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Abstract
Here, we describe a workflow for high- detail microCT imaging of formalin- fixed and 
paraffin- embedded (FFPE) equine embryos recovered on Day 34 of pregnancy (E34), 
a period just before placenta formation. The presented imaging methods are suitable 
for large animals' embryos with intention to study morphological and developmental 
aspects, but more generally can be adopted for all kinds of FFPE tissue specimens. 
Microscopic 3D imaging techniques such as microCT are important tools for detect-
ing and studying normal embryogenesis and developmental disorders. To date, mi-
croCT imaging of vertebrate embryos was mostly done on embryos that have been 
stained with an X- ray dense contrast agent. Here, we describe an alternative imag-
ing procedure that allows to visualize embryo morphology and organ development 
in unstained FFPE embryos. Two aspects are critical for high- quality data acquisition: 
(i) a proper sample mounting leaving as little as possible paraffin around the sample 
and (ii) an image filtering pipeline that improves signal- to- noise ratio in these inher-
ently low- contrast data sets. The presented workflow allows overview imaging of 
the whole embryo proper and can be used for determination of organ volumes and 
development. Furthermore, we show that high- resolution interior tomographies can 
provide virtual histology information from selected regions of interest. In addition, 
we demonstrate that microCT scanned embryos remain intact during the scanning 
procedure allowing for a subsequent investigation by routine histology and/or im-
munohistochemistry. This makes the presented workflow applicable also to archival 
paraffin- embedded material.
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1  |  INTRODUC TION

Microscopic X- ray computed tomography (microCT) is a tomographic 
imaging technique that allows to acquire genuine and isotropic 3D 
image volumes from dense and non- transparent objects at micron 
resolution. Since the 1990s, microCT has been extensively used in 
industrial imaging and metrology (deChiffre et al., 2014; Maire & 
Withers, 2014; Stock, 1999; Stock, 2020; Vasarhelyi et al., 2020). 
During the last two decades, microCT also became more wide-
spread in biomedical and biological research, gradually evolving into 
a routine technique for structural imaging of biological specimens 
(Mizutani & Suzuki, 2012; Rawson et al., 2020; Ritman, 2004, 2011; 
Stock, 2020). Initially, microCT was used mainly to study mineral-
ized animal tissues. Most prominently, microCT was used for quan-
titative bone imaging in mouse models (Bouxsein et al., 2010; Buie 
et al., 2007; Jiang et al., 2005; Laib et al., 2001), but early applica-
tions included also fossils (Tafforeau et al., 2006) or hard parts of in-
vertebrates (Marxen et al., 2008; Stock et al., 2003). More recently, 
the introduction of X- ray dense contrast agents made it possible to 
image also soft (non- mineralized) tissues with high contrast (Busse 
et al., 2018; Gabner et al., 2020; Metscher, 2009a, 2009b; Mizutani & 
Suzuki, 2012; Müller et al., 2018; Pauwels et al., 2013). Subsequently, 
microCT rapidly spread in the biological community and became a 
standard tool in many research areas such as comparative and func-
tional morphology (Gignac et al., 2016; Handschuh et al., 2019), neu-
robiology (Glueckert et al., 2018) and invertebrate biology (Schwaha 
et al., 2018; Sombke et al., 2015; Ziegler et al., 2018). MicroCT imag-
ing also became a key player in developmental imaging and embryo 
phenotyping. The first proof of principle that microCT is a power-
ful tool for embryo phenotyping was published already more than 
15 years ago (Johnson et al., 2006). Subsequent refinements in em-
bryo preparation and data analysis (Wong et al., 2014; Wong, Spring, 
& Henkelman, 2013) made microCT a powerful tool for large- scale 
automated screening for novel phenotypes in lethal mouse lines 
(Dickinson et al., 2016).

While pre- treatment with X- ray contrast agents is to date the 
gold standard for high- contrast imaging of fixed biological soft tis-
sues, other approaches have been utilized as well. These approaches 
aim at reducing X- ray attenuation in the background by replacing 
the aqueous environment of biological specimens by a medium with 
a lower X- ray attenuation than water, instead of increasing X- ray at-
tenuation of tissue. As one example, drying of specimens by using 
either HMDS or critical point drying procedures substantially im-
proves tissue contrast (Keklikoglou et al., 2019; Markel et al., 2021). 
Another example is dehydration of samples to high- percentage alco-
hols such as ethanol, because ethanol also possesses a lower X- ray 
density than water (Dudak et al., 2016). Tissue embedded in paraffin 
wax also shows reasonable microCT contrast due to the rather low 
X- ray attenuation of paraffin. Already in 2008, it was shown that 
different structures such as hair follicles and collagen bundles can be 
discriminated in punch biopsies of skin (Cnudde et al., 2008). More 
recently, microCT imaging of paraffin samples has been become more 
popular for imaging of tissue biopsies (Gabner et al., 2021; Walton 

et al., 2015) and pathology samples (Hutchinson et al., 2017; Jones 
et al., 2016; Katsamenis et al., 2019; Scott et al., 2015; Senter- Zapata 
et al., 2016; Teplov et al., 2019) and has also been used for high- 
resolution imaging of brain tissue (Deyhle et al., 2018; Eckermann 
et al., 2021; Töpperwien et al., 2018; Töpperwien et al., 2019). 
Moreover, it has been demonstrated that microCT can be used to 
image early mouse development (before E9.5) in unstained paraffin- 
embedded samples (Ermakova et al., 2018).

