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The kidney’s microstructure, which comprises a highly convoluted tubular and vascular network, can only be partially revealed
using classical 2D histology. Considering that the kidney’s microstructure is closely related to its function and is often affected
by pathologies, there is a need for powerful and high-resolution 3D imaging techniques to visualize the microstructure. Here,
we present how cryogenic contrast-enhanced microCT (cryo-CECT) allowed 3D visualization of glomeruli, tubuli, and
vasculature. By comparing different contrast-enhancing staining agents and freezing protocols, we found that the preferred
sample preparation protocol was the combination of staining with 1:2 hafnium(IV)-substituted Wells-Dawson polyoxometalate
and freezing by submersion in isopentane at —78°C. This optimized protocol showed to be highly sensitive, allowing to detect
small pathology-induced microstructural changes in a mouse model of mild trauma-related acute kidney injury after thorax
trauma and hemorrhagic shock. In summary, we demonstrated that cryo-CECT is an effective 3D histopathological tool that

allows to enhance our understanding of kidney tissue microstructure and their related function.

1. Introduction

Kidneys are vital organs with primary functions including
the excretion of waste products from the blood, the regula-
tion of the body’s fluid balance, and the secretion of certain
hormones [1]. To fulfill these functions, the kidney com-
prises a specialized and complex microstructure, containing
glomeruli, diverse types of tubuli, and a highly branched vas-
cular network [2]. Given the close links between microstruc-
ture and function, effective visualization methods are crucial
to allow in-depth structural characterization of the kidney.
Moreover, these methods could also provide important

insights into the onset and progression of kidney diseases,
as these often affect the kidney’s microstructure [3-5].
Medical in vivo imaging techniques such as X-ray com-
puted tomography (CT), magnetic resonance imaging
(MRI), and ultrasound (US) are indispensable for clinical
diagnostics of kidney diseases. Nonetheless, their spatial res-
olution is insufficient to fully capture the intricate micro-
structure of the kidney. As a result, various ex vivo imaging
methods have been developed to histologically characterize
the kidney, each possessing unique advantages and limita-
tions. The current gold standard remains classical 2D histol-
ogy, which involves embedding the sample and sectioning it
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into thin sections for subsequent staining with a colorimetric
or fluorescent stain and analysis using a microscope (optical,
fluorescent, or electron) [6, 7]. Classical 2D histology offers
several advantages, including a broad range of available
stains and a high discriminative power of tissue constituents
(e.g., vascular network, glomeruli, and tubuli) down to the
cellular level. Nevertheless, due to its inherent 2D nature,
this imaging technique is unable to fully capture the intricate
3D microstructural organization of the kidney, such as the
shape, size, and connectivity of tissue constituents. In
addition, classical 2D histology is susceptible to sample
distortion, folds, cracks, and tissue shrinkage, which can
potentially change the native microstructure [8-10].

To overcome these limitations of classical 2D histology,
different 3D ex vivo imaging techniques have been developed
for the microstructural characterization of the kidney,
including micro-MRI [11-13], optical coherence tomogra-
phy (OCT) [14-16] and various microCT-based methods
[11-16]. MicroCT has gained interest in recent years, as it
offers both high spatial resolution (order of one micron)
and the ability to image the entire organ. However, given
the relatively low and similar X-ray attenuation of soft tis-
sues, the image contrast between different types of soft tis-
sues requires enhancement by either diffusing a contrast-
enhancing staining agent (CESA) into the kidney (i.e.
contrast-enhanced microCT; CECT) [17-19], exploiting
the phase shift of the X-ray beam as it propagates through
the sample (i.e. phase-contrast microCT; PCT) [20-23], or
injecting a curable contrast agent into the vasculature of
the kidney which forms a vascular cast [24-27]. CECT has
emerged as a promising 3D imaging method for kidney
since, unlike PCT, it does not require synchrotron-based
imaging, and it is not limited to the visualization of the renal
vasculature, which is the case for vascular casting. Nonethe-
less, it remains challenging to visualize certain tissue constit-
uents, such as glomeruli or tubuli, without the use of
destructive CESAs (or sample preparation steps) that induce
tissue shrinkage or deformation. In this regard, cryogenic
CECT (cryo-CECT), which was recently introduced by our
group [28], was hypothesized to be a promising nondestruc-
tive visualization alternative for 3D histo(patho)logical
imaging of the kidney.

The use of cryo-CECT could be of great benefit in the
(pre-)clinical kidney research of acute kidney injury (AKI)
after trauma. AKI is a common posttraumatic complication,
especially after hemorrhagic shock, and associated with a
high morbidity and mortality rate [29, 30]. The causes of
trauma-related AKI (TRAKI) are complex and include isch-
aemic, direct trauma-related, septic, and toxic pathomechan-
isms [31]. As a consequence, the microcirculation is
disturbed post trauma [32], which in turn, can lead to apo-
ptosis and necrosis of renal tissue [33]. However, so far,
studies addressing microstructural changes of the kidneys
by indirect trauma are mostly limited to classical 2D histol-
ogy, which is less sensitive in detecting very localized alter-
ations and less accurate in quantifying 3D structural
parameters. Compared to other kidney disease models, such
as classical ischemia-reperfusion injury (IRI), sepsis-induced
AKI, or autoimmune-associated AKI, the morphological
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changes in the TRAKI model are more subtle. Therefore, it
is well suited for challenging the sensitivity of cryo-CECT.
This study is aimed at demonstrating the potential of cryo-
CECT to visualize the microstructure of the kidney. To
achieve this, we evaluated the effectiveness of three different
CESAs for both CECT and cryo-CECT imaging of the
murine kidney. Moreover, different freezing rates were com-
pared to identify the optimal freezing protocol that enables
microstructural visualization while preserving tissue integ-
rity. Using cryo-CECT, we were able to identify, segment,
and quantify structural parameters of various tissue constit-
uents from the kidney’s microstructure, such as individual
glomeruli, tubuli, and vascular structures. Finally, we also
evaluated cryo-CECT in a mouse model of mild TRAKI by
meticulously modelling a typical trauma situation to demon-
strate its potential in (pre-)clinical application for X-ray-
based 3D histopathology.

