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Abstract
The gold standard for studying biological soft tissues at the microscale (i.e., histology) is tissue sectioning with subsequent colorimetric or 
fluorescent staining and visual inspection under the microscope. When tissue integrity must be maintained for 3D histological assessment, 
contrast-enhanced microfocus X-ray computed tomography (CECT) is a promising solution, but there is still a lack of staining protocol 
optimization of contrast-enhancing staining agents (CESAs). Therefore, in this study, mouse auricles were incubated with Hafnium-substituted 
Wells–Dawson polyoxometalate, cationic iodinated contrast agent, or Lugol’s iodine and were imaged with high-resolution CECT. Alignment 
with corresponding H&E-stained sections enabled the identification and segmentation of different tissue types. Contrast differences between 
tissue types were increased by washing the samples after staining or by combining CESAs. Finally, we proved that the latter could be used to 
quantitatively assess the 3D thickness distribution of the epidermis in the ears of a mouse model of psoriasis-like dermatitis. In conclusion, 
CECT and bright-field microscopy are complementary and not mutually exclusive techniques for the histological assessment of biological 
tissues. While bright-field microscopy gives detailed information about the cellular composition of tissues, CECT provides a better insight into 
the spatial interrelationship of tissues and is a powerful tool for performing 3D structural quantification.
Key words: 3D X-ray-based histology, contrast-enhanced computed tomography, contrast-enhancing staining agents, external ear
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Introduction
Studies of physiological and pathological processes often require 
the histological analysis of biological samples, meaning their 
evaluation at the microscopic level. In most clinical and preclin
ical laboratories, histology is conventionally studied using 
optical (bright-field and fluorescence) microscopy. Numerous 
colorimetric and fluorescent staining techniques have been de
veloped, ranging from general stains used to assess the global 
cellular and extracellular matrix organization to the specific 
staining of a single protein. As such, hematoxylin-eosin 
(H&E) and Masson’s Trichrome (MTC) are the most general 
colorimetric stains by highlighting cytoplasm, nuclei, and fibers. 
More specific stains include Safranin O, used to stain cartilage, 
or Verhoeff’s stain, used to highlight elastic fibers (Titford, 
2009; Musumeci, 2014). The highest specificity is conferred 
by antibodies, which are used to stain proteins by immunohisto
chemistry or immunofluorescence (Coleman, 2000; Titford, 
2006). While optical microscopy provides detailed information 
in 2D, its ability to capture 3D microstructural information is se
verely restricted. Even if a sample were fully sectioned and each 
section stained and analyzed, which is not practical or econom
ically feasible, the information in the third dimension would still 
be restricted because a classical section is 5 µm thick and the re
sulting voxel is not isotropic. Therefore, alternative techniques 
must be used when information about the 3D organization or 
spatial distribution of tissue structures, cells, or molecules is 
required.

A rapidly growing field for analyzing the spatial distribution 
of proteins is light-sheet microscopy, which images whole tis
sues stained with fluorochrome-labeled antibodies (Dyer et al., 
2022). The downsides of this technique are mainly the slow 
diffusion of antibodies into the samples (Messal et al., 
2021), the need for tissue clearing to reduce light absorption 
(by pigments) and scattering (by fibers, cell membrane, nu
cleus, organelles, and surrounding media) (Yu et al., 2021), 
the decalcification of mineralized samples like bone or teeth 
(Jing et al., 2019), and the poor visibility of the general tissue 
histology despite the presence of a nuclear counterstain.

X-ray microfocus computed tomography (microCT) is a 
structure-preserving imaging technique that circumvents some 
of the problems caused by fluorescence, such as light scattering 
or the need for decalcification, because X-rays have higher 
energy than visible light (“X-rays”, https://www.nibib.nih. 
gov/science-education/science-topics/x-rays). Current ex vivo 
microCT devices can achieve voxel sizes in the range of 1 µm 
and have been used for several decades to study mineralized tis
sues, such as bone, in 3D (Waarsing et al., 2005; Deyhle et al., 
2016). However, soft tissues are difficult to discriminate due to 
their poor and similar X-ray-attenuating properties, which em
phasizes the need to stain them with contrast-enhancing stain
ing agents (CESAs) prior to imaging, a technique referred to 
as contrast-enhanced microCT (CECT) (De Bournonville 
et al., 2019). These CESAs are compounds containing high 
atomic number atoms that passively diffuse into the sample to 
stain soft tissues (De Bournonville et al., 2019). The first appli
cation of CESAs for the examination of soft tissues dates back 
to the early 21st century, when osmium tetroxide was used 
to phenotypically and anatomically assess a mouse embryo, a 
porcine lung, and a honeybee brain (Johnson et al., 2006; 
Litzlbauer et al., 2006; Ribi et al., 2008). Due to its high tox
icity, osmium tetroxide has been replaced by a variety of 
CESAs, which are mostly organic or inorganic molecules 

containing atoms with a high atomic number (e.g., iodine, tung
sten, molybdenum) (Koç et al., 2019). As an alternative 
X-ray-based imaging technique, phase contrast imaging shows 
promising results (Albers et al., 2024). However, this technique 
is not suitable for everyday use because image acquisition is 
time-consuming and requires expensive synchrotron facilities 
or specialized microCT systems with in-line phase contrast 
(Kalson et al., 2012; Walsh et al., 2021).

