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Laboratory and synchrotron X-ray tomography are powerful tools for non-

invasive studies of biological samples at micrometric resolution. In particular,

the development of phase contrast imaging is enabling the visualization of

sample details with a small range of attenuation coefficients, thus allowing in-

depth analyses of anatomical and histological structures. Reproductive medicine

is starting to profit from these techniques, mainly applied to animal models. This

study reports the first imaging of human ovarian tissue where the samples

consisted of surgically obtained millimetre fragments, properly fixed, stained

with osmium tetroxide and included in epoxydic resin. Samples were imaged by

the use of propagation phase contrast synchrotron radiation micro-computed

tomography (microCT), obtained at the SYRMEP beamline of Elettra light

source (Trieste, Italy), and X-ray absorption microCT at the Theoretical Biology

MicroCT Imaging Laboratory in Vienna, Austria. The reconstructed microCT

images were compared with the soft X-ray absorption and phase contrast images

acquired at the TwinMic beamline of Elettra in order to help with the

identification of structures. The resulting images allow the regions of the cortex

and medulla of the ovary to be distinguished, identifying early-stage follicles and

visualizing the distribution of blood vessels. The study opens to further

application of micro-resolved 3D imaging to improve the understanding of

human ovary’s structure and support diagnostics as well as advances in

reproductive technologies.

1. Introduction

The improved visualization and clear understanding of human

ovary’s structures is highly desirable to support diagnostics as

well as advances in reproductive technologies (Paulini et al.,

2017). Several works have been reported in the literature

concerning the ovary anatomy resolved at high resolution

(Bukovsky et al., 2004); however, conventional examinations

are usually performed with two-dimensional techniques such

as visible light and transmission electron (TEM) microscopies

(Makabe et al., 2006). Ultrasound is normally used for clinical

purposes, usually to help finding anatomical modifications like

ovarian neoplasia, cysts and antral follicles, whose diameters

exceed 400 mm. However, primordial, primary, secondary and

little antral follicles are too small to be seen with ultrasounds

(Williams & Erickson, 2000). Computed tomography (CT) is

often used for monitoring and diagnosing cysts and tumours in

ovaries (Paulini et al., 2017; Rozenblit et al., 2001; Saksouk &
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Johnson, 2004), but the resolution offered by clinical CT

instruments is not high enough to resolve details of the folli-

cles. The possibility of resolving this type of tissue in a three-

dimensional (3D) visualization with micrometre resolution is

of paramount importance for a comprehensive understanding

not only of its morphology but also its physiology. Such a

methodology could be useful for comparing ovarian fragments

before and after freezing, in the context of autotransplantation

of ovarian tissue after a chemo or a radio-therapeutic treat-

ment, which are highly gonadotoxic (Ladanyi et al., 2017).

Moreover, this could provide new insights on the recent

perspective of developing a transplantable artificial ovary. To

date, a lot of artificial ovary prototypes have been created

(Chiti, Dolmans, Donnez et al., 2017; Amorim & Shikanov,

2016; Laronda et al., 2017) with impressive results, mostly with

mice follicles; however, human follicles seem to have different

requirements. A better knowledge of the human ovarian

three-dimensional structure could help in creating an artificial

ovary more similar to the native one and thus more efficient

(Chiti, Donnez et al., 2018; Chiti, Dolmans, Hobeika et al.,

2017; Chiti, Dolmans et al., 2018).

Microcomputed tomography (microCT) is established as a

non-destructive imaging tool for the production of high-

resolution 3D images of various types of samples. Numerous

reviews of the development and applications of microCT

have been published (Ritman, 2011; Boerckel et al., 2014). In

conventional X-ray microCT, contrast is due to the differences

in absorption within the sample, which depend upon the object

thickness and its atomic number and density. For studies on

materials made up of low-Z elements like most biological

samples, the absorption in the hard X-ray region is weak. This

is one of the major drawbacks of the conventional absorption-

based X-ray imaging techniques.