2. Materials and Methods

2.1. Animals. For the technique optimization experiments, 9
kidneys, each originating from a different mouse (strain
B6C3Fe) of 17 weeks old, were recuperated from experimen-
tal material that was kindly donated by the IREC Morphol-
ogy Laboratory (UCLouvain) (ethical approval number
2021/UCL/MD/047).

The animal experiment on mild TRAKI was performed
in accordance with the ARRIVE guidelines after approval
of the Animal Welfare Officer of the University of Ulm
and the Regierungspréasidium Tibingen (approval number:
1409). In brief, four to five C57BL/6] mice per group (24h
control n=5,24h trauma n =4, and 5d trauma n = 5), aged
10-12 weeks, were investigated under sufficient anaesthesia.
Blunt thoracic trauma was induced by a defined blast wave
and hemorrhagic shock modeled by a pressure-controlled
mean arterial pressure (MAP) of 30 + 5mmHg for 60 min
as described elsewhere [34, 35]. The drawn blood was antic-
oagulated with 2IE heparin. After the shock phase, animals
were retransfused with the collected blood within 15min.
The animals were then continuously observed for one hour
and given slowly 2 x 500 4L jonosteril via the inserted femo-
ral artery catheter. After the procedure, the artery line was
removed, the skin was sutured, and animals had unrestricted
access to food and water. At 4, 24 or 120 h, respectively, ani-
mals were sacrificed and the bladder was punctured for urine
collection. The left kidney was removed after ligation of the
vessels.

Following dissection, all kidneys were fixed using 4%
formaldehyde (FA) dissolved in PBS for 24h at 4°C. After-
wards, samples were stored in fresh phosphate-buffered
saline (PBS) at 4°C until staining with a CESA.

2.2. Contrast-Enhancing Staining Agents (CESAs). Three dif-
ferent CESA solutions were prepared: two based on Lugol’s
iodine (I,KI; “Lugol PBS” and “B-Lugol”) and one based
on 1:2 hafnium(IV)-substituted Wells-Dawson polyoxome-
talate (Hf-WD POM; K ([Hf(a,-P,W,,O;),]#19H,0).
Lugol’s iodine was prepared at a physiological osmolality
(312mOsm/kg) by dissolving 12.948 g KI and 6.474¢g I, in
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TaBLE 1: MicroCT acquisition parameters.

Acquisition parameters Overview Central zoom Cortical zoom Upper pole (TRAKI)
MicroCT system GE Nanotom M GE Nanotom M UniTOM HR GE Nanotom M
Voxel size (um) 8 3 1.5 2

Tube voltage (kV) 60*/80 80 80 90

Tube power (W) — — 3 —

Tube current (¢A) 250 155 — 90

Nr. of projections 1200 2400 2800 2100
Exposure time (ms) 500 500 500 750
Average 1 2 4 2

Skip — 1 — 1
Acquisition time (min) 10 60 105 80
Source-detector-distance (mm) 500 333 495 450
Source-sample-distance (mm) 40 10 15 9

CECT or cryo-CECT Both Both Cryo-CECT Cryo-CECT
Grey value normalization Yes No No No

*Corresponds to tube voltage (60 kV) used for the image acquisition of unstained kidney.

500 mL Milli-Q water. This solution was then diluted 1:1 (vol-
ume ratio) with either isotonic PBS (10 mM, pH = 7.4; “Lugol
PBS”) or the stronger Sérensen buffer (266 mM, pH =7.2) fol-
lowing the protocol of buffered Lugol (“B-Lugol”) as described
by Dawood et al. [36]. The Hf-WD POM solution was pre-
pared by dissolving 35 mg/mL of H-WD POM powder in
PBS. All samples were immersed in 5 mL of staining solution
(solution-to-sample volume ratio of 20:1) for 10 days while
placed on a horizontal shaker plate at room temperature.

2.3. Freezing Protocols. After removing kidneys from the
staining solution, they were wrapped in two layers of Paraf-
ilm™ to avoid direct contact with the isopentane. For sample
freezing, the wrapped kidneys were submerged for 1 minute
in isopentane that was cooled down to either —20°C, —78°C
or —160°C. To achieve the first freezing protocol, a bottle
of isopentane was placed in the —20°C freezer overnight.
During this freezing protocol, the bottle was placed in a sty-
rofoam box and surrounded by ice packs (—20°C) to stabilize
the isopentane’s temperature. For the freezing protocol with
isopentane at —78°C, a bottle of isopentane was precooled
overnight in the —80°C freezer and placed in a styrofoam
box while surrounded by dry ice (-78°C). For the freezing
protocol with isopentane at —160°C, a metal beaker filled
with isopentane was partially submerged in liquid nitrogen
(-196°C) causing the bottom portion of the isopentane to
solidify (T,, = —160°C), while the top portion remained lig-
uid and reached thermal equilibrium at —160°C. For all
freezing protocols, the temperature of the isopentane was
inspected using a low-temperature thermometer (Trace-
able™ LN2 Excursion-Trac™, Traceable™ Products, Web-
ster, Texas, USA).