CECT has been widely used to answer specific biomedical 
research questions, but to the best of our knowledge, CESAs 
have never been systematically compared to determine which 
CESA and staining protocol could be used to analyze the gen
eral histology of an organ in 3D. Therefore, we selected three 
previously described CESAs: Lugol’s iodine (Metscher, 2009), 
cationic iodinated contrast agent (CA4+) (Joshi et al., 2009), 
and 1:2 Hafnium-substituted Wells–Dawson polyoxometa
late (Hf-WD 1:2 POM) (Kerckhofs et al., 2018). The CESAs 
were selected for the following reasons. (i) Lugol’s iodine 
was first used in 2009 for the anatomical study of chick em
bryos (Metscher, 2009). Since then, it has been applied to a 
wide range of organs and species, e.g., to study the human 
and mouse fetal anatomy (Ban et al., 2019; Dawood et al., 
2020), cardiovascular structures from different species 
(Leyssens et al., 2021), musculoskeletal tissues (Jeffery et al., 
2011), or brain and nerve anatomy (Lombardi et al., 2019; 
Thompson et al., 2020). (ii) CA4+ was originally developed 
to stain negatively charged glycosaminoglycans in cartilage 
(Joshi et al., 2009), but has also been shown to reveal mouse 
brain microstructure (Balcaen et al., 2023). (iii) Hf-WD 1:2 
POM has been successfully used to study the bone marrow 
vasculature and adipocytes (Kerckhofs et al., 2018), mouse 
kidneys (de Bournonville et al., 2020), blood vessels from dif
ferent species (Leyssens et al., 2023), mouse brain (Balcaen 
et al., 2023), human inner ear (Starovoyt et al., 2023), mouse 
heart, and bovine muscle (Maes et al., 2022). There are other 
CESAs, such as osmium tetroxide or phosphotungstic acid, 
but they were not included because they are often toxic or de
structive (McLaughlin et al., 1946; Litzlbauer et al., 2006; 
Buytaert et al., 2014). In this study, these three CESAs were 
applied to human and mouse ears, organs selected for their 
histologic heterogeneity, to describe their staining patterns. 
Then, inspired by staining protocols for classical colorimetric 
stains on 2D tissue sections, the CESA staining protocols were 
optimized by differentiating (i.e., removing unbound or loose
ly bound molecules) or by combining CESAs (analogous to 
H&E or MTC staining) to obtain better contrast differences 
between tissue structures. Finally, the best protocol was used 
to segment the epidermis and quantify its thickness in mice suf
fering from psoriasis-like dermatitis.

Materials and Methods
Mouse Samples

Healthy Auricles
Mouse auricles (external ears) were used because of their 
histologic heterogeneity (composed of all four tissue types, 
i.e., epithelial, muscle, nervous, and connective tissue). 
Healthy auricles, used in all figures except Figure 5, were left
over tissues from Rj:NMRInu/nu mice (Janvier-Labs) that 
were used for other studies. The animals were housed accord
ing to the regulations of the Animalium Leuven and all proce
dures performed on Rj:NMRInu/nu mice were approved by 
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the local ethics committee for Animal Research, KU Leuven 
(KU Leuven, project license # 160/2019).

Diseased Auricles (Imiquimod Model)
For the imiquimod model in Figure 5, IL-22RΔCterwt/wt and 
IL-22RΔCtermut/mut mice were generated and selected as 
previously described (Michiels et al., 2021). They were 
bred and housed under specific pathogen-free conditions at 
the UCLouvain animal facility. The experiment with 
IL-22RΔCterwt/wt and IL-22RΔCtermut/mut mice was per
formed in compliance with national and institutional guide
lines and was approved by the local ethics committee (LA 
1230653-2023/UCL/MD/031). Eight-week-old mice (five 
per group) were shaved behind the ears and received daily top
ical applications of 0.8 mg imiquimod per ear for 7 days (com
mercially available cream, Aldara 5%; 3 M). Ear thickness 
was measured daily with a caliper (Mitutoyo, Kawasaki, 
Japan). After 7 days, the mice were euthanized and the auricles 
were dissected. Per mouse, one auricle was used for CECT im
aging and the other for bright-field microscopy imaging.

Human Sample
The human auricle was harvested from a deceased donor and 
bequeathed to the Human Anatomy Department of the 
UCLouvain (IRB00008535, Brussels, Belgium).

CECT Imaging

Tissue Processing
Mouse auricles were fixed in 4% formaldehyde at 4°C for 24 h 
and washed three times in PBS. They were cut into approxi
mately 4 × 2 mm pieces. The human auricle was fixed in 4% 
formaldehyde at 4°C for 72 h, washed three times in PBS, 
and cut into approximately 4 × 6 mm pieces.