The present study presents an optimized workflow for high- detail 
microCT imaging of FFPE embryos, demonstrated on equine embryos 
on Day 34 of development (E34). Furthermore, we provide a detailed 
discussion on the impact of sample mounting and image processing on 
image quality in reconstructed tomographic volumes. Early pregnancy 
embryos of large vertebrates such as horse pose peculiar problems. 
They are already quite large while still being early in gestation. This 
means, that a horse embryo E34 has roughly a length of 15 mm and 
thus a similar size as a mouse fetus at the time of birth (E19). However, 
the E34 equine embryo is much earlier in development and organ-
ogenesis, showing less compact tissues and some transient organs 
such as the mesonephros. Tissues are less developed and compact in 
earlier vertebrate embryos possessing a higher amount of water and a 
lower amount of proteins (Toro- Ramos et al., 2015). This poses a spe-
cial challenge to X- ray imaging because attenuation contrast of un-
stained soft tissue in paraffin is already low for adult tissues and thus 
even lower for tissues of early embryos. Despite low intrinsic X- ray 
contrast of embryonic tissues, we demonstrate that microCT is capa-
ble both to provide whole embryo information as well as histology- 
scale detail for selected regions of interest in early pregnancy FFPE 
embryos of large vertebrates. Furthermore, we demonstrate that 
specimens remain intact during the imaging procedure, thus allowing 
subsequent histological and immunohistochemical analysis.

2  |  MATERIAL S AND METHODS

2.1  |  Conceptus collection, fixation and embedding

Sample collection and preparation were approved by the Austrian 
Federal Ministry for Science and Research (animal experimentation 
licence 68.205/067- V/3b/2018) and has been described in detail be-
fore (Okada et al., 2020). In brief, in eleven mares the genital tract 
was monitored by transrectal ultrasonography during oestrus, the 
periovulatory phase and gestation until 34 days (E34), when the 
conceptuses were recovered. Each mare was bred twice, with one 
pregnancy serving as control group whereas the other one served 
as treatment group (injection of prostaglandin F2α for 4 days from 
ovulation). For the conceptus collection on Day 34, the allantois was 
punctured using a transvaginal ultrasound- guided needle (ExaPad; 
IMV Imaging, Angoulême, France) to reduce fluid inside the em-
bryonic membranes. This withdrawal decreased the volume and 
allowed for conceptus recovery by uterine flushing using a flex-
ible silicon tube of 2 cm diameter, which was introduced carefully 
through the cervix. Due to size and fragility, only 7 pairs of embryos 
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were collected completely unharmed. Then, the embryo proper was 
separated from the embryonic membranes and fixed in 2% formal-
dehyde for 48 h. After fixation, embryos were stored in 70% etha-
nol until paraffin embedding. Specimens were dehydrated in graded 
series of ethanol solutions and embedded in paraffin wax (VOGEL 
Histo Comp 56°, Sanova Pharma GesmbH, Vienna, AT) using xy-
lene as intermedium. In total, scans from three embryos are shown 
in the paper. The first embryo was used for comparison of sample 
mounting 1 and 2 (see below). The second embryo was used to test 
sample mounting 3. The third embryo was used for correlation to 
histological and immunohistochemistry data and for acquiring an in-
terior tomography in order to explore virtual histology information 
of tomograms at higher resolutions.

2.2  |  Specimen mounting

To optimize the microCT imaging workflow for large embryos, we 
explored three different ways of sample mounting. (1) Routine em-
bedding using a cassette and block holder. During embedding the 
embryo lay flat inside the embedding cassette with either the left or 
right body side facing the block holder (Figure 1a). (2) The embryo 
was embedded in an upright position in the paraffin block. Before 
scanning, surplus paraffin around the embryo was trimmed off with 
a razor blade (Figure 1b). (3) The paraffin- infiltrated embryo was 
freely mounted in a vertical position (Figure 1c). For this mounting, 
a small paraffin base was prepared on a block holder. Subsequently, 
the paraffin- infiltrated embryo was taken out of the 60°C melted 
paraffin and attached to this base in upright position by another drop 
of liquid paraffin. Before the paraffin solidified at room temperature, 
the embryo needed to be held in place by the umbilical region for 
several seconds using soft tweezers (Figure 1g). Upon CT scanning, 
block holders were glued to the sample stage using double- sided ad-
hesive tape. Because these embryos are very sensitive to external 
pressure, manipulation can lead to damage or breakage. Therefore, a 
minimum length of the embryonic membranes was left attached to 
the umbilical region during paraffin preparation to facilitate fixation.

