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In the field of reproductive biology, there is a strong need for a suitable tool
capable of non-destructive evaluation of oocyte viability and function.
We studied the application of brilliant cresyl blue (BCB) as an intra-vital
exogenous contrast agent using multispectral optoacoustic tomography
(MSOT) for visualization of porcine ovarian follicles. The technique pro-
vided excellent molecular sensitivity, enabling the selection of competent
oocytes without disrupting the follicles. We further conducted in vitro
embryo culture, molecular analysis (real-time and reverse transcriptase poly-
merase chain reaction) and DNA fragmentation analysis to comprehensively
establish the safety of BCB-enhanced MSOT imaging in monitoring oocyte
viability. Overall, the experimental results suggest that the method offers a
significant advance in the use of contrast agents and molecular imaging
for reproductive studies. Our technique improves the accurate prediction
of ovarian reserve significantly and, once standardized for in vivo imaging,
could provide an effective tool for clinical infertility management.
1. Introduction
The term ‘ovarian reserve’ is used to describe a woman’s reproductive poten-
tial, specifically, the capacity of the ovary to produce oocytes that are capable
of fertilization resulting in a healthy and successful pregnancy [1]. It is a com-
plex clinical phenomenon influenced by multiple factors such as age, genetics
and the health of the female, as well as environmental factors. Ovaries undergo
irreversible decline of the oocyte reserve starting from the birth of the female,
eventually ending in menopause at a later age. Accurately predicting the
rate of decline remains a challenging question for researchers and clinicians.
Currently, the tests for ovarian reserve in the clinical setting include both
biochemical tests, such as measuring follicle stimulating hormone and anti-
Müllerian hormone blood concentrations, as well as ultrasonographic imaging
of the ovaries; however, they serve only as a proxy for oocyte quantity and are
considered poor predictors of oocyte quality [1]. Thus, medical imaging tech-
nologies have slowly emerged as an indispensable component of artificial
reproductive technology (ART) for the management of infertility [2]. Existing
diagnostic imaging technologies, such as pelvic magnetic resonance imaging
and ultrasonic imaging, have provided valuable insights into the mammalian
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reproductive system. Ultrasonographic follicular imaging, the
primary tool for oocyte retrieval for in vitro fertilization (IVF)
and embryo culture, reveals the growing follicle only as a
hypoechoic structure (black bubble) and is lacking the resol-
ution required to image the oocyte [3]. Folliculometric
information, such as follicular wall thickness, is determined
by manual or semi-automated segmentation and provides
only crude information with questionable predictive value
[4]. Thus, the determination of oocyte quality is vital in
assisted reproduction, but there has not yet been any assess-
ment method that does not disrupt the follicle structure.
Therefore, researchers and clinical practitioners are in
urgent need of a non-invasive innovative imaging method
that reliably predicts oocyte viability and developmental
competence. Such methods would be of great benefit for
reproductive biologists and clinicians using ART, and poten-
tially can revolutionize female reproductive health
management, in humans and animals.

The study aims to establish brilliant cresyl blue (BCB) [5] as
a contrast agent for non-destructive evaluation of oocyte qual-
ity. But contrast enhancement for imaging interventions using
BCB has so far not been attempted in ovarian follicle imaging.
A favourable toxicity profile, relative ease of use and inexpen-
sive nature makes BCB an ideal candidate for a contrast agent.

BCB is a supravital stain, commonly used for counting
reticulocytes [6]. BCB also has previously been used effectively
to identify developmentally competent oocytes without com-
promising oocyte viability [7–10]. BCB is reduced by the
intracellular activity of glucose-6-phosphate dehydrogenase
(G6PDH), a pentose phosphate pathway enzyme, the activity
of which gradually decreases as oocytes reach the growth
phase [11]. Accordingly, oocytes in the mature growth phase
do not reduce BCB and exhibit a blue-coloured cytoplasm
(BCB+ve); while growing oocytes have a high level of
G6PDH activity, resulting in a colourless oocyte cytoplasm
(BCB−ve) [12]. Multispectral optoacoustic tomography
(MSOT) was employed as a molecular imaging method
capable of selectively quantifying the distribution of specific
biomarkers using multiple excitation wavelengths and delivers
optical contrast at unprecedented resolution and penetration
depths [13,14]. The method has previously been applied to
image fluorescent proteins in model organisms [15], and for
tracking perfusion profiles of contrast agents and blood oxy-
genation in vivo [16]. MSOT uses non-ionizing radiation
(near-infrared range) with safe levels of optical flux (less than
15 mJ pulse−1 on the surface of the imaged tissue), making
it attractive for non-destructive cellular imaging. However,
the use of optoacoustic for imaging reproductive cell has
been limited. Viator et al. used photoacoustic flowmetry
to detect sperm samples in a dilute solution [17], and
Wittmann et al. employed MSOT to study blood–testis barrier.
To the best of our knowledge, the current study provides the
first experimental results of non-destructively imaging viable
oocytes from mammalian sources.