2.4. MicroCT Image Acquisition and Reconstruction. Over-
view datasets (entire kidney), central zoom datasets (central
portion of the kidney), and upper pole datasets (trauma and
corresponding sham animals) were acquired using a Phoe-
nix Nanotom M (GE Measurement and Control Solutions,

Germany) equipped with a 180kV/15W energy X-ray tube
source. A diamond-coated tungsten target was used for all
acquisitions. Image acquisition parameters are summarized
in Table 1. For cryo-CECT imaging, the in-house developed
in situ cryostage, as introduced in our recent study [28], was
installed and cooled down to an ambient temperature of
-35°C. MicroCT datasets were reconstructed using the
Datos|x software (GE Measurement and Control Solu-
tions) with the beam hardening correction (value: 8),
inline median filter, and ROI-CT filter active. Recon-
structed slices were exported as XY slices (.tiff). An in-
house developed MATLAB script was used to convert the
16-bit slices (.tiff) to 8-bit slices (.bmp), while simultaneously
windowing the histogram range to the dynamic range of the
dataset [37]. For the overview datasets, two reference material
beads (alumina (Al,O;) and polypropylene (PP)) were included
to calculate normalized grey values allowing relative grey value
comparison.

Cortical zoom datasets at high spatial resolution (voxel
size of 1.5) were acquired using a TESCAN UniTOM HR
system (TESCAN XRE, Belgium) equipped with a 160kV/
25W energy X-ray tube source. The detector had a field of
view of 2916 x 2280 pixels with a 50 ym pixel pitch. Image
reconstruction was performed using the TESCAN Panthera
software. Image acquisition parameters are summarized in
Table 1.

2.5. MicroCT Image Analysis. Based on the two reference
material beads (AL,O, and PP), normalized grey values of
the different kidney layers were calculated. First, the average
grey value of these regions, and of the reference materials,
was measured by drawing an oval-shaped region of interest
(ROI) in the different kidney layers and calculating the aver-
age grey value within the ROIs. This was performed on a
coronal microCT slice through the middle of the kidney
using Image] software (U. S. National Institutes of Health,
Bethesda, Maryland, USA). The normalized grey values



(NGVs) of the different types of renal tissue were then calcu-
lated using

GVTissue - GVPP

NGV e = =—————
Tissue GVA1203 _ GVPP

(1)

3D visualization and analysis of the datasets were
performed using the Avizo 2022.1 software (Thermo Fisher
Scientific, Bordeaux, France). From the overview datasets,
kidneys were semiautomatically segmented from the back-
ground and parafilm using the magic wand tool (grey
value-based region growing), allowing to quantify the sam-
ple volume prior to and after staining. Relative volume
changes were then calculated using equation (2). From the
central zoom datasets (cryo-CECT), Bowman’s capsules of
glomeruli in the cortex were manually segmented from the
surrounding tissue. The glomeruli inside the capsules were
then semiautomatically segmented based on grey value using
the magic wand tool. The distance-to-capsule of a glomeru-
lus was manually measured on transverse microCT slices.
Various 3D structural parameters were determined for each
glomerulus using label analysis, including volume, sphericity
(equation (3)), and equivalent diameter (equation (4)). From
the cortical zoom dataset, the renal arterial vasculature and
individual partial nephrons were semiautomatically seg-
mented using the magic wand tool in Avizo 2022.1 software.
This tool performs a region growing operation in 3D by
selecting all the voxels which (i) fall inside the user-defined
range of grey values and (ii) are spatially connected to the
seed point selected by the user. Different microCT datasets,
as well as classical 2D histological sections, of the same sam-
ple (Figures 1 and 2) were automatically registered and
aligned using Avizo 2022.1 software.

For the TRAKI kidneys, a papillary tubule analysis was
performed by  first  extracting a  subvolume
(600 pm x 600 ym x 600 ym) in the papillary region for each
animal. The papillary lumen was then segmented automati-
cally using the watershedding algorithm in Avizo. A thick-
ness analysis was performed in CTAn software (v. 1.18.9.0;
Bruker MicroCT, Kontich, Belgium), and the absolute vol-
ume was determined by label analysis using Avizo. Auto-
mated segmentation of the medullary tubuli from the
surrounding tissue was not feasible due to the more heterog-
enous grey values of the lumens and interstitium, compared
to the papillae. Therefore, the diameter of the lumen (Dy,,,.,)
and the lumen with interstitium (D ensin) Were assessed
manually in transverse sections through the medulla of the
upper pole of the kidney. In multiple sections located in this
region, we measured 20 tubules per animal, which were ori-
ented orthogonally to the transverse plane. Per tubule, one
2D measurement of lumen and interstitium was performed.
The width of the interstitium (W,,) was then calculated
using equation (5) (Supplementary Figure 1).

AVrel _ Vstain‘e/d - Vunstained , (2)

unstained
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' (6 x volume)*”
Sphericity = (3)
P v surface
6 x vol
Equivalent diameter = \ ﬂ, (4)
T
Wint — umen+1n; umen ) (5)

2.6. Classical 2D Histological Assessment. After microCT
imaging, samples were rinsed in PBS for 2 days before being
embedded in paraffin using a Vacuum Infiltration Tissue
Processor (Tissue-Tek VIP, Sakura Finetek, Netherlands).
Transversal sections of 5 ym thick were made using a micro-
tome and stained with hematoxylin and eosin (H&E) for
comparison with cryo-CECT. Images of the histological sec-
tions were obtained using a SCN400 Slide Scanner (Leica
Microsystems, Germany).

