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Synopsis Recent advances in non-invasive imaging methods have revitalized the field of comparative anatomy, and repro-
ductive anatomy has been no exception. The reproductive systems of female amniotes present specific challenges, namely their
often internal “hidden” anatomy. Quantifying female reproductive systems is crucial to recognizing reproductive pathologies,
monitoring menstrual cycles, and understanding copulatory mechanics. Here, we conduct a review of the application of non-
invasive imaging techniques to female amniote reproductive anatomy. We introduce the commonly used imaging modalities
of computed tomography (CT) and magnetic resonance imaging (MRI), highlighting their advantages and limitations when
applied to female reproductive tissues, and make suggestions for future advances. We also include a case study of micro CT and
MRI, along with their associated staining protocols, applied to cadavers of female adult stoats (Mustela erminea). In doing so,
we will progress the discussion surrounding the imaging of female reproductive anatomy, whilst also impacting the fields of
sexual selection research and comparative anatomy more broadly.

Introduction
Non-invasive imaging methods, such as computed to-
mography (CT), magnetic resonance imaging (MRI),
and ultrasound imaging are routinely used in veterinary
and medical fields (Kasban et al. 2015). They provide
the ability to rapidly identify, isolate, and animate in-
ternal anatomical features in three-dimensions (Fredieu
et al. 2015) and allow for an in-depth exploration of
anatomical structures, without the destruction of tis-
sue and specimens associated with physical dissections
(Doost et al. 2020). Advances in speed, resolution, and
image processing methods have increased the use of
these imaging methods in research, particularly in the
fields of comparative anatomy and evolutionary biol-
ogy (Mitteroecker 2020). Historically, data extracted
from such images may have been subject to qualitative
anatomical descriptions or simple linear measurements
(Bookstein 1978). More recently, 3D geometric mor-

phometrics (Adams et al. 2004) and shape complexity
tools (Arslan et al. 2021) have allowed for the multi-
variate quantitative analysis of volumetric imaging data.
Non-invasive imaging techniques have been adopted
across vertebrate and invertebrate groups (Lauridsen
et al. 2011), and have illuminated previously unknown
features of locomotor (Tsai et al. 2020), feeding (Ross
et al. 2012), respiratory (Dayan and Besoluk 2011), and
sensory (Racicot 2021) anatomy.

The field of comparative reproductive anatomy has
also benefited from advances in medical imaging tech-
nology and provides a specific set of methodological
challenges. Some hurdles are shared across male and fe-
male genital anatomy. The high proportion of soft tis-
sue and relative sparsity of mineralized elements char-
acterizing vertebrate genitals (Kelly 2016) can limit
image contrast in those modalities based upon tissue
density. In addition, clear, unambiguous, homologous

Advance Access publication May 10, 2022
C© The Author(s) 2022. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com

mailto:emma.clear@stu.mmu.ac.uk
mailto:journals.permissions@oup.com


3D imaging female reproductive anatomy 543

landmarks are often lacking from soft tissue repro-
ductive structures, limiting the application of 3D mor-
phometrics or shape analysis to this data (Orbach et
al. 2020). However, with more recent methodologi-
cal developments such as sliding and surface semi-
landmarking (Bardua et al. 2019), fully-automated
landmarking (auto 3D GM; Boyer et al. 2015), 3D har-
monic analysis (SPHARM; Shen et al. 2009), and other
outline-based approaches (Bookstein 1997), quantita-
tive measurements become more feasible, but have yet
to be applied to female vertebrate reproductive systems.
Other challenges facing the 3D imaging of reproduc-
tive anatomy are more specific to female genitalia. Rel-
ative to homologous male structures, female external
genitalia are typically much reduced in size (Weiss et al.
2012). Furthermore, in vertebrates, they often have in-
ternal cavities (the vaginal tract and the uterus), which
may be subject to compression and shape change, mak-
ing them challenging to isolate from surrounding tis-
sues (Orbach et al. 2016). The relative dearth of com-
parative anatomical studies applying medical imaging
methods to female genitalia may also reflect the histor-
ical perception of female genitalia being less variable
than male intromittent organs, and therefore, receiving
less scientific attention (Ah-king et al. 2014).

Here, we summarize the current state of the field
with regards to imaging female genital structures and
present a methodological case study of the reproductive
anatomy of the adult female stoat (Mustela erminea),
with which we explore the benefits and current limita-
tions of CT, MRI, and associated staining protocols ap-
plied to this organ system. We conclude with our sug-
gestions for future avenues of research and methodolog-
ical improvements that may be brought to bear on this
important field of study.

A review of imaging techniques
We chose to limit the scope of our review to female
amniotes, encompassing only those species undertak-
ing internal fertilization. It has been hypothesized that
the evolution of genital morphology in these species
is driven by the direct interaction between the sexes
during copulation (Eberhard 2010). Therefore, analy-
ses of female genitalia, both their morphological di-
versity and their interaction with males, will illumi-
nate potential coevolution and its wider ranging im-
plications within the context of sexual selection. We
chose to focus the review on the two technologies most
frequently applied to the challenge of virtual dissec-
tion, CT, and MRI, with additional imaging method-
ologies, including sonography, also discussed in some
detail.

X-ray CT

CT is a non-destructive imaging technique in which a
source and detector are used to map X-ray attenuation
through an intervening sample. A suite of projections
is acquired at multiple angles surrounding the sample
and subsequently reconstructed into a volumetric slice-
based tomographic dataset (Sutton et al. 2013). Orig-
inally developed in the 1970’s as a clinical diagnostic
tool (Hounsfield 1973), CT is now highly valued for
non-invasive 3D imaging in multiple fields including
veterinary practice (Garland et al. 2002), palaeontology
(Butler et al. 2022), biomechanics (Beaupied et al. 2007),
and comparative anatomy (Santana 2018).

CT technology has improved greatly since its ad-
vent, most notably in terms of increased resolution and
decreased acquisition time (Cunningham et al. 2014).
Originally, whole-body medical CT scanning used a
step-and-shoot technique, in which the sample was
slowly moved through the rotating gantry, pausing at
intervals to allow a trans-axial image to be captured
(Hsieh et al. 2006). However, the advent of helical (or
spiral) CT facilitated the capture of continuous data as
3D volumes, reconstructed using specialized algorithms
(Sutton et al. 2013). Such scanners allow for improved
visualization of small anatomical structures due to the
retrospective ability to select the reconstruction plane
(Hsieh 2000).

