical microscopy. Several attempts have been made
to correlate various morphological parameters with successful
ICSI. Conclusions concerning the importance of some morpholog-
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ical characteristics differ from one study to another (cytoplasm
granularity, polar body appearance, zona pellucida appearance,
perivitellin space dimension, etc.).

In the study presented in Ref. [1], oocyte quality was estimated
via nuclear and cytoplasmic characteristics. Nuclear maturity has
been defined by the extrusion of the first polar body and the cyto-
plasmic maturity by the homogeneity and the thin granularity
of the cytoplasm. A correlation between oocyte quality and suc-
cessful ICSI was shown. Equivalent correlations have been shown
in other communications [2-4]. They concern the granularity of
the cytoplasm, the presence of intra-cytoplasmic inclusions, the
appearance of the first polar body and the dimension of the periv-
itellin space. However, such correlations have not been found in
other studies [5-7]. Up to now, it seems very difficult to estimate
oocyte quality in terms of morphological characteristics. This is
probably due to the fact that these techniques rely on a visual
observation of the oocytes which is highly biologist-dependent and
therefore relatively subjective.

Since the dawn of IVF, certain technological developments have
been studied. They mainly concern the preparation, the condi-
tioning and the conservation of gametes, as well as the culture of
oocytes and embryos [8]. Oocyte maturity has been investigated by
means of mechanical measurements. These studies were mainly
conducted on animal eggs [9-13]. To our knowledge, only one
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Fig. 1. Schematic diagram (a) and microscope views (b) of the device.

conference and one paper report experiments on human oocytes
[14,15].

Optical methods offer potential possibilities [16,17]. In this
paper, we present a simple micro-system used to measure the
absorption spectra of oocytes. It is based on work we presented
recently where we showed that the transmission spectra of oocytes
change according to their maturation stage [16]. This recent study
was mainly devoted to the production of a micro-fluidic plat-
form used to manipulate the oocytes. Specific structures had been
designed to include optical sensors on the platform surface. How-
ever, control of the fluidic system was neither integrated nor
automated. The system was therefore somewhat difficult to use
and only a small number of oocytes were tested. This is why we
produced a more convenient micro-system that can easily be used
in IVF centers. With this system, and using a very low power white
light source, it is possible to record the spectrum of the light prop-
agated through the oocytes. Therefore, the transmission spectrum
of the oocytes under test may be recorded.

2. Materials and methods
2.1. Experimental set-up

A schematic diagram as well as microscope views of the device
are shown in Fig. 1. It consists of a micro-machined piece of sili-
con anodic bonded on to a glass substrate. The silicon part of the
device is etched by means of Deep Reactive lon Etching in an Alcatel
machine with the standard Bosch process. The substrate material
is Pyrex glass 7740. This glass is used because it exhibits a similar
thermal extension coefficient to silicon. Only the silicon part of the
device is micro-machined. The main features are two U-grooves
into which optical fibers are stuck. In this way, optical fibers are
perfectly aligned. Fibers are stuck with a bio-compatible glue by
means of extra structures which are not shown in the figure. A
specific pigtailing arrangement was designed in order to adjust
the distance between the two fibers precisely (500 p.m). Indeed,
dedicated micro-stops were etched as described in reference [16].
Fibers were conventional 125 pwm diameter fibers. The core of one
fiber is 50 wm in diameter, called the illumination fiber. The core of
the second fiber (the collecting one) is 100 wm in diameter. In this
arrangement, oocytes are in contact with glass only. The silicon part
of the system has been thermally oxidized in order to produce a thin
glass layer at the surface of the silicon. Therefore, oocytes are in con-
tact with the same material as micro-pipettes commonly used in
ICSI. After the device was produced, sterilization was carried out

by UV illumination. During this study, the decontamination of the
experimental device was performed with an ionic surfactant solu-
tion and multiple washings with sterilized pure water. It is worth
noting that if the device is considered to be used on a routine basis,
any conventional sterilization method can be employed. Indeed,
the device is made of glass, oxidized silicon and bio-compatible
glue.