2.7. Neutrophil Gelatinase-Associated Lipocalin (NGAL)
Measurements. To detect kidney damage, urinary neutrophil
gelatinase-associated lipocalin (NGAL) levels were measured
using a commercially available ELISA kit (R&D, Minneapo-
lis, USA) according to the manufacturer’s instructions with a
Sunrise™ absorbance microplate reader (Tecan, Mannedorf,
Switzerland). All measurements were made in duplicate.

2.8. Statistical Analysis. The software GraphPad Prism
(GraphPad Software, California, USA) was used for statisti-
cal analysis. p values below 0.05 were considered significant
and are indicated in the bar graphs. The mean value of the
different samples is indicated by the height of the bars. Indi-
vidual data points for each sample are indicated in the bar
graphs. Error bars represent, unless specified otherwise in
the figure legend, the standard deviation. The type of statis-
tical test performed is described in the figure legends.

3. Results

3.1. HfFWD POM Allows to Visualize the Kidney’s
Microstructure Using (Cryo-)CECT While Avoiding Sample
Shrinkage. Before performing cryo-CECT imaging, three dif-
ferent staining solutions were compared in terms of their
CECT visualization potential of the kidney’s microstructure
and their effect on sample volume (Figure 1): Hf-WD
POM, Lugol PBS, and B-Lugol [36]. All three staining solu-
tions allowed to differentiate between the main layers of the
kidney: the cortex, the outer medulla (OM), the inner
medulla (IM), and the papillae (Figure 1(a)). Whereas Hf-
WD POM and B-Lugol provided a similar visualization of
the kidney’s microstructure, the Lugol PBS staining resulted
in a noticeably higher image contrast between the different
regions. In addition, the Lugol PBS most clearly revealed
the tubular microstructure. Interestingly, the staining behav-
ior of the B-Lugol solution was altered compared to the con-
ventional Lugol PBS solution, which is in contradiction to
what was published before [36]. In addition to the lower
image contrast between the different regions compared to
the Lugol PBS, the B-Lugol also resulted in a strong staining
of the adipose tissue at the hilum (red arrow in Figure 1(a)),
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Figure 1: Comparison of three different CESA solutions for conventional CECT imaging of kidney. (a) Transverse CECT slices through the
middle of the kidney showing the different layers of the kidney including the cortex (C), outer medulla (OM), inner medulla (IM), and
papillae (P). A zoom image of the cortex (white rectangle) is shown below, with the blue arrows indicating stained blood inside the
vasculature. The highly attenuating adipose tissue at the hilum caused by the B-Lugol staining is indicated by the red arrow. Image
histograms were windowed based on their dynamic range. Hence, images are not displayed as normalized grey values in-between
different datasets. (b, c) Bar graphs showing the (b) normalized grey values (NGVs) of the kidney layers and the (c) difference in NGVs
between neighboring layers for the different staining solutions. (d-f) The kidney volume changes due to the staining process. Bar graphs
showing the (d) volume of the kidneys prior to and after staining and the (e) relative volume changes, for the different staining groups.
Volume rendering of the same kidney prior to (red) and after staining (blue) with Lugol PBS (f). The bars in the bar graphs represent
the mean, with individual data points also indicated by the dots. The error bars indicate the standard deviation in (b)-(d) and the 95%
confidence interval in (e). For each kidney layer, unpaired one-way analysis of variance, followed by a two-sided Tukey’s test, was
conducted in (b) and (c) to compare the different staining solutions. Two-sided paired t-tests were conducted to compare groups (before
and after staining) in the bar graphs of (d). Significant p values (p < 0.05) have been indicated in the bar graphs.
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FiGure 2: Evaluating the potential of the different CESA solutions for cryo-CECT (isopentane —78°C). Transverse cryo-CECT slices of
kidneys that were stained by either one of the CESA solutions (Hf-WD POM, Lugol PBS, or B-Lugol) and, subsequently, frozen by
submersion in isopentane at —78°C. A magnification (white rectangle) of the cortex is shown below. Hf-WD POM and B-Lugol allowed
the visualization of glomeruli (red arrow) and tubuli (blue arrow). Image histograms were windowed based on their dynamic range.
Hence, images are not displayed as normalized grey values in-between different datasets.

which was not observed with the other staining solutions. To
better visualize the staining differences between the Lugol
PBS and B-Lugol, normalized CECT slices are shown in
Supplementary Figure 2.

Normalized grey values (NGVs) of the different kidney
layers were calculated to compare the different staining solu-
tions quantitatively (Figures 1(b) and 1(c)). The NGV rep-
resent the degree of X-ray attenuation and, in the case of the
B-Lugol and Lugol PBS, the local iodine concentration. For
all regions measured (cortex, OM, and IM), the Lugol PBS
resulted in significantly higher NGVs compared to other
staining groups (Figure 1(b)). This indicates that the Lugol
PBS caused an overall higher iodine uptake compared to
the B-Lugol. Similar NGVs were observed for the Hf-WD
POM and B-Lugol staining. Next, we calculated the differ-
ence in NGVs (ANGV) of neighboring regions since this
indicates the ease of differentiating between them
(Figure 1(c)). Again, the Lugol PBS staining resulted in sig-
nificantly higher ANGV compared to the H-WD POM or
B-Lugol, reflecting the higher image contrast between neigh-
boring regions in Figure 1(a). The NGV analysis also quan-
titatively confirmed the significant effect of the buffer
solution on the staining behavior of Lugol’s iodine.