The development of multi-slice CT (comprising 4–
256 detector rows) has further decreased acquisition
times and reduced radiation dosages (Goldman 2008),
particularly benefitting in vivo studies (Valente et al.
2007). Historically, slice thickness has been consider-
ably coarser than the spatial resolutions achievable in-
plane. However, multi-slice helical scanning can now
generate isotropic voxels of dimensions in the range
0.3–3 mm (Sutton et al. 2013) and typically takes ∼20
min to complete (Kinoshita et al. 2019). Micro CT offers
even higher resolution images (1–100s μm) compared
to helical scanning, but scan times are longer in the or-
der of 30 min to several hours. Micro CT uses a cone-
beam X-ray source and detector whilst rotating the sam-
ple (typically) 360◦ (Boerckel et al. 2014), allowing for a
higher degree of rotational accuracy and control of the
geometric magnification through manipulation of the
distance between the source and the stage (Sutton et al.
2013). Micro CT was rapidly established as an essential
tool for evaluating bone microstructure (Feldkamp et
al. 1989), and has since been applied to a variety of both
in vivo (Arai et al. 2005) and ex vivo samples, includ-
ing imaging of soft tissues (Mizutani and Suzuki 2012).
Resulting volumetric data can be digitally segmented
to produce 3D models for quantitative analysis of mor-
phology, such as geometric morphometrics (Hedrick
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et al. 2019) and finite element analysis (Brassey et al.
2018), to examine functional and evolutionary hypothe-
ses (Davies et al. 2017).

Unlike the other imaging modalities considered here
(including MRI and ultrasound), CT relies upon ion-
izing radiation and can, therefore, induce damage and
cause detrimental effects to biological tissues (Golding
and Shrimpton 2002). For in vivo imaging, preferred
scan parameters must, therefore, reflect a compromise
between effective radiation dose and image quality, as
determined by spatial resolution, contrast, and signal-
to-noise ratio (Yu et al. 2009). As a general rule, micro
CT imposes particularly high levels of ionizing radia-
tion, due to the often-large number of projections, long
exposure times and high spatial resolutions (Willekens
et al. 2010).

Resulting CT images reflect X-ray attenuation
through a sample, which is itself primarily a function
of sample density and elemental composition. For this
reason, when scanning amniote tissue, image contrast
is particularly high between bony and soft tissues
(Campbell and Sophocleous 2014). Skeletal elements
may be segmented from surrounding soft tissue with
comparative ease (van Eijnatten et al. 2018), whilst
exposing the subtle differences between soft tissue
structures is more challenging (Pauwels et al. 2013). As
such, chemical staining agents are routinely applied to
improve contrast at soft tissue boundaries (Descamps et
al. 2014). Iodine-based contrast agents are particularly
versatile agents, which can be intravenously adminis-
tered to live specimens or used as staining solutions in
which to submerge fixed specimens. Diffusible iodine-
based contrast enhanced CT (diceCT; Gignac et al.
2016) is a technique relying on diffusion of iodinated
agents through biological tissue as the iodine binds
to naturally present carbohydrates and lipids, which
enhances radiopacity during scanning (Gignac and
Kley 2014). Phosphotungstic acid (PTA) has also been
applied as a CT contrast agent and similarly diffuses
through tissue binding to collagen and other proteins
(Metscher 2011). However, PTA is typically slower to
penetrate tissue than iodine and is acidic in solution,
which could potentially lead to detrimental chemical
and structural changes in the tissue (Metscher 2009).

CT applications to female amniote reproductive anatomy
Whilst CT has been widely applied to the challenge of
imaging female non-human amniotes, there are still rel-
atively few publications focused on female reproductive
anatomy. Historically, the bulk of this research has oc-
curred in the context of veterinary care (Gumpenberger
2017), where it has been employed to visualize numer-
ous female reproductive structures, particularly in the
diagnosis of vaginal (Weissman et al. 2013; Barozzi et

al. 2021) and uterine lesions (Wenzslow et al. 2009;
Hayashi et al. 2013), and ovarian tumors (Sontas et al.
2011; Pecile et al. 2017; Rowan et al. 2017), with much
of this research conducted on domestic mammals. In
birds, CT is the preferred tool for diagnosis of repro-
ductive tract pathologies (Konicek et al. 2020), partic-
ularly ovarian cancers (Gillenwater 2017). CT has also
been used to image ovarian follicles in reptiles, identify-
ing the presence, size, and shape of eggs (Gumpenberger
and Henninger 2001) and to determine sex in reptilian
species with low levels of sexual dimorphism (Di Ianni
et al. 2015).

In contrast, the application of CT to answer evolu-
tionary questions beyond the scope of veterinary sci-
ence is still limited in the context of female reproduc-
tive anatomy. CT data has, for example, identified the
presence of complex vaginal folds in cetacean genitalia,
which may act as a physical barrier to obscure sub-
optimal sperm and provide evidence of antagonistic
coevolution (Orbach et al. 2017a), this contrasts with
the body of research focused on the evolution of in-
vertebrate genitalia (Wojcieszek et al. 2012; Sloan and
Simmons 2019). As a result of concerted digitization
projects (see oVert (2017)), there is a growing wealth of
whole-body CT datasets available on digital platforms
such as Morphosource (morphosource.org), many of
which feature reproductive anatomy and could be used
to explore clutch sizes or stages of reproductive devel-
opment (Callahan et al. 2021). As the CT digitization of
taxonomically diverse museum collections continues,
the scope for addressing the evolution of female geni-
talia across interspecific datasets will further expand.