The space between the two fibers is used to position the oocytes.
The position of the latter is manually controlled by means of the
micro-manipulator arrangement used in IVF centers. The glass sub-
strate allows the position of the oocytes to be controlled with
a microscope. Fig. 1(b) shows microscope views of the device
where an oocyte is placed in front of the illumination fiber. A
low power white light source is used to illuminate the oocytes
(Ocean Optics LS-1). The coupling efficiency between the white
light source and the illumination fiber is very low. Therefore, the
optical power incident on the oocytes does not exceed a few mW.
This is several orders of magnitude lower than the optical power
of the microscope light. Consequently, our system does not over-
stress the oocytes. The light propagated through the oocytes is
then launched into the collection fiber and directed to a micro-
spectrometer (Ocean Optics USB 2000+). In this way, transmission
spectra of the oocytes are easily recorded and the acquisition time
of the data can be reduced to 3 ms.

The transmission spectrum of the cell is recorded in two steps.
The first step consists in recording the spectral response I;(A) of the
system with the culture medium only. We therefore have:

Li(A) = Io(A)GiR(2) (1)

where Ip(A) is the intensity spectrum of the white light source;
C; the coupling coefficient between the two fibers and R(A) is the
spectral response of the spectrometer.

Here, we consider that the refractive index of the culture
medium is constant from one measurement to another, i.e. C; is
the constant.

The second step consists in recording the spectral response of
the system when the oocyte is correctly trapped in the center of
the two fibers. We have:

I(A) = Ip(A)T(A)CR(A) (2)

where T(A) is the transmission spectrum of the oocyte and C; is the
coupling coefficient between the two fibers, taking the convergence
properties of the oocyte into account.

To begin with, we suppose that all the oocytes have the same

diameter and refractive index. G, is therefore constant. The result
of Eq. (2) divided by Eq. (1) is then proportional to the transmission
spectrum of the oocyte:
L) G
oNe T(A) (3)
Transmission spectra are recorded in a wavelength window ranging
from 380 nm to 940 nm.

2.2. Biological material

Oocytes used in this study were excluded from Assisted Repro-
ductive Technology (ART) programs. Their use has been approved
by the clinical ethics committee of Besan¢on University Hospital on
May 5th 2004. Analyses were conducted using two groups.

The first group consisted of non-injected oocytes. On the one
hand, we used oocytes that are not meant to be injected because
of their maturation stage (GV: germinal vesicle = prophase of the
first meiotic division, and MI: metaphase 1=germinal vesicle
breakdown “GVBD”). On the other hand, we tested MII oocytes
(metaphase 2 = with the presence of the first polar body). These are
oocytes collected at a lower degree of maturity than those evolved
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Fig.2. Illustration of the lateral positioning of the oocyte on the fiber axis. The oocyte
is correctly centered when the collected intensity is at the maximum threshold.

to the MlI stage, or MII collected oocytes that have not been consid-
ered because of the lack of spermatozoon, and also oocytes issued
from follicular reduction before intra-uterine insemination to pre-
vent hyperstimulation and multiple pregnancies.

The second group consists of injected oocytes exhibiting fertil-
ization abnormalities after ICSI, with presence of 3 pronuclei (3PN).

2.3. Experimental protocol

Oocytes from group 1 were collected during attempts at assisted
reproductive technology (ART) by means of ICSI, or from follicular
reduction. The complex cumulus-oocyte were individualized under
a binocular microscope and transferred into a culture medium
(Ferticult IVF medium™, Fertipro, Belgium). After 90-120 min of
in vitro culture at 37°C, the cumulus was removed. This led to a
perfect visualization of the oocytes under a microscope and allows
their nuclear/meiotic maturation stage to be determined. Cumulus
removal was performed in two steps:

e Enzymatic removal with a hyaluronidase solution (80IU
Hyaluronidase in Flushing, Fertipro, Belgium) for about 20s.

e Mechanical removal by means of denudation micropipettes
(SWEMED by Vitrolife, Sweden).

The oocytes were individually transferred into a 4 wells petri
dish (Nunclon Delta SI, Nunc, Denmark) with 100 .l of culture
medium (IVF30™, Vitrolife, Sweden). Their maturation stage was
defined by visual inspection with an inverted microscope.

Oocytes from group 2 were detected 17-24h after fertilization
by ICSI. They consisted of fertilized oocytes exhibiting fertilization
abnormalities (3PN).