CESA Staining
CA4+ (5,5′-[malonylbis(azanediyl)]bis[N1,N3-bis(2-aminoethyl)- 
2,4,6-triiodoisophthalamide] chloride salt, C27H36I6N10O6Cl4) 
was synthesized as an HCl salt according to the previously de
scribed protocol (Stewart et al., 2017) and used at 24 mg/mL 
in PBS. Hf-WD 1:2 POM (K16[Hf(α2-P2W17O61)2]·19H2O, 
anionic tungsten-containing contrast agent) was synthesized 
as previously described (Kato et al., 2006) and used at 
35 mg/mL in PBS. Buffered isotonic Lugol’s iodine (312 
mOsm/L) was prepared as a 1:1 volume ratio of Lugol’s iodine 
(6.474 g I2 and 12.948 g KI per 500 mL demineralized water) 
and PBS. Mouse auricles were stained in 1 mL of the CESA so
lution (approximately 600 µL CESA per mm³ of sample). The 
piece of the human auricle was stained in 3.5 mL of the CESA 
solution (approximately 30 µL CESA per 100 mm3 of sam
ple). The samples were incubated with the staining solution 
at room temperature on a shaker plate. In Figures 1 to 3, the 
incubation for all CESAs took 10 days. In Figure 4, Hf-WD 
1:2 POM incubation took 7 days and CA4+ incubation 8 
days. In Figure 5, Hf-WD 1:2 POM incubation took 10 days 
and CA4+ incubation took 7 days. In case of differentiation, 
the samples were washed with PBS for 21 days by refreshing 
the PBS after 1, 4, 7, and 11 days. In case of double staining, 
the samples were washed with PBS for 2–11 days before the 
second CESA incubation.

Image Acquisition
Samples were wrapped in parafilm together with a borosili
cate bead as reference material for gray value normalization, 
and microCT datasets were acquired by using a Phoenix 
NanoTom M (GE Measurement and Control Solutions) 
with a diamond-coated tungsten target [tungsten deposition 
on a chemical vapor deposition (CVD) grown diamond win
dow/target]. Table 1 provides an overview of the acquisition 
parameters. A detector calibration was performed before the 
acquisition of the radiographs to correct for the deviation in 
flux within one radiograph and to ensure uniformity of the 
X-ray detection.

Data Processing
The datasets were reconstructed using Datos|x (GE Measurement 
and Control Solutions) by applying beam hardening correction of 
5, an Inline Median filter (reduces noise in the volume by filtering 
the projections during reconstruction using a 3 × 3 median filter), 
an ROI-CT filter (increases the resolution of the CT dataset for a 
selected ROI of the object), and a Filter Volume (the volume is fil
tered in slices after reconstruction using the Unsharp Masking 
Filter). The slices were exported as 16-bit files (.tiff). The dynamic 
range of the gray value histogram of the reconstructed slices was 
optimized by using an in-house developed Matlab script and 
the slices were converted to 8-bit images (.jpeg) (Supplementary 
Fig. S1a) (“GitHub - contrast-team/greyvalue-optimization: 
Normalization and histogram windowing”, https://github.com/ 
contrast-team/greyvalue-optimization). When quantifying and 
comparing the gray values of tissue structures of different data
sets, the gray value histograms of these datasets were normalized 
with an in-house developed Matlab script by using the borosili
cate bead and parafilm as reference materials (Supplementary 
Fig. S1b) (“GitHub - contrast-team/greyvalue-optimization: 
Normalization and histogram windowing”, https://github.com/ 
contrast-team/greyvalue-optimization).

Data Visualization
DataViewer (Bruker MicroCT, Kontich, Belgium) was used to 
visualize and illustrate the cross-sections. Avizo (Thermo 
Fischer Scientific, USA) was used for 3D rendering, segmenta
tion, and video generation.

Gray Value Measurements
The gray values were measured using DataViewer (Bruker 
MicroCT). In each dataset, four slices were selected for quan
tification. Each slice had to contain each tissue structure of 
interest (epidermis, dermis, muscle, adipose tissue, and cartil
age), and the slices were spaced 50 slices apart. On each slice, 
each tissue structure was quantified twice by drawing two lines 
of a maximum of 100 voxels. Each line resulted in a histogram 
with one gray value per voxel (Supplementary Fig. S2a). The 
mean gray value per line was calculated, and then, the mean 
of the eight lines per tissue structure per dataset was calcu
lated. This strategy worked well for the epidermis, dermis, 
and muscle due to their homogeneous staining. However, in 
cartilage and adipose tissue, the individual voxel values were 
spread over a wide range of gray values because of the in
homogeneous staining of these structures. Specifically, in car
tilage, lacunae and matrix had different gray values, whereas 
in adipose tissue, adipocytes and extracellular matrix were dif
ferently stained (Supplementary Fig. S2a). Therefore, only a 
fraction of the histogram was selected to calculate the mean 
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gray value (Supplementary Fig. S2b). For example, Hf-WD 1:2 
POM and CA4+ were excluded from adipocytes but stained 
the extracellular matrix. To quantify the gray values of the adi
pocytes, only the bottom 30% of the gray value histogram was 
selected. The opposite was done for Lugol’s iodine-stained 
adipose tissue. The top 30% of the gray value histogram 
was selected because the adipocytes stained more intensely 
than the surrounding connective tissue. For cartilage, the top 
30% of the gray value histograms was selected for all three 
CESAs, i.e., extracellular matrix for Hf-WD 1:2 POM and 
CA4+ and lacunae for Lugol’s iodine.