2.3  |  MicroCT Image acquisition

Scans were acquired using an XRadia MicroXCT- 400 (Carl Zeiss X- ray 
Microscopy, Pleasanton, CA, USA) with a source peak voltage of 40 
kVp and a current of 200 μA. Scans of whole embryos were acquired 
using the 0.4X detector assembly (no detector binning). No X- ray filter 
was applied. Projection images were recorded over a 360° specimen 
rotation with an angular increment of 0.225° between projections. 
Exposure time was 15 s for sample mounting 1 and 2 (Figure 1a,b) 
and 30 s for sample mounting 3 (Figure 1c). Isotropic voxel size was 
8.17 μm for sample mounting 1, 6.16 μm for sample mounting 2 and 
6.16 μm for sample mounting 3. Furthermore, we acquired a high- 
resolution interior tomography from the mesonephros region of one 
embryo specimen with the 4X detector assembly. Projections of the 

interior tomography were acquired with 30 s exposure and an angular 
increment of 0.225°. Isotropic voxel size in the high- resolution scan 
was 1.68 μm. Virtual slices (tomograms) were reconstructed with the 
XMReconstructor software supplied with the scanner, and recon-
structed tomography volumes were saved in *.TXM format.

2.4  |  Image processing

Since sample contrast is very weak in paraffin- embedded embryos, 
the tomograms showed a very high level of image noise when re-
constructed with full voxel resolution (no reconstruction binning). To 
compensate for image noise, we tested and compared three different 
image filtering pipelines. Information on which filtering pipeline was 
used for which data set is provided in the results section. All image 
filtering steps were performed in Amira 2019 (FEI Visualization 
Sciences Group, part of Thermo Fisher Scientific, Mérignac Cédex, 
FR). The first image filtering pipeline (two- filter pipeline) included 
two steps of 3D Gaussian filtering (step 1: Kernel size factor = 2, 
Stdev 1*1*1; step 2: Kernel size factor = 2, Stdev 2*2*2). The sec-
ond pipeline (five- filter pipeline) consisted of three steps of 3D 
bilateral filtering (step 1: kernel = 3*3*3, similarity = 20.000; step 
2: kernel = 3*3*3, similarity = 40.000; step 3: kernel = 3*3*3, 
similarity = 60.000) followed by two steps of 3D Gaussian filter-
ing (step 4: Kernel size factor = 2, Stdev 2*2*2; step 5: Kernel size 
factor = 2, Stdev 3*3*3). The third pipeline (four- filter pipeline) was 
used for freely mounted embryos in vertical position and consisted 
of three steps of 3D bilateral filtering (step 1: kernel = 3*3*3, simi-
larity = 15.000; step 2: kernel = 3*3*3, similarity = 30.000; step 
3: kernel = 3*3*3, similarity = 45.000) followed by one step of 3D 
Gaussian filtering (step 4: Kernel size factor = 2, Stdev 2*2*2).

2.5  |  Measurement of mean CT number of paraffin 
wax at 40 kVp/200 μ A imaging regime

A phantom consisting of three pipette tips containing (i) distilled 
water, (ii) absolute ethanol and (iii) VOGEL Histo Comp 56° paraffin 
wax was scanned with the same X- ray spectrum as used for scanning 
the E34 horse embryos. Based on attenuation values of water and 
air, we standardized the intensity values of this scan to Hounsfield 
units (HU). From the standardized image volume, we calculated the 
mean CT numbers of materials. CT numbers of absolute ethanol and 
paraffin wax lie between that of water (0 HU) and air (−1000 HU). 
The mean CT number of paraffin wax was −467 HU, and thus even 
lower than that of absolute ethanol (−401 HU).

2.6  |  Histology and immunohistochemistry

To test the compatibility of microCT imaging with subsequent 
immunohistochemical staining, we labelled paraffin sections of 
one microCT scanned specimen with the following antibodies and 
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employing established protocols: monoclonal mouse- anti- EGFR [Clone 
4575] (1:200 in PBS) (NeoBiotechnlogies; cat. nr. 1956- MSM25- P1), 
monoclonal rabbit- anti- EGF [3H11L6] (1:100 in PBS) (Thermo Fisher 
Scientific; cat. nr. 701538), monoclonal mouse- anti- Desmin [Clone 
D33] (1:300 in PBS) (Dako, Agilent; cat. nr. M0760), monoclonal 
mouse- anti- Vimentin [Clone V9] (1:500 in PBS) (Dako, cat. nr. M0725), 
monoclonal mouse- anti- SMA [Clone 1A4] (1:1000 in PBS) (Dako, cat. 
nr. M0851) and polyclonal rabbit- anti- vWF (1:7000 in PBS) (Dako, 
cat. nr. A0082). DAB- stained sections were counterstained with 
haematoxylin and mounted using DPX (Fluka, Buchs, CH). Slides were 
imaged with a Pannoramic scan II digital slide scanner (3DHISTECH, 
Budapest, HU) with 20x objective magnification and a pixel size 0.5 μm.