Since the 1990s, an alternative approach has been offered

using phase-contrast imaging techniques, which can provide

improved image contrast (Davis et al., 1995; Wilkins et al.,

1996) overcoming the intrinsic limitation of conventional

absorption imaging. These techniques, exploiting the spatial

coherence of the source, are based on the detection of phase

shifts occurring in the X-ray wavefield crossing the samples

(Fitzgerald, 2000). Synchrotrons provide X-ray beam with a

high degree of coherence and therefore they are the ideal

sources for the implementation of these techniques (Cloetens

et al., 1996; Arfelli et al., 1998), either for planar imaging or

computed tomography (Mayo et al., 2003; Betz et al., 2007).

Among the different phase-sensitive approaches (Bravin et

al., 2013), the propagation-based technique has the simplest

implementation as it uses free-space propagation to encode

the phase signal into measured intensities; in general the phase

effects are dependent upon the degree of coherence of the

incoming beam (related to the source size and the source-to-

sample distance), the detector resolution (related to the

sample-to-detector distance) and the propagation distances

from source to sample and sample to detector (De Caro et al.,

2008; Pogany et al., 1997).

Either a conventional laboratory source or a synchrotron

source can be used for microCT. Laboratory sources typically

produce polychromatic beams emitted in a cone-beam

geometry; scans are performed by rotating the sample around

a given axis over 180� or 360�, while different projection

images are acquired for equally spaced angles. During recent

years, microCTusing laboratory sources has seen an increasing

use in biological and medical research areas with the devel-

opment of the staining methods (Metscher, 2009), proving

to be a powerful technique for biomedical studies. Recent

advanced synchrotron and laboratory studies reported also

investigations of whole ovaries of laboratory animals (Kim et

al., 2012; Paulini et al., 2017) and bovines (Corral et al., 2018),

demonstrating the potentialities of this approach for esti-

mating ovarian reserve or analysing tissue changes in a 3D

perspective. However, to the best of our knowledge, there

is no literature reporting X-ray microCT of human ovarian

tissue, likely in part because of the difficulty in accessing

human material for research purposes.

In the present study, we report the first imaging of human

ovarian tissue by the use of propagation phase contrast (PC)

synchrotron radiation (SR) microCT, obtained at the

SYRMEP beamline (Tromba et al., 2010) of the Elettra

(Trieste, Italy) synchrotron laboratory, and X-ray absorption

microCT at the Theoretical Biology MicroCT Imaging

Laboratory in Vienna, Austria. The reconstructed microCT

images were compared with the soft X-ray absorption and

phase contrast images acquired at the TwinMic beamline

(Gianoncelli, Kourousias, Merolle et al., 2016) of the Elettra

light source in order to help with the identification of struc-

tures.

The results show the potentials of microCT and scanning

transmission X-ray microscopy (STXM) imaging for distin-

guishing the regions of cortex and medulla, identifying follicles

and visualizing the distribution of blood vessels.

2. Materials and methods

2.1. Sample preparation

The ovarian tissues were obtained from two patients (ages

37 and 34) undergoing laparoscopic surgery of total or partial

oophorectomy, for benign gynaecological conditions, at the

Gynaecological and Obstetrics Department of the Institute of

Maternal and Child Health IRCCS Burlo Garofolo, Trieste,

Italy. The research was approved by the Institutional Review

Board of IRCCS Burlo Garofolo. The bioptic samples were

collected after obtaining the informed consent from the

patients. The biopsies were instantly immersed in 20 ml of

flushing medium with heparin at 37�C and then transferred in

a culture dish containing flushing medium. The cortical part

was manually separated from the medullar portion and cut

into small segments (2 mm thickness, 1–2 mm width). The

slices were immediately fixed in 2.5% glutaraldehyde (Elec-

tron Microscopy Sciences, Hatfield, PA, USA) in 0.1 M

sodium cacodylate buffer (pH 7.2–7.4) for 3 h at 4�C, then 1 h

at room temperature and washed in the same buffer three

times for 30 min. A post-fixation treatment was performed

with osmium tetroxide 1% in cacodylate buffer 0.1 M for 2 h
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at 4�C followed by three washes in the same buffer. The

samples were then dehydrated with increasing concentration

of ethanol: 50%, 70%, 90% and 100%. Finally, the tissue

samples were embedded in epoxy resin (DurcupanTM Fluka)

by incubating for three days at 60�C (Pascolo, Venturin,

Gianoncelli, Bortul et al., 2018).