Quantification of Epidermal Thickness
First, the epidermis was segmented using Avizo 2022.1 
(Thermo Fischer Scientific, USA). Segmentation began by fil
tering the datasets with Unsharp Masking (Edge Size 20 px, 
Edge Contrast 1, Brightness Threshold 0) and Non-Local 
Means (Spatial Standard Deviation 3, Intensity Standard 
Deviation 0.3, Search Window 10 px, Local Neighborhood 
3). The epidermis was then segmented in five steps. (i) The epi
dermis was roughly selected by manually surrounding it on 1 
out of 10 slices in imiquimod-treated mice or on 1 out of 3 sli
ces in control mice. More slices were needed for control mice 
because the control epidermis was much thinner than the 
imiquimod-treated epidermis. Otherwise, the interpolation 
performed in the next step would fail. (ii) These manually 
drawn regions of interest (ROIs) were interpolated to the other 
slices and manually corrected. Thanks to this interpolation, 
the entire epidermis was selected, regardless of whether the 
manual surrounding in step (i) was performed on 1 out of 3 

or 10 slices. (iii) The more accurate segmentation of the epider
mis was done by region growing based on gray values (magic 
wand tool). (iv) Speckles were eliminated and other impreci
sions were manually removed from the segmentation. (v) 
The segmented epidermis was saved as a new dataset (.bmp). 
This segmentation was done on a volume of interest (VOI) 
of 800–1000 slices for imiquimod-treated mice and on a 
VOI of 300 slices for control mice. The VOI for control 
mice was smaller because the manual drawing in the first 
step had to be done on three times more slices. Second, the 
software CT Analyser (Bruker MicroCT, Belgium) was used 
to perform a structure thickness distribution analysis. Third, 
Avizo was used for 3D rendering and illustration of the thick
ness distribution in 3D.

Bright-field Microscopy

Tissue Processing, Sectioning, and Staining
Samples were embedded in paraffin by using a Vacuum 
Infiltration Tissue Processor (Tissue-Tek VIP). Five-micrometer 
thick sections were cut on a microtome, deparaffinized, and 
progressively rehydrated. For H&E staining, the sections 
were stained with hematoxylin (10 min), washed in running 
tap water (10 min), rinsed in demineralized water, dehydrated 
in 50 and 70% ethanol (1 min each), stained with alcoholic eo
sin Y (2 min), and rinsed in 70 and 100% ethanol. For MTC 
staining, the sections were stained with hematoxylin (10 min), 
washed in running tap water (10 min), rinsed in demineralized 
water, stained with 0.1% Fuchsin Ponceau (3 min), rinsed in 
demineralized water, differentiated with 1% phosphomolybdic 
acid (5 min), rinsed in demineralized water, stained with 1% 

Fig. 1. Identification of tissue types and cells in CECT datasets of mouse auricles. Fixed mouse auricles were stained with CA4+, Hf-WD 1:2 POM, or 
Lugol’s iodine, imaged with microCT, embedded in paraffin, sectioned, stained with H&E, and scanned with a slide scanner. The gray values of the CECT 
datasets were individually optimized. CECT and microscope images were manually aligned. Green = epidermis, purple = dermis, orange = sebaceous 
glands, pink = hair follicles, red = blood vessels, yellow = adipose tissue, brown = skeletal muscle, blue = elastic cartilage.
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aniline blue (3 min), rinsed twice in demineralized water, differ
entiated with 1% phosphomolybdic acid (5 min), and rinsed 
twice in demineralized water. The sections were dehydrated, 
the coverslips were mounted with the Entellan new mounting 
medium, and the sections were digitized using the 
Pannoramic SCAN II slide scanner (3DHISTECH).

Quantification of Epidermal Thickness
Using CaseViewer (3DHISTECH), the epidermal thickness was 
manually measured at 50–100 locations on one H&E-stained 
tissue section per sample as previously described (Michiels 
et al., 2021).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 
9 (GraphPad Software, USA). When more than two repeated 
measures of at least two groups were compared, a mixed- 
effects analysis followed by Tukey’s multiple comparison 
test (α = 0.05) was used. When comparing two groups with 
unpaired data, a Mann–Whitney test (α = 0.05) was used. 
When comparing two groups with paired data, a Wilcoxon 
matched-pairs signed rank test was used (ns = not significant, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Bar 
and line graphs show the mean ± standard deviation (SD).

Results
CECT Enables Histological Analysis of the Different 
Tissue Types in Mouse Auricles
The CESAs (Lugol’s iodine, CA4+, and Hf-WD 1:2 POM) were 
tested for their ability to reveal the histology of mouse auricles 
(external ears) in full 3D using CECT imaging. The mouse aur
icle was selected as a working model because it is a heteroge
neous organ composed of all four tissue types, i.e., epithelial, 
muscle, nervous, and connective tissue, and would therefore 
provide a maximum of information in a single sample. The sam
ples were stained with either CESA, imaged by CECT, and sub
sequently processed for bright-field microscopy (Fig. 1). By 
aligning CECT slices and microscope images, several tissue 
structures could be identified with all three CESAs, such as the 
epidermis (green arrows), dermis (purple arrows), sebaceous 
glands (orange arrows), hair follicles (pink arrows), adipose tis
sue (yellow arrows), cartilage (blue arrows), and blood vessels 
(red arrows). Hence, CECT and bright-field microscopy 
(H&E staining) provided similar information regarding tissue 
types and structures. Once the structures were identified through 
the alignment with microscope images, the structures could be 
identified in other datasets without the help of microscopy.