We conducted the imaging trials in vitro by injecting BCB
into porcine ovarian follicles and imaging the intact ovarian
structure ex vivo. Spectral unmixing [18] and image analysis
techniques [19] were used on acquired MSOT images to quan-
tify image contrast and identify suitable follicles with
competent oocytes. The MSOT results were further validated
using a state-of-the-art selective plane illumination microscopy
(SPIM) tool. In this way, both the anatomy and contrast
agent distribution [20] were visualized, gaining precise
folliculometric information, including volume, anatomical
position, structural details and oocyte size. To investigate
whether theprocedure is toxic to theoocytes inanyway, oocytes
from the tested follicles were isolated and cultured in vitro then
analysed by real-time and reverse transcriptase polymerase
chain reaction (RT-PCR) and DNA fragmentation analysis.

The results conclusivelyprove that theadministrationofBCB
and MSOT imaging do not impact the viability of reproductive
units, i.e. oocytes. Our experimentations support the usefulness
of BCB-enhanced MSOT imaging as a simple, gentle and effi-
cient translational imaging method of monitoring oocyte
viability. Thus, the current study opens up new possibilities
for workflow optimization and risk-mitigation in ART.
2. Experimental methods and results
2.1. Spectral evaluation of brilliant cresyl blue and

experimental protocol for imaging of follicles
A commercial MSOT system (inVision 256TF, iThera Medical
GmbH, Munich, Germany) was used to probe a narrow
windowofBCB contrast in the near-infrared range (wavelengths
680–900 nm).Given the inherentnoise and lowcontrast in ex vivo
imaging samples, we employed non-negative constrained
model-based image reconstruction [21,22] and automatic cali-
bration methods [23] to improve image quality. Recent studies
have shown that the optoacoustic spectrum is often not
correlated to the absorption spectrum of chromophores.
Additionally, Luke et al. have shown that≥ 5 wavelengths are
required to have a stable concentration estimate of a chromo-
phore during spectroscopic optoacoustic imaging [24]. As
described previously [25], we diluted a 13 mM stock solutions
of 1 M BCB in Dulbecco’s phosphate-buffered saline (DPBS) to
six working concentrations (25 × to 250 × dilutions). We used
10 wavelengths to derive the reference optoacoustic spectrum
for BCB at the designated concentrations [26]. An automatic seg-
mentation and tracking algorithm developed in-house [19] was
used to automatically annotate the region of interest (ROI)
(approximately 25 ± 2pixels) in real time and50 frameaveraging
was done to achieve high signal-to-noise ratio. As illustrated in
figure 1, optoacoustic spectral evaluation revealed that 260 µM
(50 times dilution) BCB provided satisfactory signal recovery
without quenching. This concentration was subsequently used
throughout the experimentation and imaging trials. Figure 2
illustrates the phases in the entire ovarian imaging protocol (5
phases) standardized for the study. Ovarian follicles were first
injected with BCB solution using a fine bore needle (31G). Fol-
licles contain follicular fluid that further dilutes BCB, so
injection concentrations were conservatively overestimated by
10%volume (figure 2.1). The ovarieswere thenplaced onapoly-
ethylene sheet supplied with DPBS solution and placed in the
imaging domain submerged in deionized water at 34°C for the
MSOT imaging (figure 2.2). In figure 2.3, the single-wavelength
image acquired at 690 nm shows the internal anatomy of the
extracted ovary after the injection of BCB. To clearly identify
the locations where BCB is deposited relative to tissue mor-
phology, we spectrally unmixed the MSOT signals into two
channels (BCB and tissue). The BCB channel showed deposition
along the walls of the follicles (figure 2.3—spectrally resolved
image). We used five different wavelengths (680 nm, 690 nm,
700 nm, 710 nm and 850 nm) to acquire the spectral dataset. A
vertex-component analysis-based blind spectral unmixing
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Figure 1. Wavelength-dependent optoacoustic signal extinction curve for
BCB. The optoacoustic signal responses are measured at several pre-injection
dilution coefficients (x = 13 mM stock solution of BCB/DPBS) using the MSOT
(cross-sectional) imaging at varying wavelengths. The BCB solution was per-
fused through a transparent fine bore polyurethane tubing (0.86 mm ID and
1.27 mm OD) embedded inside a scattering agar block (7% intralipid by
volume). The signal values were determined by fitting an ROI and computing
the mean image intensity across the ROI, each for corresponding wavelengths
(20 wavelengths were recorded) and dilution coefficients. A representative
reconstruction of a cross-sectional image is shown as an inset.
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algorithm [27] was used to isolate the location of the BCB chro-
mophores. The individual follicles were isolated and the
cumulus-oocyte complexes (COCs) manually extracted and
visually evaluated by optical microscopy. Figure 2.4 shows the
microscopic images ofCOCs graded for validation of the results.
We have also developed automated oocyte grading algorithms
based on machine learning techniques [28,29], but full descrip-
tions are beyond the scope of this account. In the final stage of
theworkflow,we attempted in vitro embryo culture of irradiated
oocytes (figure 2.5) to ascertain viability.