For microCT measurements the entire tissues segments

were used, while, for X-ray microscopy analyses at the

TwinMic beamline, 1.5 mm-thick slices were obtained from the

tissue segments and deposited on 4 mm-thick ultralene foils

(SPEX SamplePrep, LLC), following the sample preparation

described in the literature (Pascolo, Venturin, Gianoncelli,

Bortul et al., 2018; Pascolo, Venturin, Gianoncelli, Salomé et

al., 2018).

2.2. Microtomography

In this work, laboratory absorption-based microCT imaging

was performed at the Theoretical Biology MicroCT Imaging

Lab at the University of Vienna. The microCT scanning

system used for the measurements was an Xradia (Zeiss)

MicroXCT-200 (https://www.zeiss.com/microscopy/int/X-ray.

html), able to perform tomographic imaging of biological

objects of size from about 13 mm down to less than 500 mm in

diameter, with spatial resolutions down to 2 mm. This system

uses a sealed microfocus X-ray source (Hamamatsu L9421-02,

tungsten transmission target with a nominal spot size of 5–

7 mm) and secondary optical magnification: each of four

scintillator detectors is coupled to an optical microscope

objective (1�, 4�, 10�, 20�) to allow variable image reso-

lution by switching objective lenses. The source was operated

at 60 kV voltage and 83 mA current, delivering a polychro-

matic energy spectrum with an average energy of 34 keV.

Using an optical magnification of 4�, the image pixel size was

5 mm. Tomographic reconstructions were made using the

XMReconstructor software supplied with the Xradia system,

and initial visualization and rendering of reconstructed micro-

CT images was carried out using XM3DViewer.

Phase-contrast microCT scans were performed in the

propagation-based modality using the set-up available at the

SYRMEP beamline (Tromba et al., 2010) of the Elettra

synchrotron facility.

A lens-coupled CCD camera system designed to achieve up

to 2.0 mm spatial resolution was used in white X-ray beam

mode, with an average energy of 22 keV. The sample-to-

detector distance was set to 15 cm. For our experiments, 1440

radiographic projections were acquired over an angular range

of 180�. The microtomographic slices are reconstructed from

a series of 2D projection images acquired by performing a

rotational scan over 180�, which is a very straightforward

process compared with serial sectioning (Mizutani et al., 2010).

Tomographic slices were reconstructed using the conventional

filtered back projection algorithm using the SYRMEP TOMO

PROJECT (STP) software developed by the SYRMEP team

(Brun et al., 2015). The approach to the inverse problem of

phase retrieval based on the transport-of-intensity (TIE)

algorithm (Paganin et al., 2002) was used. Image processing of

the 3D volume was carried out using Avizo software.

2.3. STXM imaging

The tissue slices were analysed at the TwinMic soft X-ray

microscopy beamline (Elettra Sincrotrone Trieste, Trieste,

Italy) (Gianoncelli, Kourousias, Altissimo et al., 2016). For this

experiment, TwinMic was operated in scanning mode, where

the sample is raster-scanned under a microprobe delivered by

a zone plate (ZP) diffractive optic (Gianoncelli, Kourousias,

Altissimo et al., 2016). A fast-readout CCD camera (Andor

iXonDV860) downstream of the sample produces absorption

and phase contrast images, providing morphological infor-

mation on the scanned areas (Gianoncelli et al., 2006;

Morrison et al., 2006). For these measurements, an incident

photon energy of 1 keV and a 600 mm-diameter Au ZP with an

outermost zone of 50 nm were used, producing a spot size of

250 nm in diameter on the sample plane, similar to that used

by Pascolo, Venturin, Gianoncelli, Salomé et al. (2018).