Although in CECT, no individual cells could be identified 
except for adipocytes and elastic cartilage lacunae (Fig. 1), it 

Fig. 2. Impact of washing on contrast differences between the tissues. Fixed mouse auricles were stained with CA4+ (a), Hf-WD 1:2 POM (b), or Lugol’s 
iodine (c) and imaged with microCT before (=0 days) and after washing (n = 2–3 from one to two independent experiments). The gray values of the CA4+ 
and Hf-WD 1:2 POM datasets were normalized to Hf-WD 1:2 POM at day 0 thanks to two reference materials (a borosilicate bead and parafilm). The gray 
values of the Lugol’s iodine datasets were normalized to Lugol’s iodine at day 0 thanks to two reference materials (a borosilicate bead and parafilm). CECT 
datasets were manually aligned and gray values of epidermis, dermis, muscle, adipose tissue, and cartilage were measured. For statistical analysis, a 
mixed-effects analysis was applied followed by Tukey’s multiple comparison test. Green = epidermis versus dermis, red = muscle versus dermis, blue =  
cartilage versus muscle, brown = cartilage versus dermis, pink arrowheads = hair follicles.
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had the advantage over H&E staining in that it was less 
labor-intensive, tissue-preserving, and the sample could be 
viewed in any direction.

While all CESAs revealed the ear microstructure, they dis
played some major differences. First, the staining patterns 
were not the same. The most important difference was in adi
pocytes and cartilage lacunae. While CA4+ and Hf-WD 1:2 
POM were excluded from these two structures, they were 
stained with Lugol’s iodine (Fig. 1). Second, the CESAs 

produced different staining intensities (Supplementary Fig. 
S3). In Figure 1, the gray values were optimized individually 
for each CECT dataset, but when normalized by means of 
two reference materials, it became obvious that the Lugol’s 
iodine staining was much more intense than Hf-WD 1:2 
POM and CA4+ (Supplementary Fig. S3). However, the com
parison of their gray values should be handled with caution 
because the acquisition parameters were not exactly the 
same for the three CESAs.

Fig. 3. Impact of double staining on contrasts. Fixed mouse auricles were stained with a first CESA, either Hf-WD 1:2 POM or CA4+, and imaged with 
microCT. The samples were then washed with PBS and stained with a second CESA, CA4+, or Hf-WD 1:2 POM, respectively, and imaged a second time. 
The gray values were normalized (reference = second dataset of CA4+ after Hf-WD 1:2 POM) or individually optimized. (a) CECT datasets were manually 
aligned. Green = epidermis, purple = dermis, orange = sebaceous glands, brown = skeletal muscle, blue = elastic cartilage. (b) Gray values of epidermis, 
dermis, muscle, adipose tissue, and cartilage (n = 3 from two independent experiments) were measured on the normalized datasets. For statistical 
analysis, each tissue type was individually analyzed. A Mann–Whitney test was applied to compare both combinations after the second staining. The 
results were not statistically significant.
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Differentiation After CESA Staining Improves 
Contrast Differences Between Tissue Structures
The images in Figure 1 were obtained by simply incubating the 
organ in the CESA solution. In comparison, staining protocols 
of classical colorimetric stains for tissue sections often include 
washing steps. The samples are first overstained and then the 
unbound or loosely bound molecules are removed to increase 
the contrast difference between tissue structures, a principle 
called differentiation. To determine if CESA-stained auricles 
could benefit from differentiation, the auricles were washed 
with PBS, the CESA’s solvent, after staining. The final image 

quality of Hf-WD 1:2 POM- and CA4+-stained samples was 
little affected by washing because, after 21 days of washing, 
all the tissue structures could still be identified (Figs. 2a, 2b). 
This observation was confirmed by quantifying the gray values 
of different tissue types before and after differentiation. The 
staining intensities of both CESAs decreased slightly and simi
larly for all tissue types during the first day of washing but 
quickly stabilized thereafter (Figs. 2a, 2b). CA4+ staining de
creased most in the epidermis (26%) and Hf-WD 1:2 POM 
in the dermis (31%) (Supplementary Table S1). Lugol’s iodine 
behaved differently depending on the tissue type. While adipo
cytes and cartilage were unaffected, up to 70% of the stain was 
removed from the epidermis, hair follicles, dermis, and muscle 
(Fig. 2c, Supplementary Table S1). Therefore, differentiation 
with PBS proved to be useful to discriminate cartilage from 
surrounding tissues or to identify adipocytes with Lugol’s iod
ine, which could be mistaken with hair follicles prior to wash
ing due to similar shapes and staining intensities (Fig. 2c, pink 
arrows).

Double Staining Improves Contrast Differences 
Between Tissue Types
Another technique used to improve contrast differences be
tween tissues in classical colorimetric staining protocols for 
tissue sections is the combination of stains, such as the com
bination of Mayer’s hematoxylin (nuclei) and eosin (cyto
plasm) for H&E staining. We evaluated the added value of 
combining CA4+ and Hf-WD 1:2 POM. Mouse auricles 
were subsequently stained with CA4+ and Hf-WD 1:2 
POM, or vice versa. Visual inspection of the images showed 
that the combination of CESAs improved the contrast differ
ence between tissue types, especially between the epidermis 
or muscle and the surrounding connective tissue proper 
(Fig. 3a). Quantification of the gray values confirmed a general 
increase after the second staining for all tissue types, except for 
adipocytes (Fig. 3b, Supplementary Table S2). This increase 
was less pronounced in the dermis (Supplementary 
Table S2). More precisely, when Hf-WD 1:2 POM was fol
lowed by CA4+ (first combination), the dermis increased by 
9% whereas the epidermis and muscle increased by 20 and 
33%, respectively. When CA4+ was followed by Hf-WD 1:2 
POM (second combination), the dermis increased by 53% 
whereas the epidermis and muscle increased respectively by 
88 and 71% (Supplementary Table S2). This may explain 
why the borders between the dermis and other tissue types 
such as epidermis, muscle, or glands were better defined 
when combining CESAs (Fig. 3a). Based on the increase in 
gray value intensity of most tissue types, it may seem that 
the second combination (CA4+ followed by Hf-WD 1:2 
POM, e.g., 88% in the epidermis) was better than the first 
combination (Hf-WD 1:2 POM followed by CA4+, e.g., 
20% in the epidermis), but it must be kept in mind that the ab
solute values, in the end, were the same for epidermis and der
mis (Fig. 3b, Supplementary Table S3). The gray values of 
muscle and cartilage were even higher for the first combination 
(Hf-WD 1:2 POM followed by CA4+), although the results 
were not statistically significant (Fig. 3b, Supplementary 
Table S3). Altogether, the first combination (Hf-WD 1:2 
POM followed by CA4+) seemed to be better because visually, 
the differences between the tissue types were better defined, 
and quantitatively, muscle and cartilage had higher gray val
ues compared with the second combination.