In figure 3a, we show the unmixed BCB channel and the site
of extraction of the chosen oocyte (inset marked with box).
However, looking at a two-dimensional frame does not pro-
vide correct size estimate of the follicle. Thus, we included
the three-dimensional rendering of the full ovarian mass by
stacking multiple scan slices along the Z-direction scanned at
a distance of 0.1 mm (figure 3b). The three-dimensional scan
provides suitable anatomical landmarks and allows the
computation of follicular volume, an important marker of
maturity as corroborated by SPIM measurements (electronic
supplementary material, figure S1). A flyby video of cross-
sections of the entire ovary is shown in movie 1 (frames: 160,
step size: 0.1 mm, obtained at 720 nm at 34.1°C). Fast scanning
protocols (approx. 5 min/ovarian sample) with 10 Hz laser
pulsation were employed, the laser irradiation on the surface
of ovaries is 12–20 mJ/pulse (wavelength dependent). The
values are below the maximum permissible limits (MPE) for
in vivo small animal imaging.

Ovaries were scanned before (pre-injection) and after (post-
injection) the BCB was injected. We observed a clear increase of
signal along thewalls of the follicles post-injection, as illustrated
by figure 4b, vis-à-vis thepre-injection image (figure 4a). The test
was repeated over 12 ovarian samples (approx. 100 follicles).
Two ovaries were selected for quantitative evaluation and
their relative signal increase was calculated. Figure 4c shows
box plots of normalized intensities of 15 ROIs chosen in each
ovary along the follicle walls for two independent ovarian
samples. In both cases, the intensity of optoacoustic signal
from the post-injection image was higher than pre-injection
image of ovaries, considering the images were acquired at
690 nm laser wavelength, i.e. highest absorption of BCB in the
probedoptical spectrum. In thepre-injection sample, the follicles
are barely visible; however, the residual blood in bigger vessels
shows up as bright contrast (figure 4a). Thus, we chose suitable
ROI (around the follicles) instead of taking the mean intensity
value of the images, to avoid erroneous quantification from
the presence of residual blood. The spread of contrast values
post-injection was higher compared to pre-injection, due to the
different levels of hormones and follicular volumes (figure 4b).
The detailed scatter plot (electronic supplementary material,
figure S2) shows the intensities before and after injection of
eachROI. Close observation revealed that some ovarian follicles
show no significant changes in contrast even after injection;
these are developing follicles that decolourize the BCB contrast.
These BCB−ve follicleswere thus rejected, and oocyteswere not
extracted from them for further development.
2.2. Validation of multispectral optoacoustic
tomography imaging using histology and
SPIM studies

