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Abstract— Histopathology as a diagnostic mainstay for
tissue evaluation is strictly a 2D technology. Combining
and supplementing this technology with 3D imaging has
been proposed as one future avenue towards refining
comprehensive tissue analysis. To this end, we have devel-
oped a laboratory-based X-ray method allowing for the
investigation of tissue samples in three dimensions with
isotropic volume information. To assess the potential of
our method for micro-morphology evaluation, we selected
several kidney regions from three patients with cystic kidney
disease, obstructive nephropathy and diabetic glomeru-
lopathy. Tissue specimens were processed using our
in-house-developed X-ray eosin stain and investigated with
a commercial microCT and our in-house-built NanoCT. The
microCT system provided overview scans with voxel sizes
of 14.8 ym and the NanoCT was employed for higher
resolutions including voxel sizes from 1.4 xm to 210 nm.
We present a methodology allowing for a precise micro-
morphologic investigation in three dimensions which is
compatible with conventional histology. Advantages of our
methodology are its versatility with respect to multi-scale
investigations, being laboratory-based, allowing for non-
destructive imaging and providing isotropic volume infor-
mation. We believe, that after future developmental work this
method might contribute to advanced multi-modal tissue
diagnostics.

Index Terms— Microscopic tissue structure, nanoscopic
computed tomography, renal pathology, 3D X-ray histology,
X-ray staining.

I. INTRODUCTION

N HISTOPATHOLOGY, a tissue specimen is typically

fixed, embedded into paraffin, sectioned by a microtome,
stained and analyzed under a light microscope (LM) [1], [2].
To visualize histoarchitecture, the pathologist can choose from
a large variety of specific stains. By changing the LM objective
and by consulting transmission electron microscopy (TEM),
histopathology enables a multi-scale investigation of the tissue
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structure in 2D (Fig. 1) [1], [2]. These qualities resulted
in histopathology setting the benchmark regarding diagnostic
tissue analysis for more than a century.

However, to dive deeper into micro-morphologic evaluation
to truly understand tissue architecture, additional 3D informa-
tion would be desirable. This has prompted the research field
of 3D imaging. It allows for tracking and visualizing tissue
structures, such as blood vessels, in 3D and provides access
to any virtual plane.

Within the field of 3D imaging, a framework of methods
based on LM and EM has formed [3], [4], [5], [6], [7], [8].
These methods, however, conventionally involve sectioning or
complete destruction of the sample to generate 3D data of a tis-
sue specimen. For instance, to access the glomerular-vascular
network in the kidney with scanning electron microscopy
(SEM), corrosion casts require in-vivo injection of resin
and subsequent dissolution of the surrounding tissue [9],
[10]. This procedure renders this approach not suitable in
humans. In addition, the 3D data resulting from ablation-
or sectioning-based methods often suffer from distortion and
alignment artefacts, and the respective ablation or sectioning
technique limits the 3D resolution perpendicular to the section-
ing plane due to slice thickness [3], [4], [5], [6], [7], [8], [11].

While X-ray computed tomography (CT) enables non-
destructive 3D imaging, it conventionally relies on either phase
retrieval [12] or staining techniques [13] to achieve adequate
tissue contrast. Laboratory-based phase contrast imaging tech-
niques can struggle with reaching the resolutions required to
analyze sub-cellular structures [14], can have long exposure
times in the order of several tens to hundreds of seconds
[15], [16] and generally provide little control over which
tissue structures are highlighted [17]. In contrast to that, X-ray
staining allows for contrast enhancement of specific cellular
structures [18], [19], [20], but represents an additional sample
processing step and special care must be taken to avoid
compromising the sample structure [11].