For both groups, 200 .1 of IVF medium was deposited between
the two fibers of the device. A first spectrum was recorded with the
culture medium only (I;(1) in Eq. (1)). One oocyte was collected
from the plastic box in 20 .l of IVF medium and deposited some-
where between the two fibers. The holding micropipette was then
employed in order to place the oocyte precisely on the axis of the
two fibers and in contact with the illumination fiber. The oocyte
diameter (150 um) was comparable to the fiber diameter. There-
fore, we consider that the right vertical position of the oocytes is
obtained when both the fiber and the oocytes are in focus (Fig. 1(b)).
The lateral positioning of the oocytes (on the fiber axis) is illus-
trated in Fig. 2 and can be summarized as follows. When the oocyte
is slightly on the axis, a certain optical intensity is coupled into the
collection fiber (on the left of the figure). When moving the oocyte

Table 1
Average characteristics of the transmission spectra for GV, MI and MII oocytes. The
last three rows correspond to the Student’s t-test.

Minimum transmission (a.u.) Minimum wavelength (nm)

GV (n=57) 0.34 464
MI (n=70) 0.43 451
MII(n=40) 049 439
GV/MI p<0.001 p=0.01
GV/MII p<0.001 p<0.01
MI/MII p=0.015 p=0.045

toward the optical axis, the intensity increases up to a maximum
(center of the figure). This maximum is reached when the oocyte
is perfectly positioned on the optical axis and is due to the focus-
ing properties of the oocyte that acts as a micro-lens. When the
oocyte is further translated, the intensity starts to decrease until
the point at which the holding micropipette masks the emitted light
(on the right of the figure). When the oocyte is correctly positioned,
a second spectrum is recorded (I;(A) (in Eq. (2)). The transmission
spectrum of the oocytes is then computed according to Eq. (3).

Once the transmission spectrum is recorded, the oocytes are
replaced in the IVF medium in the 4 wells petri dish. They are then
incubated in a Sanyo CO, incubator (37 °C, 5% CO,). After a while,
any evolution (in terms of maturation) is controlled 4 and 17 h after
the first maturity evaluation with the microscope. If the matura-
tion stage of the oocyte evolves, another transmission spectrum is
recorded.

Statistical comparisons were performed using the Student’s t-
test and p <0.05 was considered statistically significant. In order to
better understand the nature of the evolution processes in the 3
classes, we investigated in more detail the probabilistic behavior of
the optical data we recorded.

3. Results
3.1. Experimental results for group 1

This group consists of non-fertilized oocytes belonging to three
maturation stages: GV, MI and MII. Overall, 57 GV, 80 MI and 40
MII oocytes were analysed. Not all the oocytes had been collected
at the above mentioned classes. In fact, the 57 GV oocytes had been
collected at this degree of maturity. Among the 70 MI oocytes, 37
oocytes had been collected at this degree of maturity and 43 were
issued from GV oocytes for which the maturity process continued
during incubation. Among the 40 MlIl oocytes, 15 had been collected
at this degree of maturity, 14 were issued from MI oocytes and 11
were issued from GV oocytes. In other words, 75% of the oocytes
collected as GV evolved to MI while 19% of them evolved up to MILI.
Also, 36% of the oocytes collected as MI evolved to MIIL.

First of all, we calculated the average spectra correspond-
ing to the 3 maturation stages. It can be seen in Table 1 that
both values of the minimum transmissions and the corresponding
wavelengths vary according to the maturity. The minimum trans-
missions increase from 0.34 (a.u.) for GV, to 0.43 (a.u.) for MI and
to 0.49 (a.u.) for MII oocytes. At the same time, the wavelengths
corresponding to these minima decrease from 464 nm for GV, to
451 for MI and to 439 for MII oocytes.

Fig. 3(a) and (b) shows the Box and Whiskers diagrams for the 3
oocytes populations. Fig. 3(a) refers to the minimum transmission
while Fig. 3(b) concerns the minimum wavelength. These diagrams
represent several distribution or dispersion characteristics of the
statistical series. They allow a particular characteristic (minimum
transmission or wavelength) of populations of different sizes to be
compared. It is clearly observed from this figure that the 3 matura-
tion stages are well identified. At the same time, it is also obvious
that these 3 stages overlap. This means that, although the classes
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are identified, the analysis of the transmission spectra cannot be
used in a blind test. We also compared the transmission spectra of
GV oocytes that had evolved to the MI class with the spectra of GV
oocytes without evolution. No significant differences between the
spectra were observed. This was the same between MI and MII and
between GV and MIIL.

3.2. Experimental results with group 2

Another possibility for exploiting the transmission spectra could
be to study the actual shape of the spectra (by means of Fourier
descriptors for example). This idea comes from the experimental
results we obtained with fertilized oocytes corresponding to the
second group of our study.