The MSOT system used was limited to 150 µm in-plane resol-
ution [30], extendable to approximately 120 µm using pixel
super-resolution methods [31]. This was optimal for visualiz-
ing BCB contrast within follicular masses, but fell short of
visualizing the COCs. To validate our observations at higher
resolution, a randomly chosen set of MSOT-analysed ovarian
follicles were cryosliced (figure 5a) for examination using histo-
logical methods and SPIM. The inset (red) in figure 5a shows
the chemically cleared oocyte, figure 5b shows the reference
MSOT image, figure 5c shows the haematoxylin and eosin
(H&E) stained image (20 x) and figure 5d shows the SPIM
image of the intact follicle.

A state-of-the-art SPIM system [32] (electronic sup-
plementary material, figure S1a) was fabricated in-house to
enable ovarian follicular imaging. Awide range of individual
follicles were extracted from two different sets of ovaries and
all selected samples were imaged in their entirety, as their
sizes matched the camera field of view. The SPIM imaging
requires sample transparency, which was achieved via a
time-consuming chemical clearing protocol to render the
samples free of optical scattering (see electronic supplemen-
tary material for details of the SPIM method). The high
contrast-to-noise ratio and image resolution achieved by
SPIM readily distinguished the different anatomical features
(figure 5d ). We analysed the most relevant morphological
features using the SPIM images, i.e. size of the developing
COC and follicle wall thickness. The COC can be clearly
seen attached to the inner follicle wall. COCs were detectable
in approximately 70% of follicles, and COC size varied
between 40 µm and 110 µm (electronic supplementary
material, figure S1b/movie S2). Detection of COC as small
as 40 µm is comparable to the resolution of histological analy-
sis [33] and surpasses that of ultrasound biomicroscopy [34].
Histological sections obtained through cryoslicing (figure 5a)
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and H&E stained microscopic images served as controls
(figure 5c).
2.3. In vitro embryo culture
We examined whether oocyte viability was harmed by laser
irradiation from MSOT scanning and BCB staining. Nuclear
maturation of each oocyte was scored by attainment of
metaphase II, as judged by the presence of condensed chromo-
somes in an equatorial position and extrusion of the first polar
body (figure 6). Nuclear maturation data (table 1) showed no
significant difference in nuclear maturation rate between
MSOT-scanned and non-scanned control oocytes. The MSOT
scanner provides a narrow, but sufficient band of wavelengths
to identify signals from competent BCB (+) follicles and
distinguish them from the developing follicles. This enabled
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Figure 5. The cryosliced image of BCB+ porcine ovary (a), and the optoacoustic image of the selected ovarian section (b). The histological evaluation was done
using H&E stains (c) and validated using the SPIM imaging (d ). Inset in (a) shows an isolated follicle which was cleared and imaged using SPIM to obtain the
corresponding anatomy for validation (d ); the arrow points to the attached COC. Scale bars, ca 1 mm.
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suitable oocytes to be selected for in vitro embryo culture
without disrupting follicle structure. To validate the findings,
we assessed the competence of oocytes to develop further
by culture in vitro. Oocytes aspirated from MSOT-scanned
ovaries were parthenogenetically activated to indicate devel-
opmental potential. Development was scored as the number
of embryos consisting of two to eight equally sized blastomeres
48 h after activation. No statistically significant difference was
observed between MSOT-scanned BCB+ve oocytes and con-
trol BCB +ve oocytes (table 1), indicating that MSOT
scanning has no detectable detrimental effect. As expected,
nuclear maturation and parthenogenetic activation rates were
significantly higher in BCB +ve than BCB –ve oocytes, as
reported in goats [35] and heifers [36]. The low nuclear matu-
ration rate of BCB –ve oocytes could be due to incomplete or
abnormal cytoplasmic maturation.
2.4. Expression of stress and apoptosis-related genes
in brilliant cresyl blue-multispectral optoacoustic
tomography scanned porcine cumulus-oocyte
complexes

Gene expression analysis of five genes (electronic supple-
mentary material, table S1) chosen for their roles in cell
stress and apoptosis was conducted to determine whether
BCB staining and irradiation from MSOT scanning is stressful
to oocytes. Differential expression of the stress-associated
gene TP53 and three genes related to apoptosis, BCL, BAK
(BCL2-antagonist/killer) and CASP3 (caspase 3), was ana-
lysed by quantitative real-time RT-PCR in two pools of 50
to 60 randomly selected COCs from scanned and control
ovaries without considering their developmental competence



Table 1. Nuclear maturation and parthenogenetic activation.