Pair-wise comparisons of the same kidney prior to and
after staining revealed only for the Lugol PBS group a signif-
icant decrease in volume (—36.5%) (Figures 1(d) and 1(e)).

The 3D volume renderings of the kidney before and after
staining with the Lugol PBS provide a visual demonstration
of the substantial sample shrinkage caused by the staining
process (Figure 1(f)). This tissue shrinkage induced by the
Lugol PBS could lead to inaccurate quantitative analyses of
the renal microstructure. It is worth noting that sample freez-
ing, using isopentane at -78°C, did not induce significant vol-
ume changes (Supplementary Figure 3), which was also
recently observed by Pestiaux et al. for murine hearts [38].
Next, the cryo-CECT potential of the different staining
solutions was evaluated by freezing the stained kidneys by
submersion in isopentane at —78°C and imaging them in
their frozen state (Figure 2). The freezing-induced visualiza-
tion enhancement of the kidney’s microstructure was least
pronounced for the Lugol PBS staining, with only minor
visual differences between the CECT and cryo-CECT
images. Because of this observation, combined with the sub-
stantial sample shrinkage, the Lugol PBS was excluded from
further analysis. Applying cryo-CECT on the kidneys
stained with the HE-WD POM or B-Lugol considerably
enhanced the visualization of microstructural details, such
as individual glomeruli, tubuli, and vasculature. Compared
to the B-Lugol, Hf-WD POM provided slightly more detail
and image contrast using cryo-CECT. We qualitatively vali-
dated the visualization of the various microstructural con-
stituents by cryo-CECT on the Hf-WD POM-stained
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kidneys by comparing registered slices to classical 2D histo-
logical sections of the same kidney (Supplementary
Figure 4). In addition, it is worth mentioning that solely
freezing, without prior CESA staining, also enables the
visualization of certain microstructural constituents albeit
at a lower image contrast (Supplementary Figure 5).

3.2. Submersion in Isopentane at —78°C Is the Preferred
Freezing Protocol for Hf-WD POM-Stained Kidneys. Given
the clearest visualization by Hf-WD POM using cryo-
CECT (Figure 2), we used Hf-WD POM for further optimi-
zation of the cryo-CECT imaging and image analysis. As
shown in our recent study introducing cryo-CECT [28],
the freezing rate is a crucial parameter to obtain optimal
visualization of the tissue constituents while also preserving
the tissue’s microstructure. By submerging the Hf-WD
POM-stained kidneys in isopentane at either —160°C,
—-78°C, or —20°C, we were able to evaluate the effect of the
freezing rate on both visualization and tissue integrity of
the kidney (Figure 3). The slowest freezing rate (isopentane
—20°C) had a considerable effect on the microstructure, with
tubuli and glomeruli being compressed by the excessive
growth of ice crystals. As a result, this freezing rate made it
impossible to distinguish individual tubuli or glomeruli
(Figure 3(a)). The highest freezing rate (isopentane
—-160°C) allowed the visualization of glomeruli and tubuli
in the cortex (red and blue arrow in Figure 3(a), respec-
tively). However, some cortical regions near the capsule were
lacking microstructural details resulting in an inhomogene-
ous visualization of the tubuli and glomeruli. The intermedi-
ate freezing rate (isopentane —78°C) resulted qualitatively in
the best balance between preserving tissue integrity and a
more uniform visualization of the kidney’s microstructure.

Interestingly, we observed a trend towards larger glomer-
uli as the distance of the glomerulus to the capsule increased
(Figures 3(c) and 3(d)). Following the study of Zhai et al.
[39], the cortex was divided into three regions based on the
distance-to-capsule: superficial (0-0.39 mm), middle (0.39-
0.78 mm), and juxtamedullary (0.78-1.3mm). Especially in
the juxtamedullary cortex, the glomeruli were on average
larger and showed a higher variation in size compared to the
glomeruli in the superficial and middle cortex (Figure 3(d)).

Next, we quantified the microstructural effect of increas-
ing the isopentane’s temperature from —160°C to —78°C,
thus lowering the freezing rate. To this end, the median glo-
merular volume was measured based on 15 individual glo-
meruli per kidney, located in the superficial or middle
regions of the cortex (Figure 3(e)). Similar values for the
median glomerular volume indicate that, compared to freez-
ing with isopentane at —160°C, lowering the freezing rate to
isopentane —78°C does not substantially alter the micro-
structure. Also for the other structural parameters of either
the glomeruli or Bowman’s capsules, no significant differ-
ences were observed (Supplementary Figure 6). Taking this
into account, together with the more homogeneous
visualization of the tissue constituents and the decreased
risk of freezing cracks, isopentane —78°C was selected as
the preferred freezing protocol for cryo-CECT imaging of
kidney.

3.3. Hf-WD POM-Based Cryo-CECT (Isopentane at —78°C)
Allows  High-Resolution  Visualization of Individual
Nephrons. From the cortical zoom dataset, we were able to
segment the renal arterial vasculature, as well as parts of
individual nephrons containing the glomerulus, proximal
convoluted tubule, and the thick descending limb of the loop
of Henle (Figures 4(a) and 4(b)). The volume rendering also
shows the branching of the renal artery into the afferent
arterioles, which eventually connect to the glomeruli (Sup-
plementary Video 1). At this high spatial resolution (voxel
size of 1.5um), the field of view of the microCT system
was too limited to image the entire volume of the kidney at
once. However, if required, multiple image datasets can be
acquired and merged to achieve full-organ imaging.