We recently introduced a 3D X-ray micromorphology
method using X-ray staining. An eosin-based cytoplasm-
specific X-ray stain (X-ray eosin stain) combined with
propagation-based phase retrieval and an in-house-built,
laboratory-based X-ray CT device with resolutions in the
100 nm regime (NanoCT) [21] form the cornerstones of
this technique. In previous work, we applied this method
to mouse kidney tissue and demonstrated the visualiza-
tion of sub-cellular details [22]. In a preliminary study
analyzing human tissue, we successfully performed a
micro-morphological assessment of 3D volumes of renal cell

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Schematic overview over the multi-scale kidney anatomy and the resolution range of typical imaging methods along with typical voxel/pixel

sizes used in 3D X-ray histology and 2D histology. (a) Overview schematic of a human kidney. (b) Enlarged region indicating the glomerular-vascular
network. (c) Schematic of the nephron. (d) Schematic of one glomerulus. (e) Schematic drawing of a capillary within the glomerulus. The assignment
of anatomical relevant structures was performed according to D’Agati et al. [1]: Legend: |: cortex, |l: medulla, IlI: pelvis, IV: glomerulus, V: interlobular
artery, VI: interlobular vein, VII: afferent arteriole, VIII: efferent arteriole, IX: proximal tubule, X: distal tubule, XI: Bowman’s capsule, XII: capillary,
XIIl: mesangial cell(s), XIV: podocyte with foot processes, XV: fenestrated endothelial cell.

carcinoma [23]. In this context, we further demonstrated com-
patibility of the X-ray eosin stain with subsequent conventional
histological analyses [23]. By measuring samples prepared
with TEM-compatible procedures in the NanoCT, we have
shown the potential for correlative microscopy with TEM [11].

Here, we want to further explore the benefits of our method-
ology. We consider contrast, resolution, reliability, versatility,
and compatibility with histopathology to be the key aspects
in this regard. Thereby, we aim to particularly illustrate the
versatility of our method by 3D visualization of a variety of
pathologically relevant tissue morphologies on multiple length
scales. For a prototypical study, we selected several human
tissue specimens presenting non-neoplastic kidney disease.

The kidney plays a central role in a large variety of human
diseases and in this context shows diverse micro- and macro-
morphological alterations superimposed on a complex basic
architecture. Thus, diagnostically evaluating kidney morpholo-
gies is highly relevant in the context of various either local or
systemic diseases [1], [24], [25].

The hierarchical structures of the kidney span over a wide
range of length scales, from the macroscopic regions to the
microscopic functional unit, the nephron [1]. To gain a holistic
understanding of both, healthy and pathologically altered renal
tissue, multi-scale imaging is thus mandatory. On the one
hand, rather large tissue volumes need to be investigated to
evaluate kidney tissue for detecting diseases such as renal cell
carcinoma [26]. Glomerulopathies, on the other hand, require
analysis on a cellular level and in some cases even TEM
imaging [1], [27], [28]. These characteristics render the kidney
an ideal test case for our purposes.

In our study, we acquired high-resolution 3D X-ray CT data
of various X-ray eosin-stained human renal tissue specimens
exhibiting different pathologies. We performed a comparative
evaluation with histological light microscopy images from
corresponding regions including a joint interpretation of the
X-ray CT and of the histological slides by pathologists from
our team.

To account for the various tissue structures, we used a multi-
scale approach combining microCT and NanoCT imaging.

The resulting data include volumes ranging from 6 mm edge
length down to 150 um edge length, and effective voxel
sizes of 14.8 um down to 210 nm. These results demonstrate
the flexibility of our methodology to perform multi-scale
investigations.

On a large volume scale, we performed a scan of
cystic kidney tissue. We further present co-registration of
microCT and NanoCT data of the same selected tissue region
within the tissue specimen. Going towards higher resolutions,
we present NanoCT data on tubular morphology and reveal
the micro-architecture of the glomerular-vascular network in
the human kidney.

In the range of sub-cellular resolutions, we applied advanced
CT reconstruction algorithms to investigate a single glomeru-
lus. The respective NanoCT results allowed for detecting
the disturbed glomerular tissue architecture. These findings
support our methodology as a future promising tool to be used
for 3D-multi-scale studies of human pathologies.