The majority of studies, herein, use medical heli-
cal CT of slice thicknesses between 1 and 5 mm, en-
abling scanning of the whole cadaver, retaining repro-
ductive organ placement in situ and minimizing disrup-
tion of internal morphology (Samii et al. 2004; Wang
et al. 2006; Valente et al. 2007; Cushing et al. 2013;
Weissman et al. 2013; Agut et al. 2016; Veladiano et
al. 2016; Gumpenberger 2017; Adkesson 2018; Barozzi
et al. 2021). However, there are challenges in distin-
guishing reproductive structures in helical CT due to
resolution and anatomical crowding of the pelvic re-
gion (Valente et al. 2007, Barozzi et al. 2021). For exam-
ple, Veladiano et al. (2016) imaged three psittacine bird
species and successfully resolved both the cloaca and
ovaries, but not the oviduct, despite the use of an iodi-
nated contrast agent. Helical CT can successfully facili-
tate the scanning of excised genitalia from much larger
specimens, such as cetaceans (Orbach et al. 2017b).

In contrast, micro CT is typically applied to smaller
samples (either small intact specimens, or excised tis-
sues) and is capable of achieving higher resolutions.
Nonetheless several challenges remain in applying mi-
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cro CT to female reproductive anatomy, not least the
mounting of soft tissues prior to scanning. Unlike he-
lical CT (in which the specimen lies recumbent on the
gantry) optimal mounting of samples for micro CT fa-
vors alignment of the specimen’s long axis in the ver-
tical direction (Sutton et al. 2013). Therefore, mount-
ing specimens for micro CT often requires placing the
specimen in low-density materials (cardboard, florist
foam, and plastic tubing) and maintaining humidity
to prevent desiccation and shrinkage during long scan
times (du Plessis et al. 2017). However, excised soft tis-
sues (such as genitalia) are prone to movement under
the effect of gravity, leading to blurring of the images
(Schambach et al. 2010). Wrapping specimens in soaked
gauze (typically water, saline, ethanol, formalin, or iso-
propanol) provides moisture and some stability, but still
carries the risk of tissue slumping, especially for thin
or fragile structures such as the reproductive tract. Per-
haps for this reason, micro CT is still rarely applied to
female reproductive tissues. It has provided some in-
sight into genital characteristics of extremely small ver-
tebrate species (chameleons; Glaw et al. 2021) and in
imaging embryonic cloaca (Tschopp et al. 2014), but is
unlikely to have reached its full potential as an imaging
modality.

Many studies use an iodine contrasting agent, most
commonly administered intravenously to live animals
(Samii et al. 2004; Wang et al. 2006; Wenzlow et al.
2009; Hayashi et al. 2013; Weissman et al. 2013; Agut
et al. 2016; Veladiano et al. 2016; Barozzi et al. 2021).
Due to the complex internal structures present in female
amniote reproductive anatomy a specialized contrast-
enhancing procedure, hysterosalpingography (HSG),
can alternatively be performed in vivo to specifically vi-
sualize the uterus and fallopian tubes. HSG involves a
cannula inserted into the cervix, through which a (typi-
cally iodine-based) contrast agent is injected, highlight-
ing the shape of the uterus and fallopian tubes dur-
ing examination. This technique is not restricted to a
single imaging modality and has been used with con-
ventional X-ray radiography (Ramsay et al. 1985), CT
(Abdelrahman et al. 2014), and MRI (Lee Jr et al. 1996)
as a potential precursor to more invasive diagnostic pro-
cedures.

Of those studies conducting staining on cadaveric
material, there is no standardization of the length of
time necessary for iodine staining, since it varies with
specimen size and depth (Pauwels et al. 2013; Gignac
and Kley 2018). Orbach et al. (2017b) submerged the
interacting genitalia of male and female cetaceans and
pinnipeds for 2 weeks, successfully imaging surfaces
of genital structures but achieving limited stain pen-
etration into the deeper soft tissues, whilst Moore et
al. (2021) following a similar workflow, stained the

genitals of the American alligator (Alligator mississip-
piensis) for “several” weeks. Unsurprisingly, smaller
specimens require less concentrated iodine solutions
and shorter stain times (Gignac et al. 2016). In these
cases, PTA staining may be considered as an alterna-
tive. However, it is less common in the surveyed lit-
erature, perhaps due to the inability of PTA to stain
at depths beyond ∼2 mm (Metscher 2011). PTA has,
however, been used to enhance contrast during mi-
cro CT of embryonic amniote cloaca (Tschopp et al.
2014).

The progression from medical CT to micro CT,
alongside the deployment of staining protocols, has en-
hanced our ability to resolve the often thin and mem-
branous tissues of the female reproductive system. The
increasing availability of lab-based micro CT capable
of scanning specific regions of interest and achieving
sub-micron resolutions will undoubtedly further impact
upon the field. Our case study (below) presents micro
CT data of female amniote reproductive anatomy gen-
erated on two systems capable of different resolution
ranges (0.25–25μm, and 5–125μm) in order to explore
the potential benefits of enhanced resolution applied to
such tissues.

MRI

MRI is a common non-invasive pre-clinical and clinical
imaging technology, primarily for soft tissues (Ziegler
et al. 2011), potentially lending itself well to soft tissue
reproductive anatomy visualization and measurement.
The absence of ionizing radiation in MRI, compared to
radiological techniques such as CT, is a benefit that al-
lows for repeated scans during reproductive monitor-
ing of individuals without the risk of extensive radia-
tion exposure (Wiczyk et al. 1988). Unlike CT, which
uses X-rays, MRI uses strong magnets (typically be-
tween 1.5 and 9.4 Tesla (T)) to force protons within
the tissue to align with their magnetic field. The align-
ment is then perturbed when radio-frequency energy is
pulsed through the tissue. When the energy is on, pro-
tons spin out of equilibrium and against the magnetic
pull, and when turned off, protons realign with the mag-
net and release electromagnetic energy. Unlike radio-
logical imaging, in which contrast depends on X-ray at-
tenuation of the structures, MRI contrast is a function
of how quickly this energy is released in various tissues
(Carr and Grey 2002). Different image types can be cre-
ated by varying either the time of repetition (TR), the
amount of time between successive pulses or the time
of echo (TE), the time between the delivery of pulse
and the echo signal. T1-weighted images are character-
ized by short TR and TE times, which display as bright
contrast in images such as fatty tissue. Whereas T2 are
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produced by long TR and TE times and display
as bright contrast in both fatty tissue and water
(Bitar et al. 2006).