All the experimental conditions used in the measurements

are summarized in Table 1.

3. Results and discussion

3.1. Laboratory microCT

Resin included ovarian tissue blocks of about 2–3 mm in

diameter and 2 mm in height were analysed. The reconstruc-

tion of the samples from patient 1 (34 years old) is shown in

the supporting information (Video S1). In Fig. 1 we report a

transversal slice from the tomographic analyses that allows

easy identification of the two organ components of the ovary:

the medulla part (top left) and the cortical component

(bottom right) are clearly distinguished thanks to the different

osmium staining according to the tissue composition. Like in

most species, human ovaries are composed of an outer cortex

and inner medulla. The medulla is composed of loose areolar

connective tissue containing numerous elastic and reticular

fibres (extracellular matrix), large blood vessels and lymphatic

structures. In Fig. 1, the many vessel walls are particularly

visible because of the high contrast due to osmium staining of

phospholipids. The cortex of ovaries is normally composed of
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Table 1
Techniques summary.

Technique Instrumentation
Energy
(keV)

Resolution
(mm) Field of view

Acquisition time
per scan (h)

MicroCT Theoretical Biology MicroCT Imaging Lab 34 5 3 mm � 3 mm 0.5
SR-PC microCT SYRMEP at Elettra 22 2 3 mm � 3 mm 0.5
STXM (2D) TwinMic at Elettra 1 0.25 80 mm � 80 mm 1



ovarian follicles and stromal elements, with small vessels. The

hyperdense part (bottom right of the image) corresponds to

the ovarian cortex, which is known to be denser than the

medulla (top left).

Ovarian follicles can be found at different stages of devel-

opment (least mature to most mature): primordial, primary,

secondary, secondary-vesicular and mature. However, the age

of the patient is compatible with low ovarian reserve, thus

small numbers of follicles at all stages.

Interestingly, when inspecting the CT reconstruction of the

whole tissue sample, we identified a cortical primary ovarian

follicle having a diameter of 35–37 mm: Fig. 2 shows a series of

consecutive slices extracted from the CT reconstruction every

5 mm. The follicle is clearly recognizable from the lower

absorption of the ooplasm compared with the surrounding

stromal tissue, and from the presence of the central denser

part corresponding to the nucleus of the follicle. The CT

spatial resolution does not allow the maturation stage of the

follicle to be defined; however, its dimensions suggest a

primordial or primary stage.

3.2. Synchrotron microCT

At SYRMEP we imaged a resin-embedded tissue slice of

2 mm diameter � 2 mm height from patient 2 (age 37), and

the construction of a 0.7 mm diameter� 1 mm high segment is

provided in the supporting information (Video S2).

Fig. 3 shows a transversal section of that sample. The tissue

contrast is well enhanced by the osmium staining and at this

resolution one can perceive the occurrence of vascular struc-

tures, which are particularly highly dense in the lumen border,

and hints at the presence of stromal cells (arrows). Fig. S1 of

the supporting information shows an additional slice repre-

senting a segment with a bigger portion of medullar tissue in

which the tissue vascularization is extremely contrasted. The

red oval in Fig. 3(a) indicates the transversal section of two

vessels, further shown in the extracted consecutive slices

[Figs. 3(b)–3(e)] to better highlight their structures. Those

slices were extracted at various depths at intervals of 50 mm.

Fig. 4(a) depicts a longitudinal 3D reconstruction of the tissue

from where the identified vessel is virtually extracted and

isolated [Fig. 4(b)], allowing its overall anatomy to be appre-

ciated. The reconstructed feature is of cylindrical shape with

approximate dimension of 60 mm diameter and 0.9 mm length.