Il. MATERIALS AND METHODS

A. Experimental Design

To evaluate the potential of our method for histopathology,
we selected an organ with a broad morphological diversity and
a variety of different pathologies. All samples were resection
specimens obtained from the Department of Pathology, Tech-
nical University of Munich. The studies were approved by the
local ethics committee. We selected several kidney regions
from three patients with kidney diseases: Patient A (64 years
old, male) was diagnosed with polycystic kidney disease.
The resection specimen originated from the cortex region.
Patient B (68 years old, female) had tubular degenerations
due to an obstruction in the urinary tract. The investigated
resection was taken from the transition area from cortex
to medulla. Patient C (55 years old, male) was suffering
from a post-operative shock combined with long-term dia-
betes. The resection specimen was of cortical origin. The
tissue specimens from the three patients were processed using
our in-house-developed X-ray eosin stain and investigated
with a commercial microCT and our in-house-built NanoCT.
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Thereby, the microCT system was used for overview scans
with voxel sizes of 14.8 um and the NanoCT was employed
for higher resolutions including voxel sizes from 1.4 um to
210 nm. Pieces of the X-ray eosin-stained tissue specimens
were analyzed by conventional histology to provide LM
images for comparison with the X-ray CT data.

B. X-Ray Eosin Staining

The Department of Pathology of the Technical University
of Munich provided formalin-fixed (4% phosphate-buffered
saline formalin solution) tissue fragments from the dissection
room. The further sample processing was carried out following
the previously described steps [22], [23], [29]. After acidifica-
tion with 5% (vol/vol) glacial acetic acid in phosphate-buffered
saline formalin solution; Alfa Aesar), the tissue specimens
were washed with phosphate-buffered saline solution (DPBS
without calcium and magnesium) for 1 h. For the eosin
staining, the sample was left in eosin Y staining solution
(30 % (wt/vol) in distilled water) (Sigma-Aldrich) for 24 h
at room temperature. The amount of staining solution was
chosen such that the tissue sample was fully covered (volume
ranged from 6 to 15 ml for sample sizes of 3 — 5 cm edge
length). During that time, the sample container was placed
on a horizontal shaking plate at 60 rpm. After the incubation
time and removal of excess staining solution, the samples
were stored in an ethanol vapor phase of 70 % (vol/vol)
ethanol. Prior to imaging the tissue samples were cut into
smaller tissue pieces to allow for subsequent sample process-
ing in histology and to visualize the micro-morphological
structures.

C. X-Ray microCT: Acquisition

Each of the X-ray eosin-stained tissue specimens was placed
in a sample holder in a 70 % (vol/vol) ethanol vapor phase.
For the microCT data, shown in Fig. 2a-d, Fig. S1, Fig. s2.!
1,601 projections were acquired over an angular range of 360°
using the Xradia Versa 500 (Zeiss) at a peak voltage of 50 kV.
The 0.39x objective and an exposure time of 2 s were chosen
to achieve adequate data quality at an effective voxel size of
14.8 pum. These settings resulted in a total acquisition time of
~ 2 h per CT scan. The chosen parameters ensured optimal
transmission values between 0.22 and 0.35 and provided a
good signal-to-noise ratio with at least 5000 average counts
per pixel within the field of view (FOV) as suggested by the
manufacturer.

D. X-Ray microCT: Image Processing, Reconstruction
and 3D Visualization

The image processing of all microCT data sets was per-
formed within an in-house developed Python framework. The
flat-field normalized projections were corrected to remove
ring and intensity fluctuation artefacts. The reconstruction
was carried out with a state-of-the-art filtered back-projection
algorithm [30] including a center-shift correction based on
cross-correlation of anti-posed projections [31] and an angular

1Supporting materials are available in the supporting documents/multimedia
tab.

projection alignment based on tomoconsistency [32]. The
volume renderings of the microCT data were generated with
Avizo Fire 8.1 (ThermoFisher Scientific).

E. X-Ray NanoCT: Sample Preparation

The imaging at very high resolutions requires the sample to
be very stable over the time of measurement. Critical-point
drying (CPD) is a suitable sample preparation method for
the tissue samples and their investigation with the NanoCT.
Furthermore, the CPD enables the positioning of the tissue
sample especially close to the X-ray source to allow for the
best possible magnification and imaging result. Based on the
microCT data, volumes of interest (VOI) were defined. From
these VOIs, samples with an edge length of 0.5-1 mm were
extracted and dehydrated in an ethanol series (50, 60, 70, 80,
90, 96, and 100 % (vol/vol) in distilled water) for 1 h each
and then critical-point dried (Bal-TEC CPD 030) analogously
to previously described protocols [23]. The samples were kept
in a desiccator until further use.