Fig. 4. 3D visualization of tissue types of the human ear. A fixed human 
auricle was double-stained with Hf-WD 1:2 POM followed by CA4+, 
imaged with microCT, embedded in paraffin, sectioned, stained with 
Masson’s Trichrome, and scanned with a slide scanner. (a) CECT and 
microscope images were manually aligned. (b) The epidermis, 
sebaceous glands, adipose tissue, veins filled with blood cells, and 
cartilage were segmented and 3D rendered (corresponding video in 
Video 1). Green = epidermis, purple = dermis, orange = sebaceous 
glands, red = vessels (top arrow = empty artery, middle arrow = vessel 
filled with blood cells, bottom arrow = empty vein), yellow = adipose 
tissue, blue = elastic cartilage, white = nerve.
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Fig. 5. Measurement of epidermal thickness by CECT and microscopy. (a) Ear thickness of imiquimod-treated or untreated mice (n = 5 per group). 
IL-22RΔCterwt/wt and IL-22RΔCtermut/mut mice were compared with a mixed-effects analysis. (b) Epidermal thickness of imiquimod-treated or untreated 
mice (n = 5 per group). From each mouse, both auricles were harvested, fixed, and analyzed. The first auricle was imaged by CECT with Hf-WD 1:2 POM 
followed by CA4+ and the epidermal thickness was quantified. The second auricle was processed for H&E staining and epidermal thickness analysis. For 
statistical analysis, the groups were compared in pairs. For comparisons between techniques (paired data), a Wilcoxon matched-pairs signed rank test 
was applied. For comparisons between treatments (unpaired data), a Mann–Whitney test was applied. (c) Representative images were selected for 
transverse sections of the CECT datasets (first line), the same images with the segmented epidermis (second line), and the surface view of the 
segmented epidermis in 3D (third line). The segmented epidermis was color-coded, with blue representing the thinnest regions and red the thickest 
regions. Representative images of the HE-stained epidermis were selected (fourth line). The epidermis is located between two green arrows. (d) Box plot 
representation of the epidermal thickness measurements per mouse (m).
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CECT Enables the Simultaneous 3D Rendering 
of Multiple Tissue Structures
3D histological analysis requires not only a good staining and 
acquisition protocol but also the subsequent segmentation of 
the structure of interest. For this purpose, the contrast differen
ces between the tissues should be as high as possible. As a proof 
of concept, a human auricle was co-stained with Hf-WD 1:2 
POM followed by CA4+ because this combination allowed 
the best discrimination between dermis and epidermis or glands 
(Fig. 3a). First, the structures of interest were identified by align
ing the CECT dataset with a corresponding MTC-stained sec
tion (Fig. 4a). In addition to epidermis, dermis, sebaceous 
glands, cartilage, and adipose tissue, which had already been 
detected in mouse auricles (Fig. 1), additional structures such 
as nerves and different types of vessels (empty arteries and veins 
or veins filled with blood cells) could be identified (Fig. 4a). 
Thanks to the good contrast differences between the tissue 
types, epidermis (green), sebaceous glands (orange), adipose tis
sue (yellow), veins filled with blood cells (red), and cartilage 
(blue) could then be segmented, visualized in 3D and digitally 
assessed (Fig. 4b, Video 1). Technically challenging in bright- 
field microscopy, segmentation and 3D visualization of tissue 
types are an important added value of CECT imaging.

CECT Enables a Full 3D Structural Analysis 
of Tissues
To demonstrate the added value of 3D X-ray-based histology 
compared with optical microscopy, the staining protocol with 
the best contrast differences between tissue types, Hf-WD 1:2 
POM followed by CA4+, was applied to a mouse model of 
imiquimod-induced psoriasis-like dermatitis. Imiquimod treat
ment causes epidermal thickening, which has been measured 
and quantified so far by paraffin embedding, tissue sectioning, 
and manual measurement of epidermal thickness or counting 
of the cell layers at different locations on the sections (Van 
Belle et al., 2012; Cochez et al., 2017). Here, we used mice 
with a truncated IL-22 receptor (IL-22RΔCtermut/mut), which 
are known to be less sensitive to imiquimod-induced epidermal 
thickening than WT mice (IL-22RΔCterwt/wt) (Michiels et al., 
2021). First, the measurement of the ear thickness throughout 
the imiquimod treatment showed that IL-22RΔCtermut/mut 

ears were slightly thinner than IL-22RΔCterwt/wt ears 
(Fig. 5a), confirming that IL-22RΔCtermut/mut mice were less 
sensitive to imiquimod-induced dermatitis (Michiels et al., 
2021). Second, CECT and microscope images and their struc
tural quantifications confirmed the tendency of imiquimod- 