2.7  |  Image registration

For evaluation of the interior tomography and correlation of mi-
croCT and immunohistochemistry data, we registered all data sets 

using the Amira Register images tool. First, the interior tomography 
(isotropic voxel size = 1.68 μm) was registered to the whole embryo 
scan (isotropic voxel size = 6.16 μm) based on normalized mutual 
information using volume- to- volume registration. Subsequently, 
whole slide images were resized to a pixel size of 14.2 μm and regis-
tered to the microCT whole embryo scan based on normalized mu-
tual information using slice- to- volume registration. Finally, higher 
resolution ROIs of the mesonephros region of the whole slide im-
ages (pixel size 0.5 μm) were registered to the interior tomography. 
All registration procedures used only affine transformations (16 de-
grees of freedom). Thus, non- affine (elastic) deformations between 
the two data sets occurring based on re- embedding and/or geo-
metric distortions due to sectioning were not compensated, leading 
to minor deviations between the microCT and immunohistochem-
istry image data sets. However, this did not affect interpretation, 
because structures could be detected and correlated down to the 
level of single glomeruli in the mesonephros already with affine 
registration.

F I G U R E  1  Effect of paraffin coating on image contrast. FFPE horse embryos mounted three different ways. (a) Sample mounting 1: 
Horizontal mounting in a paraffin block. (b) Sample mounting 2: Vertical mounting in a paraffin block with surplus paraffin trimmed away. 
(c) Sample mounting 3: Vertical mounting by attaching the paraffin- infiltrated embryo to a small base with a drop of liquid paraffin. (d) X- 
ray projection image of an embryo using sample mounting 1. Note that, due to the low specimen contrast and the high amount of surplus 
paraffin around the embryo, the specimen is almost invisible in the X- ray image. (e) X- ray projection imaging of an embryo using sample 
mounting 2. Here, the X- ray beam has to pass through much less paraffin compared to (d), thus image contrast is considerably higher 
allowing to see interior structures in the projection image. Asterisks denote empty areas close to the embryo formed by air bubbles caught 
during embedding. (f) X- ray projection imaging of an embryo using sample mounting 3. This type of mounting brings the best image contrast, 
because no surplus paraffin is present around the embryo except for the base. (g) Step- by- step description of attaching the paraffin- 
infiltrated embryo to a sample carrier. In the first step, a small base of paraffin is prepared on a block holder (left image). Then a drop of 
liquid paraffin is put on this base, the embryo is taken out of the liquid 60° paraffin bath and put on the liquid paraffin drop in a vertical 
orientation. The embryo needs to be held in place for several seconds with soft tweezers in order to allow the paraffin to solidify at room 
temperature (middle image). After the paraffin has solidified, the embryo is ready for microCT imaging (right image).
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3  |  RESULTS

3.1  |  Sample mounting 1: Imaging of an E34 horse 
embryo in horizontal position in a paraffin block

First, we explored whether microCT could be used to image an E34 
horse embryo embedded in a 30 mm x 20 mm paraffin block using 
conventional embedding cassettes and block holders. In this sam-
ple, the embryo laid on its side facing the block holder (Figure 1a). 
When looking at this kind of sample in the X- ray projection image, 
the embryo was almost invisible inside the paraffin block (Figure 1d). 
The reconstructed tomograms (no reconstruction binning) showed 
a very low signal- to- noise ratio (SNR). As a result, the embryo could 
hardly be distinguished even in overview images (Figure 2a,d). 
Higher magnification of a selected region of interest (ROI) made it 
evident that no small- scale features could be detected due to the 
high level of image noise (Figure 2g). Volume rendering also did 
not allow 3D visualization of the embryo due to the image noise 
(Figure 1j). For this reason, we tested two different image filter pipe-
lines for post- processing of reconstructed image volumes. A two- 
filter pipeline (two steps of 3D Gaussian filtering) already brought a 
clear improvement of SNR, visible both in tomograms (Figure 2b,e,h) 
and volume rendering (Figure 2k). A five- filter pipeline (three steps 
of 3D bilateral filtering followed by two steps of 3D Gaussian filter-
ing) further improved image quality (Figures 2c,f,i,L). The high mag-
nification ROI showed that different organs of the embryo such as 
mesonephros, liver, intestine or lung could now be unambiguously 
identified (Figure 2i).