The segmentation of the nephrons was performed semi-
automatically, which allowed rapid segmentation of multiple
nephrons in the kidney’s cortex without the need for manual
drawing (Figure 4(c) and Supplementary Video 2). Never-
theless, the current semiautomatic segmentation workflow
was not able to track the tubule where it transitions from
thick descending limb into thin descending limb in the inner
medulla due to changes in grey value and structure. As a
result, parts of the loop of Henle and the distal convoluted
tubule were not included in the segmentation in this study.

3.4. Cryo-CECT Can Detect Small Microstructural Changes
in a Mild TRAKI Model. We applied cryo-CECT imaging
to the kidneys of a trauma-related AKI (TRAKI) mouse
model to evaluate the potential of cryo-CECT in detecting
pathological changes to the kidney’s microstructure. Repre-
sentative cryo-CECT slices of control and trauma groups
are shown in Supplementary Figure 7. The AKI biomarker
NGAL was significantly elevated in urine in the 24h
trauma group, indicating manifestation of AKIL
Concerning its dynamic, it was already recovered in the 5-
day trauma group (Supplementary Figure 8).

Since trauma can affect the tubular system of the kidney
indirectly and directly, we assessed the medullary and papil-
lary tubuli system using cryo-CECT (Figure 5). First, the med-
ullary tubule system was examined by measuring the diameter
of the lumen and the lumen with interstitium (Supplementary
figure 1). The interstitial width in the 24-hour and 5-day
trauma groups did not differ significantly from the 24-hour
control group (Figure 5(a)). However, the diameter of the
lumen significantly increased in the 24-hour trauma group
compared to the 24-hour control group, indicating luminal
congestion rather than interstitial edema. This increase was
restored in the 5-day trauma group (Figure 5(b)).

The papillary tubule system was assessed by segmenta-
tion of the tubule lumens, followed by a quantification of
the volume, as well as the thickness distribution, of the
lumens. We found a slight absolute volume reduction in
the 24 h trauma group compared to the 24 h control group,
indicating some stenosis of the papillary lumen
(Figure 5(c)). This was not evident in the 5-day trauma
group, but the standard deviation of the data was also higher
in the 5-day trauma group, compared to the 24h control
group, showing an inconsistent recovery. The thickness
analysis showed that this volume reduction in the 24h
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F1GURE 3: Optimization of the freezing rate for cryo-CECT and quantitative structural characterization of the glomeruli. (a) Transverse cryo-
CECT slices of Hf-WD POM-stained kidneys that were frozen by submersion in isopentane at either ~160°C, —=78°C, or —20°C. A zoom
image of the cortex (white rectangle) is shown below. Glomeruli and tubuli are indicated by the red and blue arrows, respectively. Image
histograms were windowed based on their dynamic range. Hence, images are not displayed as normalized grey values in-between
different datasets. (b) Typical volume rendering of the cortical kidney microstructure (Hf-WD POM and isopentane —78°C). The
Bowman’s capsule of a glomerulus is rendered in green. A magnification of the Bowman’s capsule (green transparent) and the
glomerulus (grey) is shown. (c) Scatter plot showing the relationship between glomerular volume and the distance-to-capsule of each
glomerulus measured for all samples (S1, S2, and S3) that were frozen using isopentane —78°C. The cortex is divided in three regions
(superficial, middle, and juxtamedullary) according to Zhai et al. [39]. (d) Bar graph comparing the median glomerular volume between
the juxtamedullary cortex (DTC > 0.78 mm) on the one hand and superficial and middle cortex (DTC < 0.78 mm) on the other hand. (e)
Bar graph comparing the median glomerular volume (15 glomeruli per kidney; either superficial or middle) between the two freezing

rates. Two-sided unpaired ¢-tests were performed. Significant p values (p < 0.05) have been indicated in the bar graphs.

trauma group was particularly evident for tubuli with thick-
nesses ranging from 10 ym to 16 ym (Figure 5(d)).

To evaluate the structural effect of the trauma on the glo-
meruli, we segmented 15 individual glomeruli and the corre-
sponding Bowman’s capsule for each kidney, located in the
superficial or middle region of the cortex, from the cryo-
CECT data. Cryo-CECT allowed to differentiate and quan-
tify these two structures in 3D. Comparing the different 3D
structural parameters, we observed a slight trend towards
larger median equivalent diameter and median volume for
both Bowman’s capsule and glomerulus in the 5-day trauma
group (Figures 6(a) and 6(c)), whereas the sphericity of the
Bowman’s capsule and the glomerulus was the largest in
the 24h trauma group compared to the other groups
(Figure 6(b)). Additionally, we observed a trend towards a
larger difference in volume between the Bowman’s capsule
and glomerulus volume in the 5-day trauma group com-
pared to the 24 h control group (Figure 6(c)), implying that
the volume of the Bowman’s capsule increased more than
the volume of the glomerulus. Furthermore, the spread of
data points for the volume difference was wider in the 5-
day trauma group than in the 24 h control group.

4. Discussion

Cryo-CECT has been recently introduced by our group as
3D histo(patho)logical method for soft biological tissues,
demonstrating its potential for skeletal muscle, heart, and
tendon tissue [28]. In this study, we have further extended
the application range of cryo-CECT to include kidney tissue
and have applied it to a TRAKI mouse model to show its
potential for X-ray-based 3D histopathology. To this end,
three different staining solutions were compared in terms

of their staining-induced sample shrinkage and visualization
potential, both for CECT and cryo-CECT.