F. X-Ray NanoCT: Acquisition

The NanoCT is an in-house-developed laboratory system.
It is based on the principle of a shadow microscope and,
thereby, does not rely on X-ray or visible light optics for
magnification. By combining a nanofocus X-ray source (proto-
type Nanotube; Excillum) [33] with a single-photon counting
detector (PILATUS 300K-W 20 Hz, Dectris) [34] it reaches
resolutions down to 100 nm [21]. For the presented data,1,599
projections, evenly distributed over 360°, were taken at a peak
voltage of 60 kV.

The NanoTube allows for calibrating the focal spot size of
the electron beam onto the X-ray transmission target. The elec-
tron spot sizes which are provided in the following describe
the radius or 0.5 FWHM (full-width-at-half-maximum). For
the data shown in Fig. 2f-i (patient A) an exposure time of
2 s and an effective voxel size of ~1.4 um was set (electron
spot size was 340 nm), which results in a total acquisition
time of ~2 h for the CT scan. Regarding the NanoCT data of
Fig. 3 (patient B) the exposure time of 5 s and an effective
voxel size of ~430 nm (electron spot size was 320 nm) led
to a total acquisition time of ~4 h per CT scan. The data
set from Fig. 4 (patient C) was taken with an exposure time
of 3 s and an effective voxel size of ~890 nm (electron spot
size was 320 nm) in ~2.5 h per CT scan. To extend the FOV
in the vertical direction, multiple CT scans were taken for
different vertical positions of the sample and later digitally
combined in 3D. Thereby, 3 data sets were taken, which adds
up to a total acquisition time of the final data set of ~7.5 h.
For the NanoCT data of Fig. 5 (patient C), 7 data sets were
acquired at different vertical positions with an exposure time
of 8 s, an effective voxel size of ~210 nm (electron spot
size was 360 nm), an acquisition time of ~5 h per data set
during ~35 h.

G. X-Ray NanoCT: Image Processing, Reconstruction
and 3D Visualization

All NanoCT data sets were processed and reconstructed
using an in-house written Python framework. The flat-field
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Fig. 2. MicroCT and NanoCT data and histology image of a polycystic kidney specimen (patient A). (a) MicroCT rendering of 5.8 mm x 5.8 mm x
5.5 mm with a VOI marked in red (effective voxel size ~ 14.8 um). (b) — (d) MicroCT slices through the volume shown in (a) along the Cartesian axes:
(b) along xy, (c) along yz and (d) along xz. (e) Histological image with a ROl marked in blue. (f) NanoCT rendering of 500 um x 500 um x 270 um
of the VOI indicated in red in (a) (effective voxel size ~ 1.4 um). The viewing angle of the red VOI has been changed here for illustration purposes.
(9) — (i) NanoCT slices through the volume shown in (f) along the Cartesian axes: (g) along yz, (h) along xy and (i) along xz. (j) Enlarged histological
light microscopy image from the ROI indicated in blue in (e). ROl has been rotated for illustration purposes. Legend: I: amorphous eosinophilic
material, Il: nodular region in cyst wall, lll: multilocular cyst, 1V: foam cell aggregate ROI/VOI, V: foam cells, VI: cholesterol crystals, VII: lymphocytic

demarcation.

and intensity corrected projections were processed according
to Gureyev’s approach of edge deblurring [35] using Paganin’s
method [12] for phase-retrieval. Thereby, the input values
were chosen to achieve the maximum edge sharpness, whilst
dampening edge-enhancement effects and optimizing the soft-
tissue contrast. The resulting projections were reconstructed
using a state-of-the-art filtered back-projection algorithm. Prior
to reconstruction, a center-shift correction and a projection
alignment based on cross-correlation [36] were applied to the
NanoCT data presented in Fig. 2 — 5. For the NanoCT data
with the smallest effective voxel size of 210 nm (Fig. 5), the
detector offset was optimized for each individual projection
employing a sparsity metric [11], [37]. The volumes presented
in Fig. 4 and Fig. 5 were combined from 3 and 7 sub-
volumes, respectively. The alignment of the sub-volumes was
carried out with a shift-calculation technique based on cross-
correlation. The NanoCT volume renderings, segmentations
(Fig. 2 — 5) and movies (Movie S1 — S3) were created with
Avizo Fire 8.1 (Thermo Fisher Scientific). The segmentation
was intensity-based but performed manually followed by inter-
polation. An automatic segmentation was not possible due to

the bright erythrocytes within the dark blood vessels and the
high degradation state of the tissue.