MRI scan resolution depends upon several factors in-
cluding specimen size, field of view, magnet strength,
and gradient strength (Moser et al. 2009). Depending
on the size of the specimen, differences in coil set-
up can also influence final image quality. Preclinical
coils typically hold samples up to the size of a large
rat, whilst smaller specimens scanned in the same coils
will achieve a finer spatial resolution due to a nar-
rower field of view (Allisy-Roberts and Williams 2007).
Clinical scanners are intended for human use and usu-
ally feature a magnet strength between 0.5 and 3 T.
Such scanners can, however, be fitted with bespoke
coils to visualize medium-sized animals that are oth-
erwise too large for preclinical machines (Pinkernelle
et al. 2008). However, ultra-strength preclinical scan-
ners (such as a 9.4 T) provide overall better visualiza-
tion of the inherently small structure size of reproduc-
tive anatomy of many small animal models (Avni et al.
2015).

MRI protocols may also differ in how the data is col-
lected, either as single slices or volumetrically (Ziegler
and Mueller 2011). Single-slice MRI scans can be pro-
cessed very quickly enabling high throughput at a high
resolution, but risk bypassing discrete structures or
tissue-types (Shen et al. 2012). Czisch et al. (2001) suc-
cessfully obtained 2D slice data of bird ovarian follicles
in scans of ∼5 min, with slice thickness of 0.5–1 mm
and at a resolution of 150 μm, with the additional ad-
vantage of the animals not requiring anaesthesia or re-
covery time from the procedure. Volumetric imaging,
on the other hand, collects data on many contiguous
slices in one region but can take several hours to com-
plete (Ziegler et al. 2011). Whilst modern MRI can gen-
erate a volumetric tomographic stack, the potential for
segmenting and quantifying the 3D geometry of the fe-
male reproductive system from such data has not been
explored to the same extent as equivalent volumetric CT
datasets, and our case study is the first to do this (see
Results below).

Compared to CT, MRI can differentiate between
soft-tissue structures at high voxel resolutions with-
out the need for contrast enhancement (Sundaram and
McLeod 1990). Indeed, some pathologies benefit from
non-contrast enhanced MRI, particularly imaging of
blood vessels (Edelman and Koktzoglou 2019) and kid-
neys (Mannelli et al. 2012). However, many MR im-
ages can be enhanced through gadolinium-based con-
trast agents, which predominantly perform better on
T1-weighted scans (Ibrahim et al. 2018). Gadolinium
is a non-toxic paramagnetic substance which, when
absorbed into the tissue, enhances the relaxation of

the neighboring water protons and increases the posi-
tive signal on a T1-weighted image (Xiao et al. 2016).
It can be administered to live specimens orally, in-
travenously, or via inhalation. Cadaveric specimens
can also be submerged in a gadolinium-staining solu-
tion following a similar workflow to that established
by other imaging techniques (diceCT, PTA-staining;
Kim et al. 2009). Whilst contrast agents are con-
sidered safe for most medical use, there are some
concerns regarding adverse effects of gadolinium ex-
posure on embryos (Bird et al. 2019), which is a
clear concern when examining reproduction in live fe-
males.

MRI applications to amniote female reproductive anatomy
MRI examinations have been used extensively in a hu-
man clinical context since its first application in 1977
(Geva 2006) and applied to gynaecological problems
such as Müllerian duct abnormalities (Behr et al. 2012),
uterine myomas (Valentin 2006), and endometriosis
(Kinkel et al. 2006). In contrast, the application of MRI
to non-human amniote female reproductive anatomy is
relatively uncommon but does span a range of amniote
groups including primates (Du et al. 2010; Avni et al.
2015), other mammals (Flouri et al. 2021; Ypsilantis et
al. 2021), reptiles (Straub and Jurina 2001), and birds
(Czisch et al. 2001) and has identified a suite of female
reproductive organs.

In rhesus macaques (Macaca mulatta), changes in
uterine dimensions over the course of menstrual cy-
cles were monitored with MRI, alongside visualization
of the uterine horn and ovaries (Du et al. 2010). In
this instance, presence and thickness of endometrial lin-
ing were also identified and measured based on MRI
images. The reproductive anatomy of the laboratory
rat has also been visualized and described through the
early stages of pregnancy by MRI via the detection of
uterine bulges and embryonic vesicles (Ypsilantis et al.
2021), with placentome development similarly charac-
terized by MRI in the pregnant ewe (Flouri et al. 2021).
Additionally, ovarian follicles and the presence of eggs
have been imaged in the red-eared terrapin (Trache-
mys scripta elegans; Straub and Jurina 2001) and the
garden warbler (Sylvia borin; Czisch et al. 2001) us-
ing MRI. Most of these studies take an exploratory ap-
proach, with the aim of evaluating the feasibility of MRI
use as a method of reproductive monitoring. Few at-
tempts have been made to quantify female reproductive
anatomy using MRI, with extracted data being limited
to 2D measurements of uterus length, width, and en-
dometrial thickness.

Previous MRI imaging of the female reproductive
tract has used both T1 and T2 weighted images. Du et
al. (2010) distinguished the cervix and multiple layers of
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the uterus primarily using T2-weighted imaging, not-
ing changes in thickness of the endometrium through-
out the menstrual cycle. Similarly, changes in signal in-
tensity in T2-weighted images enabled identification of
the size and number of eggs in ovarian follicles of both
reptiles (Straub and Jurina 2001; Kummrow et al. 2010)
and birds (Czisch et al. 2001). A technique known as
Short T1 Inversion Recovery (STIR) has also been used
to produce 3D MR images of the pregnant rat uterus.
This technique acts to suppress signal for fat and in-
stead highlight only water (Fleckenstein et al. 1991),
enhancing reproductive structures that would nor-
mally be surrounded by adipose tissue (Ypsilantis et al.
2021).