Changing the buffer of Lugol’s iodine solution from reg-
ular PBS (10 mM) to the stronger Sérensen buffer (133 mM)
almost completely prevented tissue shrinkage, confirming
the findings of Dawood et al. [36]. However, we also
observed significant changes in staining behavior between
the Lugol PBS and B-Lugol. The overall increase of normal-
ized grey values could potentially be linked to the sample
shrinkage induced by the Lugol PBS as for the same uptake of
iodine, the local iodine concentration would be higher. How-
ever, this does not explain the increased affinity of the B-
Lugol towards the adipose tissue. It is tempting to speculate that
the buffer capacity of the solution influences the reactivity and
distribution of the different iodine species during the staining
process and, hence, also the staining behavior of Lugol’s iodine
staining solution. For instance, it has already been shown that
the rate of iodination of tyrosine and histidine is dependent
on the pH and concentration of iodide [40-42].

For all staining solutions, cryo-CECT enhanced the visu-
alization of the kidney’s microstructure in comparison to
conventional CECT. This enhancement was predominantly
pronounced for the kidneys stained with H-WD POM
and B-Lugol. For the Lugol PBS-stained kidneys, cryo-
CECT only showed a minor improvement in visualization
of the microstructure. This observation is in accordance with
our previous study, in which cryo-CECT only had a minor
effect on the Lugol PBS-stained muscle samples [28]. Pre-
sumably, this is linked to sample dehydration induced by
the Lugol PBS staining, limiting the potential of the freezing
step to enhance microstructural visualization.

For the HE-WD POM-stained kidneys, we found that the
isopentane —78° C freezing protocol resulted in the optimal
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FIGURE 4: Segmentation of individual partial nephrons based on the cortical zoom dataset. (a) Transverse cryo-CECT image of the cortical
zoom dataset (voxel size: 1.5 ym) showing the capsule, the cortex, part of the medulla, and the renal artery. (b) Volume rendering of the
renal artery (red) branching out into the cortex, connecting to the glomeruli (green) of two nephrons (blue). (c) Volume renderings of
several partial nephrons showing the glomerulus (red), proximal convoluted tubule, and the thick descending limb of loop of Henle.

balance between uniform visualization of the microstruc-
tural details, while preserving tissue integrity. However,
slight compression of the cortical tubuli was observed occa-
sionally, resulting in a closing of the lumen (Figure 3). It is
unclear at the moment whether this closing of the lumen is
caused by the freezing step, prior sample preparation steps
or the filling of the lumen with CESA. Nevertheless, the true
optimal isopentane’s temperature may lie between —160°C
and —78°C. However, stabilizing the temperature of the iso-
pentane between —160°C and -78°C without specialized
equipment is challenging.

Cryo-CECT allowed not only the visualization but also the
3D quantitative structural characterization of microstructural
constituents, such as individual glomeruli. The analysis

showed a significant increase in glomerular volume between
cortical and juxtamedullary glomeruli in healthy kidneys.
This observation has already been made by others [43-46].
However, there is still debate whether this change in size is
inherent or induced by various factors such as aging, obesity,
or glomerulosclerosis. As such, cryo-CECT could be a
valuable method to gain insight into this phenomenon, as it
allows accurate quantification of the glomerular volume for
various conditions. Compared to conventional 2D histologi-
cal methods, cryo-CECT is superior in terms of accuracy for
glomerular size evaluation since it does not depend on the
sectioning depth or orientation through the glomerulus.
Instead, the glomerular volume is directly measured based
on the 3D dataset.
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FIGURE 5: 3D microstructural analysis of the medullary and papillary tubuli system in mice after trauma. Medullary tubule analysis with bar
graphs showing (a) interstitial width as well as (b) lumen diameter and its relative frequency distribution. Papillary tubule analysis including
the (c) total volume of papillary lumen per group and the (d) histogram of the tubuli thickness for the different experimental groups. One-
way analysis of variance, followed by a two-sided Tukey’s test, was conducted. Significant p values are indicated above the graphs (p < 0.05).

From the cortical zoom cryo-CECT datasets at higher
spatial resolution (voxel size of 1.5um), we were able to
semiautomatically segment the arterial vasculature and parts
of individual nephrons (Figure 4). This allowed us to visual-
ize the transition of the afferent arterioles into the glomeruli.
The 3D connectivity of these constituents, as well as the
intricate trajectory of tubuli, is structural information which
is beyond the reach of classical 2D histology. This informa-
tion, however, would be vital to better understand the micro-
structural effect of various disorders [47, 48] and pathologies
[49, 50] affecting the tubular architecture (e.g., cystic kidney
disease [50]). As such, the 3D visualization of the kidney’s
microstructural constituents could provide valuable insights
into the structure and function of both healthy and patho-
logical kidneys.