MSOT scanned control group

BCB +ve BCB −ve BCB +ve BCB −ve

nuclear maturation (%) 85.52 ± 2.92 78.41 ± 3.91 86.48 ± 3.07 79.9 ± 3.82

parthenogenetic activation (%) 88.91 ± 3.65 70.57 ± 3.28 87.98 ± 4.91 69.03 ± 5.26
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Figure 6. Progression of BCB stained oocytes through different stages of matu-
ration. (a) Immature oocyte, (b) germinal vesicle breakdown stage, (c)
appearance of first polar body and (d ) mature oocyte with visible polar
body and metaphase plate. Mitochondrial distribution of (e) BCB +ve oocytes
showing uniform distribution with polar body and metaphase plate, ( f ) a con-
trol oocyte showing uniform distribution with polar body and metaphase plate
and (g) BCB −ve oocyte arrested at germinal vesicle breakdown stage with
non-uniform mitochondrial distribution. All scale bars indicate 100 µm.
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(figure 7a). Three replicates were conducted for each exper-
iment. Figure 7b shows that no significant difference was
detected in relative mRNA expression of TP53, BCL, BAK
and CASP 3 ( p < 0.05), between oocytes isolated from BCB-
MSOT-scanned and control ovaries. Studies in humans and
mice have revealed a clear relationship between in vitro cul-
ture-related stress and TP53 expression in embryos [37].
BCL XL, BAK and CASP3 are members of two important
regulatory families involved in apoptosis. BCL XL and BAK
are pro-apoptotic members of the Bcl-2 family that induce
oocyte apoptosis when cytoplasmic levels are elevated [38].

2.5. DNA fragmentation assay
TUNEL analysis to detect DNA fragmentation was carried out
as a further indicator of cell stress and apoptosis, following the
protocol described previously [39] (figure 8a–c). A TUNEL
score was determined as the percentage of COCs showing
signs of DNA fragmentation, as indicated by a fluorescent
signal. There was no significant difference in TUNEL score
between oocytes isolated from BCB-MSOT-scanned ovaries
(31.26% ± 4.23) and from control ovaries (30.11%± 2.97).
Though it is not clear whether the BCB test could serve as an
indirect marker of oocyte apoptosis, our investigation of the
probable effect of MSOT scanning on oocyte quality revealed
that it imposed no apparent stress on the oocyte. The average
exposure time for each ovary was approximately 25 min,
with maximal flux approximately 20 mJ cm–2 (per pulse) and
an average intensity of 200 mW cm–2 at the surface (at
750 nm). Although not directly relevant for our imaging
experiments, these per-pulse energy levels and average
power of the laser were below the MPE levels for human
skin [40]. There exists no regulatory guideline for irradiation
of internal organs or reproductive tissue, and researchers com-
monly determine damages by visual observation or cryoslicing
extracted tissue. The histological and SPIM evaluations
showed no physical damage to the tissue. Due to extended
processing time and exposure of oocytes due to imaging, we
also conducted DNA fragmentation checks. We found no evi-
dence of DNA fragmentation in the cumulus layer in immature
porcine COCs. This is consistent with a similar finding in cattle
where no TUNEL signal was obtained in cumulus cells of
immature oocytes [41]. Thus, the DNA fragmentation assay
and relative mRNA expression of important apoptosis-related
genes indicate that BCB-MSOT scanning does not cause stress
to the oocytes.
3. Discussion and conclusion
We describe a novel combination of ovarian follicle imaging
with BCB as intra-vital contrasting medium using MSOT tech-
nology. The volumetric optoacoustic scanning (planar imaging
plus Z-translation) provided suitable anatomical landmarks,
and multi-wavelength acquisition allowed spectral resolution
of the contrast agent (BCB). The anatomic scans using single-
wavelength optoacoustic images and three-dimensional acqui-
sitions distinctly show the follicular antrum and theca internal
layers (figure 3; electronic supplementary material, movie S1),
allowing individual follicles to be easily identified. The seg-
mentation and volumetric evaluation of the follicles from
anatomic data (as carried out in the ultrasonic evaluation of
ovaries in clinical cases) can also be achieved using the
MSOT data [4,42]. However, such evaluations are beyond the
scope of the current article and are anyway redundant and
insufficient in view of the availability of superior molecular
information (BCB contrast) provided by MSOT.