Fig. 5 is a further transversal section of the reconstructed

tissue, showing a different region of the specimen in which we

recognize a spherical structure of 40 mm in diameter in the

cortex, characterized by a circular bright area with a dark

centre, that could be a primordial (or primary) follicle (inside

the red circle). As for patient 1 of Fig. 1, this sample was

collected from a patient with low ovarian reserve. The total

amount of remaining follicles is limited (Wallace & Kelsey,

2010) and is mainly of immature stages (primordial and

primary; data not shown). Few follicles have been identified by

CTreconstructions in this sample and the one in Figs. 5 and 6 is

one of the best examples. Despite the setup of the synchrotron

scan being optimized for the visualization of vessels, some

follicles were visible as well. Indeed, Fig. 6 depicts magnified

images of subsequent slices taken inside the red circle of Fig. 5,
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Figure 1
Transversal slice from laboratory microCT allowing to easily identify the
two organ components of the ovary: the medulla part (top left) and the
cortical component (bottom right). Scale bar: 50 mm. The red oval
indicates the region from where Fig. 2 was extracted.

Figure 2
Laboratory microCT reconstructed slices with identification extracted
every 5 mm depth from a sub-region (highlighted with the red oval in
Fig. 1) of the tomography reconstruction where a follicle can be
identified. Scale bar: 20 mm.



allowing to identify the rounded shape of the follicle (see

arrows) and the progressive appearance of the central nucleus.

3.3. STXM

Fig. 7 shows STXM images (absorption and differential

phase contrast images) of vessels in a 1.5 mm-thick slice of

the ovarian tissues of patient 2. Absorption images are

microradiographs sensitive to changes in thickness and/or

density of the sample; therefore they provide contrast

according to such changes. Differential phase contrast images

instead highlight borders and/or structures inside the mapped

area (Gianoncelli et al., 2006). According to the direction of

the slice cut in the tissue the vessel may appear with different

shapes, from elongated [Figs. 7(a)–7(c)] to semi-round or oval

[Figs. 7(d)–7( f)]. The sub-micrometric resolution of the

TwinMic microscope allows typical ovarian stromal cells to be

identified as well as blood cells (asterisks) that appear darker

(particularly the stromal nucleus) in the absorption images

[Figs. 7(a) and 7(d)]. In Fig. 7(d), similarly to that obtained by

tomography at higher energy, the vessel lumen (endothelial

cells) appears more and uniformly absorbing, and therefore

with higher density, compared with the surrounding stroma.

Fig. 8 shows the morphology of an ovarian tissue region

[(a)–(c)] containing primordial follicles [(d)–(i)]. The high

resolution of the STXM images allows the follicular cells to

be clearly visualized, as well as the ooplasmic and nuclear

structures. As previously shown, the presence of osmium,

which specifically stains membranes, together with a proper

sample thickness, assures maximal differentiation in absorp-

tion and phase contrast images (Gianoncelli et al., 2018).

Figs. 7 and 8 have the advantage of providing high-resolu-

tion details of the tissue and the follicles. Such details are not

visible with such a high definition by X-ray tomography; some

can be guessed from the reconstructed tomographic slices.

However, STXM provides a bi-dimensional view of the

sample, thus a projection in the direction of the tissue slicing,

and therefore it allows for a limited view of the sample. On the
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Figure 3
(a) Slice extracted from the SR-PC microtomography reconstruction.
Scale bar: 50 mm. The red oval highlights the presence of two vessels in
the cortex. (b)–(e) Details from the sub-region identified in the red oval,
visualizing slices extracted every 50 mm in depth showing the union of the
vessels into a bigger vessel. Scale bar: 20 mm.

Figure 4
(a) 3D-volume rendering of the biopsy analysed by SR-PC tomography, together with an extrapolation of the vessel (in blue) (b, c).



other hand, tomography allows bigger areas to be visualized

and in a three-dimensional modality, but with lower spatial

resolution.