H. Histology

Remaining tissue fragments after microCT acquisition and
after resection of the NanoCT tissue pieces from the X-ray
eosin-stained tissue specimens were returned to the Pathology
Lab for further analysis. The NanoCT tissue pieces and the
remaining tissue shared a resection plane. Following the stan-
dard protocols, tissue blocks of around 1 cm - 1.5 cm-edge
length were embedded into paraffin and sectioned into
3-pum thick slices using a microtome (Leica). A distance
of 100 — 300 gm must be assumed from the investigated
NanoCT piece to the histological slides shown. This con-
siders that initial slides might be discarded, e.g. due to
inclined embedding. The distance ensures the presence of
corresponding micro-structures seen in the NanoCT volume.
The histological slides were deparaffinized, rehydrated and
counter stained with Mayer’s hematoxylin (Morphisto) accord-
ing to the manufacturer’s protocol. The resulting histological
images were acquired with a Zeiss microscope (Axiolmager II,
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Fig. 3. Two sets of NanoCT data and histology image of altered renal tubular tissue showing different degrees of tubular degradation (patient B).
(a) First NanoCT rendering of 206 um x 206 um x 80 um (effective voxel size ~ 480 nm) presenting tubuli with intraluminal cell debris.
(b) — (d) NanoCT slices through the volume shown in (a) along the Cartesian axes: (b) along xy, (c) along yz and (d) along xz. (e) Histological image with
hematein counterstain. (f) Second rendering of 206 um x 206 um x 80 um (effective voxel size ~ 480 nm) showing tubular atrophy and tubular dilation.
(9) — (i) NanoCT slices through the volume shown in (f) along the Cartesian axes: (g) along xy, (h) along yz and (i) along xz. (j) Histological image
with hematein counterstain. Legend: I: interstitial connective tissue, II: tubuli with intraluminal cell debris, 1lI: tubular atrophy and tubular dilation, IV:

erythrocytes in peritubular ectatic capillaries.

Carl Zeiss, Germany) equipped with AxioVision software
(version 4.7, Carl Zeiss, Germany). For the light microscopy
image in Fig. 2e, a 5x objective (0.17 NA) was used. For
the images shown in Fig. 2k, Fig. 3e, Fig. 3k, and Fig. 5f
a 20x objective (0.5 NA) and for Fig. 4f a 10x objective
(0.3 NA) was used. For all objectives the resolution is limited
by the effective pixel size of the image after magnification
with 2.075 pm/pixel, 1.029 pm/pixel, and 516 nm/pixel,
respectively.

I1l. RESULTS

A. Cystic Kidney Disease

A typical kidney disease exhibiting hierarchical structures
on a large range of length scales is cystic kidney disease.
Here, we investigated specific areas of polycystic kidney with
microCT and further extracted a smaller volume of interest
(VOI) for assessments on a cellular level using the NanoCT.

Fig. 2 presents the resulting microCT and NanoCT data
along with the corresponding histology images. Eosinophilic
areas appeared bright in the X-ray CT data and pink in the
histology images, since both, the applied X-ray stain and
the histological stain contain eosin. Eosinophilic structures in
histopathology characteristically have a high protein content,
such as the cell cytoplasm or erythrocytes.

The microCT data in Fig. 2 largely reflected the tissue mor-
phology visible in the histological slide, such as multilocular
cysts and areas where potential inflammatory infiltrates where

present. During the analyses, a smaller VOI was identified
containing relevant underlying sub-structures beyond the res-
olution limit of the used microCT.