Ovarian follicles were validated by a state-of-the-art SPIM
system specifically designed for ovarian follicle imaging.
Clearly distinguishable COCs protruding into the follicular
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antrum of several antral and Graafian follicles were measured
at 40–110 µm, and their correlation with the developmental
stage of the follicles was as described by others [33] (elec-
tronic supplementary material, figure S1). SPIM imaging
coupled with the cryosection and histological (H&E stained)
images provided a suitable measure to determine the efficacy
of the BCB contrast-enhanced MSOT imaging protocol.

The MSOT system has lower imaging resolution compared
to microscopy but has the advantage of being non-destructive,
unlike SPIM and histological analyses. The high spatial
resolution and excellent contrast offered by BCB contrast-
enhanced MSOT imaging provide quantitative anatomical
information similar to that obtained by ultrasonic measure-
ments commonly used in animal studies [33] and clinical
practice [4]. Furthermore, the functional capability of MSOT as
an imaging modality allows visualizing the presence (or
absence)ofBCBcontrastwithoutdisrupting the follicle, opening
up exciting new possibilities in molecular imaging for ART.
Maintaining oocyte viability was one of the most important cri-
teria for our study and defined the choice of BCB as a contrast
medium and MSOT as a non-ionizing imaging modality.
MSOT imaging added an extra few hours to the processing of
COCand in vitro culture. TheRT-PCRandembryodevelopment
assayweredone to see if the additional steps haveanydetrimen-
tal effect on the oocyte quality. However, we found no contra-
indications. Parthenogenetic activation and embryo develop-
ment indicated that the imaging was harmless and analysis of
DNA fragmentation, and the expression of important apopto-
sis-related genes indicated no apparent damage to the oocytes.
Our investigation provides further support for the use of BCB
as a safe labelling agent for oocyte selection and demonstrates
the applicability of MSOT in in vitro embryo production.

There is immense scope for improving ovarian imaging
techniques, as existing methods provide only crude infor-
mation with questionable predictive value. Oocyte quality
is certainly an important factor determining the outcome of
ART procedures, but so far it has not been possible to test
oocyte quality within a follicle. We therefore anticipate that
a non-destructive method that reliably predicts the quality
of the developing oocyte inside a follicle will be of great
benefit. As illustrated in the current article, an approach for
functional oocyte and embryo assessment by ovarian ima-
ging with the use of an exogenous contrast agent can
indeed be a key new technology for artificial reproduction.

The current study is a step beyond the conventionally prac-
ticed ultrasound guided antral follicle count and the proxy
biochemical tests used for predicting ovarian reserve. The pro-
posed methodology takes into account the quality, the
competence and the developmental potential of the oocyte
residing in the follicles within the ovary. Recent advancements
in MSOT technology have allowed non-invasive assessment of
intestinal wall [43], transvaginal imaging of ovaries [44] and
transrectal imaging of prostate [45]. These technological
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progresses in system design will indeed be helpful in translat-
ing our imaging protocol to clinics. Future development of the
approach will open new dimensions in follicular imaging deli-
vering useful anatomical, functional and molecular
information without hampering the integrity of the follicle.
Possible applications include diagnosis of follicular cysts,
empty follicle syndrome and developmental studies. The
poor quality of retrieved oocytes due to improper timing of
oocyte retrieval is an important factor in the relatively low suc-
cess rate of human IVF. In vivo visualization of oocytes in situ
could help practitioners to make informed decisions about
timing oocyte retrieval.
 if
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4. Experimental section
The materials and methods are detailed in the electronic
supplementary material. Additional results (electronic sup-
plementary material, table S1 and figures S1 and S2)
supporting the claims made in the paper are included in the
electronic supplementary material.
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