This group consists of fertilized oocytes for which abnormali-
ties (3PN) were observed. Two cases arose. After fertilization, a 3PN
can either lead to a segmentation process or not. The observation
of segmentation means that fertilization occurred, the process was
qualified as “successful” and embryo development starts. In this
case, of course, development does not come to an end. On the con-
trary, the absence of cellular division means that fertilization was
“not successful”. Fig. 4 shows the average transmission spectra for
3PN with (4 oocytes tested) and without division (3 oocytes tested).
In this figure we also plot the average spectrum of MII oocytes for
comparison purposes. Spectra of 3PN without division are compa-
rable to those of MII oocytes. However, the transmission spectra of
3PN with division are drastically different. These fertilized oocytes
become almost transparent, i.e. they become phase objects.

3.3. Probabilistic behavior of the optical data
We were aware of the presumed stage of each oocyte. We also

knew the value of the minimum transmission. Therefore, for each
maturation stage, we construct the histogram of the minimum
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Fig. 4. Experimental results for 3PN oocytes. The 3PN without segmentation and
MII oocytes exhibit similar spectra. Spectra of 3PN with segmentation are drastically
different.

transmissions. With the histogram, the probability of having one
value of the minimum transmission can be calculated. Therefore,
for each maturation stage, we can draw the probability density law
which is related to the evolutionary process existing in the corre-
sponding maturation stage. The results are shown in Fig. 5(a) for GV,
(b) for MI and (c) for MII. Before going any further, let us recall thata
Gaussian density corresponds to a pure random process while a uni-
form density reveals a constant speed evolution process. We chose
to consider pure uniform and pure Gaussian densities because they
correspond to extreme distributions. Intermediate cases are not yet
taken into account, since they would be out of the scope of this
study.

The idea is to calculate the probability density attached to each
class. In fact, the probability density is not purely Gaussian or uni-
form. Therefore, we calculated the likeness percentage between the
experimental densities and a Gaussian or uniform distribution. The
results can be summarized as follows:

e For GV, the probability density is 80% uniform. This corresponds
to an evolutionary process. This means that it is possible to qual-
ify a GV oocyte with a good probability. In fact, the “prefinal
GV-GV” frontier is well defined and the “GV-MI” frontier is less
well defined.

For MI, the density is 80% Gaussian, corresponding to a random
process. In fact, neither the “GV-MI” nor the “MI-MII” frontier
is clearly defined. Therefore the MI class is the most difficult to
qualify. This is unsurprising because it corresponds to a transition
stage.

For MII, the density is 50% uniform and 50% Gaussian. This class
is fairly difficult to qualify. This may be due to the not clearly
defined “MI-MII” frontier and the more or less temporal vicinity
of the necrosis.

We think that it is necessary to consider the oocytes in their
temporal evolution behavior. In order to increase the percentage of
successful fertilization, the oocytes must be at the MII stage. How-
ever, they may be at the “immature/postmature MII” stage or at
the “total/optimal mature MII” stage. Fig. 6 shows the transmission
spectra of a single oocyte at 3 points in its maturation evolution. It is
typical of the behavior of other oocytes we observed. The time gap
between GV and Ml is 5h compared to 16 h between MI and MII.
The time T=0 corresponds to the first observation of the oocyte (at
12 a.m. in this particular case). The vertical arrows are schematic
representations of the possible evolution of the oocyte in terms of
minimum transmission and wavelength. On the one hand, if the
oocyte is supposed to lead to a non-successful fertilization or to
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necrosis, it follows the arrow on the right. On the other hand, if the
oocyte is supposed to lead to a successful fertilization, it follows
the arrow on the left during its maturation process.

4. Discussion

In this paper we present a simple optical micro-system used
to measure the transmission spectra of oocytes. The 3 maturation
stages (GV, MI an MII) are easily identified by the transmission
spectra analysis. For both parameters, the minimum transmission
intensity and the corresponding wavelength, the Student’s t-test
showed that the 3 stages can be identified with a relatively low error
probability. However, and as shown by the Box and Whiskers dia-
grams, although the stages can be distinguished, it does not seem
easy to use the transmission spectrum to estimate the maturity of a
completely unknown oocyte. It appears difficult to use this method
to define the degree of maturity of an oocyte accurately. We find this
result unsurprising because the oocytes are subject to a continuous
maturation process, from the prefinal GV maturation process to
successful fertilization or necrosis in absence of fertilization. There-
fore, it is not likely that the transmission spectra differ significantly
from one class to another. Of course, 3 maturation stages exist (GV,
MI and MII). They correspond to morphological characteristics that
can be observed with a microscope.