4. Conclusions

In summary, conventional laboratory microCT provides a fast

and accessible imaging tool for visualizing human tissues such

as the ovary, in a three-dimensional way, providing sufficient

resolution to distinguish for instance ovarian cortex from the

highly vascularized medulla. Synchrotron-based microCT,

on the other hand, can exploit phase contrast which improves

image quality due to the strong enhancement between

different regions. This allows visualision of structures deep

in the ovarian tissue, even early stage (primorial and primary)

ovarian follicles, and vascularity with a higher definition. The

drawback, as for all synchrotron techniques, is that access to

such facilities is difficult and subject to a peer review system.

Moreover, we showed that a deeper understanding of the

ovary morphology can be obtained by combining microCT

with the STXM soft X-ray microscopy technique which

provided us with absorption and differential phase contrast

umages at sub-micrometre length scales.

The proposed approach could help to unravel important

aspects of human ovarian micro-anatomy (follicles and vessels

spatial three-dimensional distribution) and help in fertility

preservation research. This type of analysis could be helpful

in assisting cryopreservation protocols of ovarian tissue, by

analysing the structural damages secondary to those techni-

ques, contributing in improving the current clinical cryopre-

servation methods (Pascolo, Venturin, Gianoncelli, Salomé et

al., 2018; Pascolo, Venturin, Gianoncelli, Bortul et al., 2018;

Corral, Clavero et al., 2018), thus enhancing the quality of

transplanted follicles and the fertilizing potential.

The conventional way to assess follicle quality is based on

the use of visible and TEM microscopies, after a suitable

sample preparation which includes, in the case of TEM,

osmium staining and tissue slicing. Our results proves that

research papers

J. Synchrotron Rad. (2019). 26, 1322–1329 Lorella Pascolo et al. � Resolving human ovarian cortical structures 1327

Figure 5
Transversal section of the reconstructed tissue by SR-PC tomography,
showing a different region of the specimen. The red circle delineates
a region in the cortex where we extracted the slices depicted in Fig. 6.
Scale bar: 50 mm.

Figure 6
Sequential slices (extracted from the area delimited by the red circle in
Fig. 5) showing the appearance of a spherical structure of 40 mm in
diameter (see arrows), with a hypodense periphery and hyperdense
nucleus, compatible with a primordial follicle. Scale bar: 20 mm.



osmium staining provides a good contrast also in the X-ray

micrographs both at low and high X-ray energy; although it is

expected that absorption imaging would benefit from osmium

staining, it appears that this dye assists properly also in phase

contrast modality.

Moreover, embedding in epoxy resin, normally used for

TEM samples, proved to be a suitable material also for 3D

X-ray imaging.

The manuscript reports the analyses on a limited number of

samples obtained from the human ovarian cortex of two

patients. It aims at demonstrating how microCT can become

a powerful tool for a better knowledge of the structure of

human ovary.
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Figure 7
(a) STXM images, absorption (a, d), differential phase contrast in the x direction (b, e) and differential phase contrast in the y direction (c, f ) of two
vessels in a fresh tissue slice. Vessels’ walls are indicated by white tringles, red blood cells by asterisks and the nuclei of stromal cells by N. Images
acquired at the TwinMic beamline (Elettra Sincrotrone Trieste) at 1 keV with 250 nm spot size. Scale bar: 10 mm.

Figure 8
STXM images, absorption (a, d, g), differential phase contrast in the x
direction (b, e, h) and differential phase contrast in the y direction (c, f, i)
of a fresh tissue area (a, b, c) and two follicles (d, e, f and g, h, i) in a fresh
tissue slice. The granulosa cells of the follicles are indicated in the images
by arrows, ooplasm by asterisks (*) and the nuclei of stromal cells by N.
Images acquired at the TwinMic beamline (Elettra Sincrotrone Trieste) at
1 keV with 250 nm spot size. Scale bar: 10 mm.
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