The majority of these studies feature MRI of fe-
male reproductive anatomy in live animals (Czisch et
al. 2001; Straub and Jurina 2001; Kummrow et al. 2010;
Erlacher-Reid et al. 2013; Aymen et al. 2020; Ypsilantis
et al. 2021), for medical research (Stolzenburg et al.
2006; McNanley et al. 2009), or as a diagnostic tool in
veterinary medicine (Gavin 2011). Relative to in vivo
imaging, ex vivo MRI can benefit from longer scan times
and decreased subject motion, allowing for improved
spatial resolutions and decreased signal-to-noise ra-
tios (Shatil et al. 2016). MRI is, therefore, a promis-
ing method for imaging cadaveric specimens (Zarb et
al. 2017) or fixed museum specimens (Berquist et al.
2012). Yet cadaveric MRI is not without challenges, as
chemical fixatives are known to alter various MRI prop-
erties (Shatil et al. 2016). Moreover, samples must be
mounted in a medium such as formalin, phosphate-
buffered saline, or agarose gel during scanning to mit-
igate scan artefacts at the air-tissue boundary, and air
bubbles must be excluded from the fluids (Shatil et al.
2016). Perhaps for these reasons, there is a scarcity of
published work compared to studies using CT. While
Danil et al. (2014) did apply both MRI and CT to a ca-
daveric dolphin, they conducted no measurements, and
produced no reconstructions of the reproductive re-
gion. Our case study presented here is the first example
of MRI data of the non-human female reproductive re-
gion collected from fixed cadaveric material, alongside
segmentation and 3D reconstruction of morphology.

Additional techniques

Traditionally, histology and scanning electron mi-
croscopy have been used to image tissue of the fe-
male reproductive tract, including the ovaries (Palmer
and Guillette Jr. 1988; Ziehmer et al. 2010), oviducts
(Rumery and Eddy 1974; Perkins and Palmer 1996),
uterus (Psychoyos and Mandon 1971), and vagina
(Lamb et al. 1978; Mayor et al. 2013). Whilst such tech-
niques can provide valuable information on the mi-

croscopic structure of biological tissues and associated
pathologies, they also damage or destroy the specimen
(Sutton et al. 2013) and provide little insight into the
gross morphology and organ arrangement of the female
tract.

Beyond “tomographic” slice-based imaging tech-
niques such as CT and MRI, ultrasound, is also used
to image the reproductive system of larger species, es-
pecially in the agricultural industry. Ultrasound, or
sonography, has been used to advance our under-
standing of the ovarian cycle (Waberski et al. 1999;
Lazaridis et al. 2012), pregnancy status (Garcia et al.
1999), and artificial insemination (Lemma 2013) of cat-
tle (dairy farming). Ultrasound can provide anatom-
ical information on soft-tissue and organs via differ-
ential transmission and reflection of ultrasonic sound
waves in the frequency range of 3–5 MHz up to 30–
50 MHz (Kagadis et al. 2010), creating a 2D gray-
scale image, whereby the amplitudes of returning ul-
trasound waves are depicted as a function of bright-
ness (Wells 1999). Linear “digital calliper” measure-
ments of anatomical structures can quickly be captured
from ultrasound images (England and Allen 1989) dur-
ing routine data collection from large herds. Ultra-
sound interpretation is typically conducted by expe-
rienced technicians and can be used in tandem with
vaginal cytology and mucus scoring (Williams et al.
2005; Aungier et al. 2012) as a diagnostic precursor to
CT or MRI (Verstraete and Lang 2000). Whilst ultra-
sound is typically performed on live animals, recent
studies have successfully applied the technology to ca-
daveric material (Ali and Derar 2020; Wahid et al. 2020)
to delineate reproductive structures and their dimen-
sions.

Silicone casting is a technique that physically mod-
els the morphology of the female reproductive tract
and has so far been demonstrated in cadaveric dog-
fish (Squalus acanthias; Hedrick et al. 2019), alpaca
(Vicugna pacos; Brennan et al. 2021), and caiman
(Caiman latirostris; Moore et al. 2021), as well as var-
ious species of pinnipeds and cetaceans (Orbach et al.
2017b). The method involves filling the vaginal cav-
ity with liquid rubber, often dental-grade silicone, and
carefully removing the endocast when cured. Digital 3D
models of female internal endocasts can then be pro-
duced via surface-based laser scanning or photogram-
metry, and subsequent measurement and shape anal-
yses conducted (Tsuboi et al. 2020). The repeatability
of casting is high (Orbach et al. 2017b), and variabil-
ity in casting agents has been found to have little im-
pact on resulting endocast geometry (Brennan et al.
2021). However, the degree to which endocasts reliably
conform to internal contours remains somewhat un-
clear.



548 E. Clear et al.

Case study
The preceding review has identified several non-
invasive imaging technologies that have been previ-
ously applied to female amniote reproductive tissues.
Some methodologies are well-established (CT, Ultra-
sound), whilst others are nascent within the field (MRI).
The most appropriate imaging technique to deploy in
any given instance is a function of both the mate-
rial under investigation and the research question be-
ing addressed. Only limited studies have applied mul-
tiple imaging technologies to the same structures (see
Gartrell et al. (2002); Du et al. (2010); Erlacher-Reid et
al. (2013); Danil et al. (2014); d’Ovidio et al. (2015) as
examples). There are few robust methods for quantify-
ing the morphology of internal soft-tissue reproductive
structures; therefore, it is a challenge to meaningfully
compare image contrast or stain uptake across modal-
ities and assess their suitability for imaging female re-
productive systems.

Here, we present a short case study, applying a suite
of modern imaging tools to visualize the female re-
productive anatomy of adult stoats (M. erminea), and
compare the practicality of use and image quality be-
tween techniques. Stoats were selected due to their
frequent availability in museum and research collec-
tions and their body size (representing the upper ex-
treme of pelvic widths a small-bore MRI can accom-
modate). We apply micro CT (Figs. 1 and 2), silicone
casting (Fig. 3), and MRI (Fig. 4), alongside appropri-
ate staining protocols to the reproductive soft-tissue
structures in the female stoat. We bisected each speci-
men horizontally across the trunk of the body, remov-
ing all tissue located cranial to the kidneys. All speci-
mens were fixed in 10% neutral buffered formalin, apart
from the sample used for silicone casting, which was not
fixed but prepared and imaged within 48 h after thaw-
ing. We conducted micro CT imaging on three speci-
mens. One remained unstained and was scanned in a
Nikon Metrology 320 kV Custom Bay (Nikon, Hert-
fordshire, UK). The second specimen was submerged
in a buffered-Lugol’s iodine solution (following Dawood
et al. 2021, see supplementary material for formula and
protocol), and after 3 weeks scanned using a Zeiss Versa
520 (Zeiss, Oberkochen, Germany). Following an addi-
tional 11 days of staining, the same specimen was sub-
sequently scanned in a Nikon Metrology “High Flux”
bay. We used a third specimen to produce endocasts of
the lumen of the reproductive tract using Mold Star®
16 FAST dental silicone (Smooth-On, Easton, Penn-
sylvania, USA) This specimen was micro CT scanned
with the silicone endocast inside the tract in the Nikon
Metrology “High Flux” bay. MRI scanning was con-
ducted using a 9.4 T Bruker Biospec 94/20 USR hori-