Visible modifications, GV breakdown and first polar body extru-
sion cannot alone explain the changes in the spectrum. Through
their volume, the changes in cytoplasm and zona pellucida organi-
sationin these final stages contribute to these optical modifications.
An analysis of the spectrum of isolated zona pellucida from dif-
ferent stages does not show any difference (data not shown). The
changes must therefore be due to cytoplasmic modifications such
as migration of cortical granules and mitochondrial redistribution
[18].

However, the frontier between two adjacent classes may be dif-
ficult to estimate visually. In order to illustrate this, it should be
noted that we usually see seven colors in the rainbow. The white
light spectrum, when visually observed, apparently exhibits seven
different color classes. However, when a spectrogram is recorded,
the seven color classes can no longer be distinguished. The qual-
ification of oocytes in 3 classes, which is visually identified by
various morphological characteristics, could probably be improved
by analysing some of the oocyte properties in a more continuous
manner together with the observation of the meiotic event, such as



spindle formation and its evolution, with the help of a polarization
microscope [19,20]. This complementary approach can therefore
provide information about the modification of the zona pellucida
during this maturation process [21]. The analysis of the transmis-
sion spectra may be a solution for continuously estimate maturity.

Therefore, in a supposedly normal or abnormal evolution pro-
cess (Fig. 6) it is likely that an optimum temporal window exists.
It is perhaps when the oocyte is in this window that fertilization is
the most efficient. In fact, the oocytes should be chosen when they
are not only at the MII stage but also at the right time during MII.
We think that the use of new qualifying techniques that allow the
temporal evolution of the oocytes to be taken into account would
be beneficial to IVF techniques. The device we present in this paper
is a possibility. However, it should be further improved before it can
be used on a routine basis. An alternative technique we presented
recently and based on image processing could also be envisaged
[17].

In relation to the group of fertilized oocytes for which fertil-
ization abnormalities were observed (3PN oocytes), we showed
that the transmission spectra are clearly different between 3PN
with segmentation (successful fertilization) and 3PN without seg-
mentation (non-successful fertilization). This impressive change
in the transmission spectrum is clearly a sign that important
metabolism transformations are occurring. 3PN without segmen-
tation exhibit transmission spectra which are extremely similar
to those of MII oocytes. They seem to suffer from cytoplasmic
and/or nuclear immaturity. Although they were classified as MiII,
their particular maturity prevented any further development after
fertilization. Perhaps these 3PN were “immature/postmature” MII
in cases of absence of segmentation or at the “total/optimum
mature” MII stage when segmentation occurred. Fertilization elic-
its a series of cytological transformations from a morphological
and biochemical point of view in the oocyte, such as extrusion
of the second polar body, exocytosis of cortical granules, modifi-
cations of the zona pellucida as a block to polyspermy, enhanced
protein synthesis, intracellular ionic oscillations (Ca2*) and pronu-
clear formation. A disturbance in cytoplasmic events such as a
defect in exocytosis of the cortical granules or abnormal hyalo-
plasmic modifications can be involved in the stagnation of the
transmission spectra in 3PN without segmentation [18]. Of course,
according to the ethics committee, we did not analyse the trans-
mission spectra of fertilized oocytes exhibiting normal embryo
development. However, it is obvious that the analysis of trans-
mission spectra can be considered an interesting fertilization
indicator.

5. Conclusion

In this paper, we have presented a simple optical micro-system
used to measure the transmission spectra of oocytes. It is com-
posed of a micro-machined piece of silicon anodic bonded to a glass
substrate. Transmission spectra of oocyte at different maturation
stages were recorded and statistical exploitations of the data were
proposed. It appears that the system cannot be used to assess the
maturity stage (GV, MI and MII) in a blind test.

We think it is not surprising because oocytes continuously
evolve from one maturity stage to another one. To draw an inter-
esting conclusion, we believe oocytes should not only be qualified
in terms of GV, MI and MII but also regarding their temporal evolu-
tion over these maturation stages. The device we propose seems to
be able to accurately follow the maturation process of the oocytes
in a minimally invasive manner. The next step of our study will be
to record the spectra of oocytes more frequently in order to bet-
ter understand the temporal dynamic of maturation and to obtain
additional information about oocyte maturity to assist in future

selections of oocyte candidates for ICSI. Embryos must then be
chosen in elective single embryo transfer.
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