3.2  |  Sample mounting 2: Imaging of an E34 
horse embryo in vertical position in a trimmed 
paraffin block

In the next step, we tried to improve the quality of X- ray images 
by reducing the amount of surplus paraffin around the embryo. In 
conventional 20 mm x 30 mm paraffin blocks the X- ray beam needed 
to pass through 20 mm (width) to 36 mm (diagonal) of paraffin, which 
obscured the already very low attenuation differences between the 
paraffin and the embryonic tissue. Thus, we re- mounted the same 
embryo shown in Figure 2 in a vertical position and trimmed away 
surplus paraffin (Figure 1b). In the trimmed sample, the X- ray beam 
needed to pass only less than 10 mm in either direction, which con-
siderably increased the sample contrast in projection images. Some 
embryonic organs such as liver or brain could already be seen in the 
X- ray projection images (Figure 1e). This also increased the SNR in 
reconstructed tomograms (Figure 3). Based on image registration, 
we compared the tomograms of the two datasets (both filtered with 
the five- filter pipeline). Generally, finer morphological details could 
be discriminated in the trimmed specimen compared with the hori-
zontally embedded specimen in all regions of the embryo (Figure 3f), 
demonstrated on the structural information gained for heart and 
lung (Figure 3c,d), or the mesonephros (Figure 3e,f).

3.3  |  Sample mounting 3: Imaging of a paraffin- 
infiltrated E34 horse embryo mounted without 
surplus paraffin

Based on the improvement of image quality achieved by vertical 
sample mounting and trimming, we decided to test one more sam-
ple mounting. This time we freely mounted a paraffin- infiltrated 
embryo in a vertical position by attaching it on a paraffin base 
with a drop of liquid paraffin (Figure 1c). Compared with trimmed 
blocks, this mounting brought two advantages. First, there was no 
surplus paraffin around the embryo except for lowest part of the 
specimen where it is attached to the paraffin base. Thus, contrast 
in the projection images was further improved (Figure 1f). Second, 
this mounting was very gentle, reducing the mechanical stress and 
avoiding the risk of damaging the embryo specimen due to trimming. 
Furthermore, we increased the exposure time from 15 s to 30 s for 
each projection. The higher image contrast and the lower noise in 
the X- ray images yielded an even better SNR in reconstructed to-
mograms (compared with sample mounting 2). This made it possible 
to reduce the number of image filters to four (three steps of bilateral 
filtering followed by one step of Gaussian filtering), thus reducing 
the amount of blur introduced by Gaussian filtering. Fine- scale mor-
phological information could be gained in these whole embryo scans 
at an isotropic voxel resolution of 6.16 μm. This is exemplified on a 
series of sagittal (Figure 4a,b) and coronal (Figure 4c- f) tomograms, 
depicting structural details of the developing brain (Figure 4a- c), 
pituitary (Figure 4b,c), eyes (Figure 4c), inner ear (Figure 4d), heart 
(Figure 4a,b,e), lungs (Figure 4a,b,f), liver (Figure 4a,b,e), stomach 
(Figure 4e), mesonephros (Figure 4a,d,e,f) or gonads (Figure 4a,e). 
Using this kind of overview scans, for example the number of devel-
oping bronchi in the lungs or many aspects of internal heart struc-
ture are depicted. Furthermore, selected ROIs can be imaged at even 
higher spatial resolutions by acquiring an interior tomography. As an 
example, we imaged the mesonephros region of one embryo with an 
isotropic voxel size of 1.68 μm, revealing virtual histology informa-
tion on various organs of the embryo (Figure 5). This included subtle 
morphological features of many organs of the embryo, such as the 
mesonephros (Figure 5b,e), metanephros (Figure 5b,f) or the pan-
creas primordium (Figure 5g). At an isotropic voxel size of 1.68 μm, 
even single cells could be resolved in some cases, such as blood cells 
in the dorsal aorta (Figure 5b,d,f).

3.4  |  Sample integrity and subsequent 
histology and immunohistochemistry evaluation

MicroCT is a non- destructive imaging technique, which makes it a 
very powerful tool for correlative imaging. We used one E34 horse 
embryo to demonstrate how microCT can be combined with sub-
sequent histology and immunohistochemistry investigation. After 
microCT analysis, the embryo was re- embedded into paraffin to per-
form sagittal cuts at 3 μm section thickness. Several immunohisto-
chemistry stains after microCT imaging were tested, and all worked 
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without any restrictions, demonstrating that X- ray exposure did not 
hamper subsequent immunohistochemical staining (Figures S1 and 
S2). We used slice- to- volume image registration to correlate the 
image of an entire sagittal section stained for von Willebrand fac-
tor (vWF) with the corresponding virtual microCT slice (Figure 6a,b). 
Image registration made it possible to correlate microCT and immu-
nohistochemistry information down to the level of subtle morpho-
logical features such as specific glomeruli in the mesonephros when 
correlating the whole slide image with the interior tomography of 
the mesonephros region (Figure 6c- f). Based on the tomographic 
information, a histological analysis pipeline can be designed, and 
structural information of whole embryo organs can then be corre-
lated with molecular information of immunohistochemistry stains.