induced epidermal thickening (Figs. 5b, 5c). However, only 
CECT provided statistically significant results between 
IL-22RΔCterwt/wt and IL-22RΔCtermut/mut mice because of 
smaller standard deviations on the average thickness for the 
same number of samples (Fig. 5b). Third, we observed that 
the standard deviation of the individual thickness measure
ments within a sample was smaller for the CECT distribution 
analysis than for the microscopy measurements (Fig. 5d), mean
ing that CECT provided more accurate results. Altogether, the 
data showed that both techniques could be used to quantify tis
sue structures, although only the 3D quantification provided 
statistically significant results. In addition, only CECT imaging 
provided a 3D rendering and representation of the thickness 
distribution of the epidermis, which allowed a better under
standing of local differences and heterogeneity in the treatment 
(third line in Fig. 5c).

Discussion
CECT imaging with CESAs has been extensively used to study 
biomedical research questions from an anatomical point of 

Table 1. MicroCT Acquisition Parameters.

Figure
Figures 1 to 3: Hf-WD 
1:2 POM and CA4+ Figure 1: Lugol’s iodine Figure 2: Lugol’s iodine Figure 4 Figure 5

Voxel size (µm) 2.57 2.80 2.57 3.00 2.57
Source voltage (kV) 60 60 75 70 60
Tube current (µA) 181 197 144 180 181
Focal spot size (µm) 2.57 2.8 2.56 2.98 2.57
0.1 mm Al filter Yes Yes Yes Yes Yes
Exposure time (ms) 500 500 500 500 500
# Projections 2,400 2,400 2,400 1,600 2,400
Detector size (pixels) 3,072 × 2,400 3,072 × 2,400 3,072 × 2,400 3,072 × 2,400 3,072 × 2,400
Average 3 3 3 2 1
Skip 1 1 1 1 0
Total acquisition time 1 h 26 m 1 h 26 m 1 h 26 m 40 m 20 m

Video 1. 3D visualization of tissue types of the human ear. Video of the 
spatial distribution of epidermis (green), sebaceous glands (orange), 
adipose tissue (yellow), veins filled with blood cells (red), and cartilage 
(blue) in a human auricle double-stained with Hf-WD 1:2 POM followed 
by CA4+ (segmentation and 3D rendering done in Fig. 4b).
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view (Ban et al., 2019; Lombardi et al., 2019; Dawood et al., 
2020). However, histological analyses have been performed to 
a lesser extent (Busse et al., 2018; Kerckhofs et al., 2018; De 
Clercq et al., 2019; Maes et al., 2022), and little is known 
about the ability of CESAs to reveal the general histology of 
a complex organ composed of multiple tissue types, as conven
tionally done by optical microscopy on tissue sections stained, 
for example, with H&E.

We showed that Hf-WD 1:2 POM, CA4+, and Lugol’s iod
ine can be used to study 3D X-ray-based histology of the exter
nal ear, selected for its histological heterogeneity. These 
CESAs enabled the detection and identification of all major tis
sue types. However, certain small structures, e.g., nerves in 
mouse auricles, or the different layers of tissue types, e.g., 
the stratum corneum, stratum lucideum, stratum granulosum, 
stratum spinosum, and stratum basale in the epidermis of the 
human ear, remained invisible (Figs. 1 and 4). Small vessels 
were impossible to detect without alignment with the micro
scope image, probably because of insufficient contrast reso
lution, which is the ability to distinguish two adjacent voxels 
based on differences in their gray values. Individual cells 
were also indistinguishable, except for adipocytes and elastic 
cartilage lacunae thanks to their large size and sufficient con
trast resolution with the surrounding tissue (Figs. 1 and 4). 
The spatial resolution used in these experiments may not be 
sufficient to detect individual cells (Yamazaki et al., 2018). 
In addition, the contrast differences with the surrounding tis
sues or neighboring cells provided by the CESAs may not be 
sufficient to distinguish individual cells or small structures. 
In 2D bright-field or fluorescence microscopy, this contrast 
difference is provided by a counterstain (usually nuclear).

Under healthy conditions, the epidermis of the mouse ear is 
composed of approximately three cell layers (Van Belle et al., 
2012). However, we observed important differences in the 
epidermal thickness between the CESAs (Fig. 1), most likely be
cause the CECT images and tissue sections were not perpen
dicular to the epidermis. Alternatively, CESAs are known to 
induce structural modifications. As such, Lugol’s iodine and 
CA4+ can cause tissue shrinkage, whereas Hf-WD 1:2 POM 
can cause a slight tissue swelling or be inert with respect to 
volume changes, depending on the organ (Vickerton et al., 
2013; Buytaert et al., 2014; Maes et al., 2022; Balcaen et al., 
2023; Leyssens et al., 2023). Unfortunately, evaluating 
CESA-caused volume changes on tissue structures is technically 
complicated because the reference values cannot be determined 
in an unstained sample. Alternatively, CECT data could be 
compared with the gold standard, which is bright-field micros
copy, but it is important to note that paraffin embedding causes 
tissue shrinkage (Maes et al., 2022; Leyssens et al., 2023).

In addition to volume changes, CESAs can cause chemical 
changes in biological tissues, such as iodination of amino acids 
by Lugo’s iodine (Early et al., 2020). However, this issue is not a 
limiting factor for our experiments as the samples are not used 
for further biochemical analysis such as PCR or western blot.