zontal bore MRI scanner (Bruker, Coventry, UK) with
a T1-weighting on two specimens, one of which was
submerged in a gadolinium-based staining agent for 1
month. Image segmentation was conducted in Dragon-
fly (2021; version 2021.1) using a combination of au-
tomated gray-scale thresholding and manual segmen-
tation. Several software packages exist for the segmen-
tation and meshing of CT data (e.g., VG Studio Max,
Avizo, and 3D Slicer), all with differing functional-
ity, which may ultimately impact upon the segmen-
tation masks and surface models generated. Here, we
have restricted ourselves to Dragonfly’s “global thresh-
old” and basic region-of-interest paintbrush tools,
which ought to be comparable across packages (see
Supplementary Material for more detailed methods
information).

Results
All scanning modalities resulted in unique image
datasets, depending upon scan parameters and con-
trast stains used. Upon dissection, we noted that one
specimen had larger reproductive anatomy (Fig. 1D)
compared to the other four, featuring larger ovaries,
oviducts, and uterine horn. Oviduct width (taken post-
examination using our 3D models in the frontal plane)
was linearly measured at multiple corresponding points
and averaged at 1.85 and 2.32 mm for the “normal”
specimens (Fig. 4C and 4F, respectively), but 3.5 mm
in the anomaly, despite this animal’s overall body size
being considerably smaller. Based on observations of
closely related species, whilst there was no evidence of
embryos present, it is likely that this difference in size
can be attributed to a recent pregnancy in this animal
(Amstislavsky and Ternovskaya 2000; Lindeberg 2008).
This seasonal change in anatomy is a potentially con-
founding issue to consider when imaging female repro-
ductive anatomy. CT images of the unstained specimen
(Nikon 320 kV bay) achieved a 30 μm resolution and
took ∼1 h to complete (Fig. 1B). As expected, images
were characterized by good contrast between bone and
soft tissue, successfully resolving the skeletal elements.
However, very little contrast was achieved between soft
tissue types. Gray-scale values extracted from a transect
across the pelvis were found to peak at locations cor-
responding to bone, but otherwise remained relatively
constant across the soft tissue (Fig. 1B, inset plot). Due
to the contrast between mineralized and unmineralized
tissues, 3D surface models of the skeleton could be auto-
matically generated using threshold segmentation (Fig.
1C). The iodine-stained CT scan (Nikon High-Flux bay,
32 days in stain) was conducted at a resolution of 21
μm over the course of ∼3 h (Fig. 1E). Resulting images
showed a substantial increase in soft-tissue contrast;
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Fig. 1 (A) and (D) Female stoat specimens were bisected and the cavity opened to ensure optimal uptake of iodine solution, internal
organization was preserved where possible. (B) Slice data taken of the coronal plane of the unstained specimen in micro CT—specimen
displays very little soft tissue contrast, yet skeleton is easily resolvable. Transect line (red) runs between right femur and left femoral head.
Plot (inset) identifies gray-scale values extract along transect using the PeakFinder tool (Vischer 2013). Peaks correspond to bone
cortices. (C) 3D model of the pelvic region of the unstained specimen—reproductive tract could not be segmented. Scale bar
representative of 10 mm. (E) Slice data taken of the coronal plane of the micro CT scan of the stained specimen—iodine stain improves
muscle tissue contrast, and also highlights internal organs. Transect plot (inset) highlights “halo” effect on incomplete staining, but does
identify smaller localized peaks internally. (F) 3D model of the female reproductive tract, from the uterus to uterine horn and branching
oviducts, of the stained specimen—tract was discernible for manual segmentation. Iodine staining causes reduced contrast between bone
and soft tissue, however, making skeletal segmentation a challenge. Scale bar representative of 10 mm. Figure key: C—colon; K—kidney;
F—femur; VC—vertebral column; P—pelvis; OD—oviduct: UH—uterine horn; UB—uterine body; and C—cervix

Fig. 2 (A) Slice data taken on the transverse plane of the stained specimen in micro CT (Zeiss Versa)—iodine-contrast agent has stained
the external margins, and also provided improved contrast enhancement to the internal organs. (B) 3D model of the female reproductive
tract, from the uterus to uterine horn and branching oviducts, taken from micro CT (Zeiss Versa) data of a stained specimen. Scale bar
representative of 10 mm. Figure key: F—femur; VC—vertebral column; OD—oviduct; UH—uterine horn; and UB—uterine body
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Fig. 3 (A) Female stoat specimen was bisected and opened, but internal organization was preserved where possible. (B) Slice data taken
on the transverse plane of the unstained specimen in micro CT—blue arrow identifies the internal cavity and area filled with silicone
rubber. (C) 3D model of the pelvic bone region and silicone cast in situ in the frontal plane. Scale bar representative of 10 mm. (D) 3D
model of the pelvic bone region and silicone cast in situ in the sagittal plane. Scale bar representative of 10 mm. Figure key: OD—oviduct;
UB—uterine body; VC—vertebral column; F—femur; V—vagina; and C—cervix