4  |  DISCUSSION

The present paper is the first to address in detail the relationship be-
tween sample mounting and image quality when imaging unstained 
formalin- fixed and paraffin- embedded (FFPE) samples. We showed 
that image contrast is very low when imaging such samples in 30 mm 

x 20 mm paraffin blocks, resulting in a low SNR and limited morpho-
logical detail in reconstructed tomograms. Two steps were critical to 
achieve enhanced SNR and sufficient morphological detail in data 
sets. On the one hand, mounting the sample without surplus par-
affin yields a much higher image contrast and thus a substantially 
better SNR in reconstructed tomograms compared with imaging 
embryos that are embedded lying horizontally in a paraffin block. 
On the other hand, we found that several subsequent steps of image 
filtering are inevitable for achieving an image quality that allows in-
terpretation and high- detail analysis of embryo morphology. Using 
this approach, we demonstrate that fine morphological details can 
be analysed already in overview scans of whole embryos (Figure 4). 
Moreover, interior tomographies of selected regions of interest de-
liver virtual histology information (Figure 5).

4.1  |  Relevance for studying development of 
horses and other large vertebrates

Vertebrate species share similar embryogenesis; however, more ac-
curate studies revealed that species present specificities, important 

F I G U R E  2  Comparison of different 
image filtering pipelines to reconstructed 
tomographic volumes from an E34 horse 
embryo using sample mounting 1. (a, d and 
g) Unfiltered tomograms showing a very 
low signal- to- noise ratio. In the magnified 
ROI (g), almost no anatomical structures 
can be resolved. (j) Volume rendering 
of an unfiltered scan showing only the 
sample carrier. The embryo is obscured by 
image noise. (b, e and h) Two steps of 3D 
Gaussian filtering notably improved SNR. 
(k) Volume rendering of a scan filtered 
with the two- filter pipeline already reveals 
several morphological features. (c, f and i) 
Three steps of bilateral filtering followed 
by two steps of 3D Gaussian filtering 
further improve SNR. In the magnified 
ROI (i), embryonic organs such as lungs 
(lu), liver (li), intestine (in) or mesonephros 
(me) can be unambiguously identified. (l) 
Volume rendering of a scan filtered with 
the five- filter pipeline shows all embryonic 
organs and tissues with reasonable 
contrast.
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to grade its development and understand the gestational stages. 
Early pregnancy in horses involves crucial steps such as maternal 
recognition of pregnancy and conceptus development until forma-
tion of the placenta which starts at Day 37 (reviewed by Aurich & 
Budik, 2015). Studies that allow to decipher details of conceptus 
development are essential to understand this period, which is con-
sidered a risk period with high rates of pregnancy loss (Bergfelt 
et al., 1992; Betteridge et al., 2012; deMestre et al., 2019; Hinrichs 
et al., 1987). The implementation of anatomical studies in horse em-
bryos, however, is challenging due to the long gestation together 
with a limited availability of animals for research. Available infor-
mation is heterogeneous because different methodologies and em-
bryos at diverse gestational ages were utilized (Acker et al., 2001; 
Bergin, 1968;Franciolli et al., 2011; Rodrigues et al., 2012).

Previous studies on horse embryo development used both non- 
destructive methods such as stereomicroscopic examination of 
external embryonic features (Acker et al., 2001), and destructive 
methods such as dissection and histological sectioning for the inves-
tigation of internal embryo anatomy (Franciolli et al., 2011; Rodrigues 

et al., 2012). Especially, the use of destructive methods in the past 
often restricted the sample to a single analysis. The presented mi-
croCT imaging workflow can be used to study both qualitative and 
quantitative aspects of embryonic development and leaves the 
samples intact. It allows to detect and qualitatively compare devel-
opmental phenotypes, since it provides clear images of the organs' 
external and internal morphology. Some limitation exists for the 
evaluation of superficial characteristics of the skin, due to the high 
edge contrast that originates from phase contrast at the paraffin- 
air boundary. Still, ear buds, nasolacrimal groove, nose formation 
and mouth opening could be properly observed. Besides qualitative 
evaluations, image segmentation tools can be used for volumetric 
measurements of selected organs. In a previous study we compared 
seven pairs of embryos that were produced in either physiological 
(control) or impaired (prostaglandin F2α [PGF] treatment) pregnan-
cies in the same mare. This precise information made it possible to 
identify minor differences in development between embryos from 
impaired and normal pregnancies (Okada et al., 2020). We identi-
fied differences not only in overall conceptus size but also in the 

F I G U R E  3  Comparison of tomograms 
from two scans of the same embryo 
using two different sample mountings. 
Both image volumes were filtered using 
a five- filter pipeline (three steps of 3D 
bilateral filtering followed by two steps 
of 3D Gaussian filtering). (a, c and e) 
Tomograms from microCT scan using 
sample mounting 1 (embryo embedded 
horizontally in conventional 30 × 20 mm 
paraffin block). (b, d and f) Tomograms 
from microCT scan using sample 
mounting 2 (embryo embedded vertically 
in a paraffin block, surplus paraffin 
trimmed). The higher image contrast 
in X- ray projection images in vertically 
mounted specimens (Figure 1e) results 
in a higher SNR in reconstructed and 
filtered tomograms. Finer morphological 
structures in embryonic organs such as 
heart (he), lungs (lu) or mesonephros (me) 
can be discriminated. Arrowheads denote 
artefacts in liver tissue, which appear 
due to re- melting and re- mounting of the 
embryo.