Severe trauma and hemorrhage are known to cause var-
ious changes in the kidney’s structure, including villi degra-
dation, tubular necrosis, and disruption of the blood-urine
barrier [31]. However, corresponding studies on the struc-
tural changes of trauma in mouse kidneys are mostly limited
to classical 2D histology. Here, cryo-CECT could add com-

plementary 3D microstructural information concerning
TRAKI-induced alterations. Previously, we have demon-
strated that cryo-CECT is very sensitive in detecting mini-
mal pathology-related structural changes [28]. Now, we
have shown that this also applies in a model of mild TRAKI,
revealing a significant enlargement of the medullary tubular
lumen and in some cases an increased volume difference
between the Bowman’s capsule and the glomerulus. Further-
more, segmentation of the glomeruli, separated from the
Bowman’s capsule, allowed a differentiated view of patho-
logical changes in the filtration units and thereby could pro-
vide additional information about glomerular pathologic
changes such as edema, glomerular fibrosis, or vasoconstric-
tion. We have also established techniques to measure patho-
morphological changes in the papillary and medullary
tubule system. By analyzing the lumen and interstitium sep-
arately, we were able to differentiate between luminal dilata-
tion and processes that enlarge the interstitial space, such as
edema or infiltration. We have demonstrated that TRAKI
also results in a broader distribution of microstructural
parameters such as glomerular and Bowman’s capsule
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FIGURE 6: 3D microstructural analysis of glomeruli in mouse kidney after trauma. (a) Median equivalent diameter, (b) median sphericity,
and (c) median volume for both glomerulus and Bowman’s capsule, as well as the (c) volume difference between Bowman’s capsule and
glomerulus. (d) Typical volume renderings of the Bowman's capsule with corresponding glomerulus, for the different experimental
groups (orange arrow: vascular pole, green arrow: urinary pole). One-way analysis of variance, followed by a two-sided Tukey’s test, was

conducted. No significant p values (p < 0.05) were observed.

median equivalent diameter and volume, as well as papillary
lumen volume during the later time course. Furthermore, we
observed an early widening of the lumen of the medullary
tubules. The outer medulla in particular is at risk of hypoxic
damage [32]. Therefore, it is tempting to speculate that the
disturbed homeostasis seen in the microstructural changes
and debris deposition could lead to a combination of con-
gestion and edema resulting in the detected wider lumen
[31]. Overall, these microstructural changes could suffi-

ciently explain the development of posttraumatic renal dys-
function [34]. In the future, the cryo-CECT-generated
images can advantageously be matched with identical sec-
tions obtained by immunohistochemistry and in their com-
bination enable mechanistic structure-function analysis. For
instance, GATA3 and podoplanin immunohistochemical
staining was still successful on kidneys that underwent
cryo-CECT (Supplementary Figure 9). In addition, several
(immuno)histochemical stainings following (cryo-)CECT
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based on Hf-WD POM have been described in literature,
including CD31 immunostain [28, 51], Verhoeffs Van
Gieson stain [52], Sirius red stain [28], and Masson’s
trichrome [28]. Now that the proof of concept has been
established, other murine kidney disease models with more
severe/localized morphologic changes, such as IRI, sepsis-
induced, or autoimmune-associated AKI, could be studied
using the cryo-CECT technique.

Although this study was limited to the analysis of murine
kidneys, cryo-CECT could also be applied in the future for
3D histo(patho)logy on human kidney tissue, either from a
biopsy or a cadaveric donor. Kidney biopsies are frequently
collected in hospitals to help diagnose kidney disease or
assess the severity of kidney damage [53]. Using a special
needle, a small piece of tissue is taken from the kidney for
histological assessment by a pathologist. In this regard,
cryo-CECT could provide a valuable 3D histo(patho)logical
imaging technique, complementary to classical 2D histology,
to better diagnose or assess kidney damage.

While cryo-CECT shows great promise as a novel
method for 3D histology of kidney, it is not without its lim-
itations. Tissue cracking can occur at high freezing rates
(isopentane —160°C), leading to potential sample damage.
Furthermore, validation with classical 2D histology was only
performed qualitatively. Given the substantial tissue shrink-
age during sample preparation for classical 2D histology
(Supplementary Figure 10), a quantitative comparison
between cryo-CECT and classical 2D histology could lead
to erroneous conclusions. Similar observations regarding
tissue shrinkage due to paraffin embedding have been
made for murine hearts [28, 38] and for porcine aortic wall
tissue [52]. Also, the current semiautomatic segmentation
method was not able to keep track of the tubule when it
transitioned from thick descending limb to thin descending
limb in the inner medulla. This prevented the
segmentation of the entire nephron including the loop of
Henle and the distal convoluted tubule. More advanced
segmentation approaches that are, for instance, based on
artificial intelligence could aid in more effective
segmentation of individual nephrons. Finally, despite the
recent technological advancements in the field of microCT
imaging, classical 2D histology remains superior in terms
of in-plane spatial resolution.

5. Conclusions

Cryo-CECT represents a promising approach to X-ray-
based 3D histo(patho)logy of the kidney with the potential
to enhance our understanding of kidney tissue microstruc-
ture and function. We found that a combination of Hf-
WD POM staining and freezing by submersion in isopen-
tane at —78°C was superior to other tested methods in visu-
alizing various tissue constituents while minimizing
alterations to the microstructure. Furthermore, these con-
stituents, including glomeruli, vasculature, and tubuli, could
be segmented and structurally quantified in full 3D based on
the cryo-CECT data. This technique is also capable of
detecting subtle, minor pathological differences in mice with
a mild trauma-related acute kidney injury. Because of its 3D
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nature, it is possible to differentiate between different regions
of the kidney without destroying the material for later classi-
cal 2D histological analysis. This may be valuable for future
structure-function research in other kidney diseases, espe-
cially for those with heterogeneous pathological changes or
with early but minimal microstructural changes.

Data Availability

The microCT datasets generated and/or analyzed during the
current study are not publicly available due to their consid-
erable size but are available from the corresponding authors
on request. The in-house developed MATLAB script to con-
vert the reconstructed 16-bit slices (.tiff) to 8-bit slices (bmp
or .jpg), while simultaneously windowing the histogram
range to the dynamic range of the dataset, is available at
https://github.com/contrast-team/histogram-windowing
(d0i:10.5281/zen0do0.7034265).
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