However, the above-mentioned limitations (missing con
trasts, resolution, and structural modifications caused by 
CESAs) are compensated by the numerous advantages of 
CECT. Compared with bright-field microscopy, this tech
nique is structure-preserving, less labor-intensive, and pro
vides a 3D image of the sample, allowing it to be viewed 
from all directions in a single microCT dataset.

To improve the contrast differences between tissue struc
tures in this study, the samples were differentiated after 

CESA staining (Fig. 2). The contrast differences between tissue 
types for Hf-WD 1:2 POM- and CA4+-stained samples were 
only mildly affected by washing with PBS, possibly because 
(i) the nature and concentration of the salts in the solution 
only slightly impacted the interaction of the CESA with the tis
sues (Kang et al., 2020) or (ii) the CESAs were strongly bound 
in the tissue and were physically less able to freely dissolve in 
and out after they entered the tissue (Hanly et al., 2023). In 
contrast to Hf-WD 1:2 POM and CA4+, Lugol’s iodine was 
removed to up to 70% from most tissue types by differenti
ation, except for adipocytes and cartilage lacunae (Fig. 2, 
Supplementary Table S1), which could be explained by two 
different hypotheses. First, adipocytes, ageing lacunae, and 
chondrocytes are filled with lipids (Stockwell, 1965; Sanzone 
& Reith, 1976). Iodine is poorly soluble in PBS (or aqueous 
solutions) and therefore, redistribution from the hydrophobic 
to the aqueous phase would be very small. Also, iodine forms 
to a certain extent covalent bonds with unsaturated double 
bonds in fatty acids, which would not readily be cleaved in 
the absence of water or other nucleophilic species (Bock 
et al., 2021). Our second hypothesis is that chondrocytes are 
filled with glycogen (Sanzone & Reith, 1976). If the local con
centrations of iodine species (especially iodine and triiodide) 
are high, polyiodides could be formed that interact with 
long sugars such as glycogen (Thoma & French, 1960; 
Cesàro et al., 1992; Brust et al., 2020).

We showed that tissue structures such as epidermis, glands, 
and muscle could be more easily identified when Hf-WD 1:2 
POM and CA4+ were combined because the contrast differ
ence with the surrounding connective tissue proper was in
creased (Fig. 3). The images also indicated that the staining 
order was important for muscle and cartilage. Their gray val
ues were higher and their identification was easier when CA4+ 
followed Hf-WD 1:2 POM (Fig. 3). This was just a tendency, 
but it could become statistically significant with a bigger num
ber of samples. The reason for this improved contrast differ
ence remains, however, unknown. More elaborate analyses 
will be needed to find out if Hf-WD 1:2 POM and CA4+ 
bind to the tissue independently or if they interact. The latter 
may explain why the order of staining is important. Since CA4 
+ contains iodine and Hf-WD 1:2 POM contains tungsten and 
phosphorus, they could be distinguished by spectral imaging, 
and we could verify which tissues would be more stained by 
CA4+ and which one by Hf-WD 1:2 POM. Combining 
CESAs could become important in the future when structures 
such as the epidermis or muscle with low contrast differences 
compared with their surrounding tissues need to be seg
mented, rendered, and structurally quantified.

The importance of CECT becomes, among other reasons, 
apparent when the volume or the 3D spatial distribution of tis
sue structures needs to be quantified. While most researchers 
rely on 2D quantification on a limited number of tissue sec
tions, the results can be biased by, for example, the section 
plane, missing information from the unanalyzed sections, 
and tissue shrinkage caused by paraffin embedding. To dem
onstrate that CECT can be used to quantify tissue structures, 
we applied the Hf-WD 1:2 POM and CA4+ double staining 
to a mouse model of psoriasis-like dermatitis in which epider
mal thickening had been beforehand validated by manual 
measurements on bright-field microscopic images (Michiels 
et al., 2021). We confirmed that the difference in epidermal 
thickness between IL-22RΔCterwt/wt and IL-22RΔCtermut/mut 

could be measured by CECT. However, the manual 
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measurement on microscope images did not give statistically 
significant results in our hands (Fig. 5b). As we used five 
mice per group instead of eight (Michiels et al., 2021), we hy
pothesize that CECT provides statistically significant results 
with smaller sample sizes compared with microscopy imaging. 
Interestingly, we also observed that the standard deviation of 
the individual thickness measurements was smaller in the 
CECT distribution analysis compared with the microscopy 
measurements (Fig. 5d), probably because more data points 
were analyzed and because the CECT analysis was not influ
enced by selection and orientation bias of the tissue sections. 
In addition, CECT imaging allowed the full 3D thickness visu
alization of the samples, revealing inhomogeneous effects that 
were not visible on 2D sections (Fig. 5c).

Conclusion
In conclusion, we have improved staining protocols for CECT 
by washing and combining different CESAs. These improve
ments are important when structures with low contrast differ
ences compared with their surrounding tissues need to be 
segmented, rendered, and structurally quantified. We have 
also shown that CECT and bright-field microscopy are comple
mentary and not mutually exclusive techniques for the histo
logical assessment of biological tissues. While bright-field 
microscopy gives detailed information about the cellular 
composition of the tissue, CECT provides a better insight into 
the spatial interrelationship of tissues and is a powerful and 
structure-preserving tool to perform structural quantifications.
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