(a) (b)

(c) (d)

(e) (f)
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volume of selected organs such as lung, liver and pituitary (Okada 
et al., 2020). Furthermore, differences in heart development were 
determined with a persistent interventricular foramen in five out of 
seven PGF- treated embryos and only one out of seven control em-
bryos (Okada et al., 2020). Volumetric comparisons using FFPE em-
bedded soft tissues suffer from tissue shrinkage during fixation and 
embedding (Rodgers et al., 2022; Senter- Zapata et al., 2016). Thus, 
volumes measured from FFPE material are always smaller compared 
with the fresh unfixed tissue. However, when keeping this in mind, 
useful comparisons can still be made. When using identical fixation 
and embedding protocols for all investigated samples, shrinkage 
should be comparable across all samples thus allowing relative mea-
surements and comparisons. Tissue shrinkage has been an inherent 
limitation in all quantitative studies performed before on paraffin 
sections as well.

4.2  |  Comparison to other 3D imaging techniques

To date, microCT is one of the most widely used microscopic im-
aging techniques when it comes to structural imaging of biological 
specimens and tissue biopsies. However, many other techniques 
have been used for similar purposes, including ultra- high- field 

magnetic resonance imaging (micro- MRI), high- resolution epis-
copic fluorescence microscopy (HREM), light sheet microscopy 
(LSM) and optical projection tomography (OPT). Each of these 
techniques has specific strengths and limitations in terms of 
contrast, specificity, sensitivity and image resolution. Micro- MRI 
delivers superior contrast even for untreated soft tissues for 
non- transparent objects including vertebrate embryos (Dhenain 
et al., 2001; Ruffins et al., 2007; Zamyadi et al., 2010); however, 
voxel resolution is limited to roughly 10 μm (Lee et al., 2015) 
and access to micro- MRI systems is very limited. HREM pro-
vides high- contrast structural information based on serial sec-
tioning and block face imaging (Geyer et al., 2014; Geyer & 
Weninger, 2019; Weninger et al., 2018). As such, it is a power-
ful imaging method for imaging of samples with sizes between 
10 and 20 mm (such as E34 horse embryos shown in the pre-
sent paper) that delivers fine morphological details and outper-
forms most microCT setups in terms of contrast and resolution. 
However, HREM requires specific sample embedding protocols, 
the sample is destroyed upon physical sectioning, and sections 
are difficult to maintain for subsequent molecular analyses. 
Finally, fluorescence whole- mount imaging techniques such as 
LSM and OPT are able to deliver 3D images from fluorescence 
tags (Pitrone et al., 2013; Quintana & Sharpe, 2011; Santi, 2011; 

F I G U R E  4  Tomograms from an E34 
horse embryo scan using sample mounting 
3. The image volume was filtered with 
a four- filter pipeline (three steps of 3D 
bilateral filtering followed by one step of 
3D Gaussian filtering). (a and b) Sagittal 
slices. (c, d, e and f) Coronal slices. 
This mounting delivers superior image 
contrast, because no surplus paraffin 
is present around the embryo except 
close to the base (double arrowheads). 
Isotropic voxel resolution of 6.16 μm 
allows to analyse fine morphological 
details in embryonic organs such as brain 
(br), pituitary (pi), eyes (ey), inner ears (in), 
heart (he), lungs (lu), liver (li), stomach (st) 
mesonephros (me) or gonads (go).

(a)

(c) (d) (e) (f)

(b)
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Sharpe, 2004; Sharpe et al., 2002; Weber et al., 2014; Wong, 
Dazai, et al., 2013), but these techniques require tissue clear-
ing which is a step in sample preparation that is not compatible 
with a typical paraffin sectioning workflow. MicroCT imaging of 
FFPE samples is less sensitive compared with micro- MRI, pro-
vides less anatomical detail compared to HREM, and does not 
provide specific molecular information such as LSM and OPT. 
Nevertheless, microCT imaging of FFPE samples may create a 
distinct niche within the framework of existing imaging tech-
niques. It works on conventional FFPE material neither requiring 
a specific fixation nor a tissue staining procedure and thus can 
be neatly integrated into existing workflows.