Fig. 4 (A) and (D) Female stoat specimens were bisected, and the cavity opened to ensure optimal uptake of gadolinium-based contrast
agent, yet internal organization was preserved where possible. (B) Slice data taken on the coronal plane of the unstained specimen in
MRI—specimen displays some soft tissue contrast. Transect line (red) runs between femurs. Plot (inset) identifies gray-scale values
extracted along transect using the PeakFinder tool ( Vischer 2013), with several peaks discernible inside the cavity. (C) 3D model of the
pelvic region and the reproductive tract of the unstained specimen—ovaries and oviducts were visible for manual segmentation, but tract
was not distinguishable below the uterine horn. Scale bar representative of 10 mm. (E) Slice data taken on the coronal plane of the MRI
scan of the stained specimen—contrast agent has further illuminated internal architecture, muscle architecture, and bone. Transect plot
(inset) displays a smoother variation between high and low gray-scale values. (F) 3D model of the female pelvic region and reproductive
tract—ovaries, oviducts, uterus, and upper vagina were visible. Both reproductive tract and bones were manually segmented. Scale bar
representative of 10 mm. Figure key: O—ovaries; OD—oviduct; UH—uterine horn; F—femur; P—pelvis; C—colon; VC—vertebral column;
UB—uterine body; and V—vagina

the outer layers of tissue, those most in contact with
the iodine stain, showed particularly strong contrast.
The reproductive tract, including the uterus, oviducts,

and ovaries, were identifiable and could be segmented
manually, on a slice-by-slice basis (Fig. 1F). Gray-scale
values extracted across a pelvic transect peaked at the
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outer tissues and decreased internally (Fig. 1E plot), in-
dicating incomplete staining of the specimen. However,
smaller localized peaks internally indicate the presence
of some soft tissue contrast that was not present in un-
stained sample.

Micro CT scanning using the Zeiss Versa 520 was
conducted on the same stained specimen as used in the
previous micro CT images after only 21 days in stain.
Whilst this machine has the capacity to produce im-
ages at the sub-micron level, this was unachievable for
the dimensions of our specimen. The images generated
are of the highest resolution of all modalities consid-
ered here, however, at 17 μm and took ∼12 h (Fig. 2A).
The deep tissues clearly remain understained. A 3D re-
construction of the female reproductive tract could be
manually segmented, however, including the branching
oviducts, uterine horn, and uterine body (Fig. 2B), the
vagina could not be resolved. Despite the comparatively
short stain time relative to the High Flux bay, the Versa
generated higher resolution images, and it, therefore,
proved easier to manually segment internal reproduc-
tive anatomy.

A physical endocast of the vaginal lumen of the stoat
was also created and micro CT scanned in an unstained
specimen (Fig. 3A) over 37 min at a resolution of 25 μm.
Due to the small size of the specimen, it was difficult to
confirm how far the silicone had penetrated within the
tract prior to scanning without risking damage to the
internal tissue. However, the silicone was easily identi-
fiable in CT slice data (Fig. 3B) and the endocast could
be digitally segmented by hand. The 3D model (Fig.
3C and D) provides evidence that the silicone travelled
through the vulva, into the vagina, cervix, and uterus.

Specimens used in the MRI protocol were more simi-
larly sized and featured no obvious pathologies (Fig. 4A
and D). Each MRI scan took ∼4–6 h to complete, re-
gardless of staining agent. In contrast to what was ex-
pected, the unstained MRI images had a better quality
resolution than the stained, at 166 μm (Fig. 4B). This
technique also provided better soft tissue contrast than
that of unstained CT (see Fig. 1B), permitting identi-
fication and manual segmentation of the ovaries and
oviducts and adjacent skeletal elements (Fig. 4C). Tran-
sects extracted across the unstained MRI scans showed
a large variation in gray-scale values (Fig. 4B plot), illus-
trating better contrast between soft tissue types than CT,
despite lower spatial resolution. There were, however,
difficulties accurately identifying soft-tissue structures
located between the uterine horn and the vulva, poten-
tially due to the crowding within this pelvic area. The
stained MRI scans had a 194 μm resolution and pro-
vided soft tissue contrast of consistent quality through-
out the specimen (Fig. 4E). Transects across the stained
MRI (Fig. 4E plot) illustrated good contrast between tis-

sue types, similar to that of the unstained MRI data.
However, the staining agent provided enhanced con-
trast in the region within the pelvis, facilitating the iden-
tification of the uterus and vagina (Fig. 4F).

Outstanding problems for imaging
female genital anatomy
The advantages of imaging female reproductive systems
are clear—from the non-invasive diagnostic imaging of
veterinary case studies, to the creation of large-scale im-
age databases for the purpose of comparative anatomy
and functional morphology (Ziegler et al. 2010). In-
deed, the development and sharing of digital images and
data can give rise to large comparative datasets capa-
ble of addressing fundamental questions on compara-
tive anatomy and evolution of species. The development
of digital imaging modalities has enabled us to image
features of female internal genital anatomy, including
ovaries, oviducts, and the uterus at resolutions of 17
μm (micro CT) and 166 μm (MRI). Our case study
highlights the capacity to successfully capture female
reproductive morphology via multiple scanning tech-
niques, particularly the use of staining agents in both
CT and MRI applications. However, female reproduc-
tive anatomy still presents persistent challenges for 3D
imaging, and all imaging techniques provide unique ad-
vantages and challenges to visualizing this organ sys-
tem. These can include, but are in no way limited to,
issues with image contrast, staining, resolution, scan
times, and speed of segmentation.

Both MRI and CT can struggle with image contrast
in the window of soft tissues (Wenzlow et al. 2009;
Barozzi et al. 2021), and this was reflected in our own
case study (Figs. 1B and 4B). Indeed, despite > 4 weeks
staining, sample agitation, stain refresh, and consider-
able tissue surface area across which uptake could oc-
cur, our sample remained under-stained in some deeper
regions of tissue. Phase-contrast CT may be a viable so-
lution to this challenge. Phase-contrast CT relies upon
X-ray diffraction, as opposed to X-ray attenuation, and
shows strong potential in the imaging of low density
and low-Z (atomic number) materials, such as biolog-
ical specimens (Tao et al. 2021). Although typically still
applied in the context of large synchrotron facilities,
phase contrast has been successfully deployed on lab-
based micro CT sources to image cadaveric mice tho-
rax (Hagen et al. 2020) and resolve fiber orientation in
the murine heart (Reichardt et al. 2020) but, as far as the
authors are aware, has yet to be applied to reproductive
tissues.