4.3  |  Correlative analysis

Recent challenges in biomedical research often make it neces-
sary to combine two or more imaging techniques to gain as much 
information out of samples as possible, known as correlative 
multimodal imaging (Walter et al., 2020). MicroCT imaging can 
be integrated into analysis pipelines that include paraffin tissue 

embedding. Previous studies showed that the non- destructive 
nature of microCT allows subsequent investigation by histology, 
immunohistochemistry and immunofluorescence for different 
types of samples (Katsamenis et al., 2019; Teplov et al., 2019; 
Walton et al., 2015). Our results confirm these previous observa-
tions showing that immunohistochemistry worked well for the 
tested protocols (Figure 6; Figure S1 and S2), corroborating the 
high potential of microCT as a tool for screening FFPE samples 
and planning of subsequent histology and immunohistochemistry 
analysis. Based on microCT data, orientation for sectioning can 
be planned and specific regions of interest can be targeted. A 
similar aspect has been previously exploited for resin- embedded 
specimens and correlation of microCT data to light and elec-
tron microscopy (Handschuh et al., 2013; Karreman et al., 2016; 
Karreman et al., 2017; Morales et al., 2016; Sengle et al., 2013). 
In the present study, this is demonstrated on the mesonephros 
region of one specimen. Using slice- to- volume image registra-
tion, stained sections were registered into the microCT volume 
(Figure 6). Although in the present paper we only used affine 
registration that does not compensate elastic deformations oc-
curring during re- embedding and sectioning of the specimen, 

F I G U R E  5  High- resolution interior 
tomography scan from the mesonephros 
region delivers virtual histology 
information on embryo organs. (a) Volume 
rendering depicting the 6.16 μm voxel 
size overview scan (greyscale) and the 
registered 1.68 μm voxel size interior 
tomography scan of the mesonephros 
region (orange). The interior tomography 
is acquired without any physical specimen 
manipulation by using a different detector 
assembly (4X) and by repositioning of the 
tomography centre. (b) Coronal section 
showing mesonephros (me), metanephros 
(mt), gonad (go), stomach (st), ribs (ri) and 
dorsal aorta (ao). Note that in the dorsal 
aorta single blood cells can be spatially 
resolved. (c) Coronal section showing the 
spinal cord (sp) and several spinal ganglia 
(sg). (d) Transverse section showing lungs 
(lu), oesophagus (es), and aorta (ao). (e) 
Transverse section showing mesonephros 
(me), gonad (go) and aorta (ao). (f) 
Transverse section showing mesonephros 
(me), metanephros (mt), and aorta (ao). 
(g) Transverse section showing liver (li), 
stomach (st) and pancreas primordium 
(pa).

(a)

(c) (d) (e)

(f) (g)

(b)
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we were able to correlate comparatively small structures such 
as single glomeruli of the mesonephros between microCT and 
immunohistochemistry data. This allows combining the full 3D 
volumetric information delivered by microCT and the molecular 
information delivered by immunohistochemistry.

5  |  OUTLOOK

The present article discussed different approaches for microCT im-
aging of unstained FFPE tissues and demonstrated that a high level 
of morphological detail can be achieved even for early pregnancy 
embryos of large vertebrates, a sample which shows especially low 
intrinsic tissue contrast due to the higher amount of water and the 
lower amount of protein in tissues of early embryos (Toro- Ramos 
et al., 2015). These results lead us to the conclusion that high- detail 
microCT data could be acquired from (almost) every animal or tissue 
biopsy embedded in paraffin. Thus, our findings can be put into a 
much broader perspective. The current workflow can be used for 

imaging all kinds of paraffin- embedded biological material, includ-
ing archival or even historical paraffin blocks. Virtual histology data 
allows screening of paraffin- embedded specimens and precise tar-
geting of regions of interest, and this information can be used for de-
signing subsequent histological analysis. The possibility to correlate 
volumetric microCT data to histology and/or immunohistochemistry 
(Figure 6) will make microCT imaging of FFPE samples especially 
powerful in multimodal correlative imaging.

ACKNOWLEDG EMENTS
We thank Claudia Höchsmann from the Institute of Morphology of 
the University of Veterinary Medicine Vienna for technical assis-
tance. This research was supported using resources of the VetCore 
Facility (VetImaging) of the University of Veterinary Medicine 
Vienna.

DATA SHARING AND ACCE SSIBILIT Y
The data presented in this study are available from the correspond-
ing author [SH], upon reasonable request.

F I G U R E  6  Correlation of microCT and 
immunohistochemistry data. (a) Sagittal 
microCT tomogram (isotropic voxel size 
6.16 μm). (b) Whole slide image from the 
corresponding section stained against 
vWF (von Willebrand factor). The whole 
slide image was registered to the microCT 
volume using an intensity- based slice- 
to- volume registration. Note that minor 
differences between the two images 
occur because the registration procedure 
only compensated affine transformations 
(rotation, translation, scaling, shearing), 
and did not compensate non- affine 
(elastic) shape changes occurring due 
to the re- embedding and sectioning 
procedure. (c and e) Higher resolution 
tomograms (isotropic voxel size = 1.68 μm) 
from an interior tomography acquired 
from the mesonephros region show virtual 
histology details such as mesonephric 
tubules (mt) and glomeruli (gl). (d and f) 
Corresponding ROIs from the whole slide 
image, depicting vWF expression in the 
mesonephros.
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