Staining protocols have also been developed to im-
prove image contrast. However, for cadaveric studies,
concentrations and timings can drastically differ be-
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tween specimens and tissue types (Gignac et al. 2016)
and it is, therefore, challenging to produce standardized
protocols. Many CT staining studies are still conducted
on a somewhat trial-and-error basis, proving costly
both in terms of user and scan time. Some staining pro-
tocols may also damage specimens, ruling them un-
suitable for more delicate structures and smaller spec-
imens. Yet, staining remains a very active area of devel-
opment, with methodological improvements occurring
across multiple disciplines. For example, the gadolin-
ium staining trialled here (Fig. 4E) has not previously
been used in the field of reproductive anatomy, and in-
stead was developed for staining brains in neuroscience
(Kim et al. 2009; Ullmann et al. 2010). Imaging innova-
tions developed on other soft tissue structures will un-
doubtedly be brought to bear on reproductive structures
in the future.

Achieving the desired resolutions from MRI and CT
imaging remains a perennial challenge when imaging
delicate soft tissues. Despite the improved resolution
of micro CT relative to medical CT, which we show-
case here at 21 μm (Fig. 1E). Even higher resolutions
of 0.2 μm can be achieved using a sub-micron CT scan-
ner, such as the Zeiss Versa 520, which we used in our
case study achieving 17 μm (Fig. 2A). The application
of multiscalar imaging to female reproductive tissues
could also prove particularly beneficial in addressing
the problem of resolution. Applying a suite of imaging
tools, such as medical CT, micro CT, sub-micron CT,
and histology, that can span a hierarchy of tissue orga-
nizational levels of a given study animal will offer an
unprecedented level of anatomical detail. Advances in
automatic alignment and co-registration of image data
from multiple modalities can improve the identification
and segmentation of small features that may otherwise
prove challenging to extract. Such an approach has been
applied to skeletal elements (Museyko et al. 2015), brain
tissues (Khimchenko et al. 2016), and respiratory tissues
(Lawson et al. 2021), but has yet to be used on reproduc-
tive organs.

In addition to the practicalities of scanning itself,
the processing of extracting 3D metrics from 2D to-
mographic data is still both challenging and time-
consuming, and often relies on manual segmentation
of structures that are not easily discernible. For exam-
ple, in our case study there were several elements that
needed manual segmentation as opposed to automatic
or threshold segmentation by the software, most likely
due to the reduced variation in contrast. The vast ma-
jority of the models created during this case study were
manually segmented, with the only computer-assisted
segmentation conducted on the bone structures of CT
scanned, unstained specimens (see Figs. 1C, 3C, and D).
The unstained specimen used to evaluate silicone cast-

ing in Fig. 3(B) provides a visual example of the fine dif-
ferences between gray-scale values that enable thresh-
old or manual segmentation. Here, the bones could be
segmented using a threshold; however, the silicone rub-
ber (arrow in Fig. 3B) could only be manually seg-
mented. Efforts to improve image contrast are by far the
most efficient means of reducing the burden of manual
segmentation. Beyond this, machine learning tools have
shown some promise in automating the segmentation of
iodine contrast-enhanced CT of soft tissues (Mahmood
et al. 2022) and are already well-established in the field
of MRI (Akkus et al. 2017). The human uterus has been
segmented from MRI using neural networks (Kurata et
al. 2019), as have human cervical tumors (Hua et al.
2020), but this technology is yet to be broadly applied
outside a clinical setting.

As well as the practical challenges associated with
imaging the female reproductive system, there is a fun-
damental research limitation in solely considering the
female reproductive system in isolation of the male.
A newly developed technique to assess anatomical fit
during copulation has been carried out on a variety of
species (cetaceans and pinniped, Orbach et al. 2017b;
alligator, Moore et al. 2021). These methods involve in-
flation of the male erectile tissue, usually via pressurized
saline, to simulate erection. The inflated phallus is then
inserted into the frozen-thawed reproductive tract of a
female of the same species. Once alignment of the gen-
italia is determined the specimens are chemically fixed
and CT scanned. This technique assesses how well the
genitalia “fit” together during copulation, with the aim
of potentially illuminating either congruent or antag-
onistic interactions and potential coevolution of male
and female genitalia (Orbach et al. 2017b). Additional
methods offer further progression from static consid-
erations of morphology to the X-ray capture of mov-
ing data. X-ray Reconstruction of Moving Morphol-
ogy (XROMM; Brainerd et al. 2010), is a 3D imaging
workflow that utilizes bi-planar fluoroscopy to visual-
ize skeletal movement in vivo. The male penis bone is
a large and robust genital feature within several mam-
malian groups (Brassey et al. 2020), the nature of the
size and thickness of this bone could offer the chance
to visualize its movement during copulation via X-ray
imaging, thus illuminating the inherently hidden me-
chanics of copulation in an internally fertilizing species.
Examining the genitals of both sexes and how they in-
teract may help address complex evolutionary questions
regarding functional morphology.

Conclusions
The rise of 3D imaging techniques offers us novel in-
sights into the female reproductive system, that have
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never before been realized. Indeed, the amniote fe-
male reproductive system is challenging due to compli-
cated internal morphology and large proportion of soft-
tissue structures, making them an ideal testbed for tri-
alling, validating, and developing imaging technology
and associated image processing techniques. There are
many improvements to be made in this area, especially
in image contrast, resolution, scan times, standardiza-
tion of techniques, and image processing to extract
useful metrics. However, these technologies are con-
stantly evolving within the field of imaging, drawing on
techniques developed outside of reproductive anatomy,
including medicine, neuroscience, biomechanics, and
engineering. Applying new contrast agents, novel scan-
ning technologies and the use of Artificial Intelligence
to improve segmentation algorithms will all improve
the imaging of female reproductive anatomy in the fu-
ture. The potential for further exploration of repro-
ductive anatomy in female amniotes is abundant, with
many of the techniques reviewed, herein, illustrating the
capacity to analyze female genital structures on both
a macro- and a micro-scale. Imaging techniques such
as these can not only help to quantify typically chal-
lenging female internal structures but could also begin
to address the rich evolutionary dynamics that might
occur between the sexes, thus enhancing our under-
standing of the functional morphology and evolution of
genitalia.
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