For a precise assessment of the micro-morphology, i.e.,
to determine whether the VOI was representing a papillary
renal cell carcinoma or simply a foam cell aggregate, the VOI
was cut from the tissue cube and further data was acquired
using the NanoCT. Based on the NanoCT visualizations,
we were able to identify the volume as a foam cell aggregate.
In the histological slide in Fig. 2e, the corresponding region
of interest (ROI, marked in blue) displayed most of the
structures visible in the NanoCT images (Fig. 2f-i), such as
foam cells and lymphocytic demarcation. Cholesterol crystals,
which were dissolved during paraffin embedding, could not
be detected in the histological image, while being clearly
discernible in the NanoCT data.

It was possible to assign the NanoCT volume (Fig. 2f) to
the indicated VOI in the microCT data (Fig. 2a, red box and
Movie Slz), which demonstrated targeted correlative multi-
scale imaging using high-resolution X-ray CT.

B. Tubular Morphology

Altered tubular morphology was assessed in a tissue speci-
men of a patient suffering from an obstruction of the urinary
tract (patient B). In this case, the microCT data yielded only

2Supporting materials are available in the supporting documents/multimedia
tab.
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Fig. 4. NanoCT data and histology image of a diabetic kidney with
superimposed shock from the cortex region (patient C). (a) NanoCT
volume rendering of a volume of 500 um x 500 um x 250 um of the
tissue with the glomeruli and the blood vessels modelled in 3D (effective
voxel size ~ 890 nm). (b) 3D rendering of the glomeruli, the interlobular
artery, and the associated arterioles without the surrounding tissue within
the volume shown in (a). (c) — (e) NanoCT slices through the volume
shown in (a) along the Cartesian axes: (c) along xy, (d) along yz and
(e) along xz. (f) Histological image with hematein counter staining.
Legend: I: Interlobular artery, Il: blood vessel with thickened vascular
wall, Ill: renal corpuscle with thickened Bowman’s capsule, 1V: dilated
afferent arteriole, V: efferent arteriole, VI: tubular necrosis.

little information (Fig. S1%). Here, solely a blood vessel could
be discerned, and tubular micro-morphology was not further
assessable.

Therefore, we resected various VOIs for further NanoCT
investigations, whereby two NanoCT data sets were particu-
larly interesting. The selected NanoCT data (Fig. 3) reflected
tubular morphologies reminiscent of varying degrees of tubular
alterations in the context of the underlying disease, which

could also be seen in the corresponding histological images.
It thus enabled us to distinguish between different degrees of
tubular degradation.

Particularly striking were the bright erythrocytes in ectatic
peritubular capillaries seen in the X-ray data of Fig. 3e-i. The
brightness of the erythrocytes originated from a high protein
content resulting in a high eosin concentration, and thus a
pink appearance in the light microscopy image. Furthermore,
the tubular walls appear highlighted in the NanoCT slices
compared to the histological images. This is due to Paganin’s
method [12] of propagation-based phase retrieval. As such
the tubular walls must have a considerably higher tissue
density compared to the neighboring tissue and are therefore
highlighted. Due to the chosen standard H&E staining for
the histological slides the tubular walls are not highlighted
explicitly here and display an additional feature when using
the NanoCT for whole tissue imaging.

C. 3D Investigation of the Glomerular-Vascular Network

Apart from the tubular network, we were particularly inter-
ested in the glomerular-vascular network as an essential part of
the nephron (Fig. 1). MicroCT data was again of little benefit
for analyzing these structures (Fig. S2°).

Thus, an overview NanoCT dataset was taken of a tissue
specimen from a diabetes patient with a superimposed acute
shock (patient C). The resulting NanoCT images (Fig. 4)
revealed multiple glomeruli and their associated vasculature
and tubular structure. The NanoCT slices displayed a tissue
architecture well comparable to the histology image. The
micro-morphologic analysis yielded typical shock indicators,
such as dilated blood vessels but also typical diabetic changes
such as thickened vascular walls and a thickened Bowman’s
capsule surrounding the renal corpuscles. By tracking the
blood vessels in 3D, we were able to segment the interlobular
artery and beyond that the afferent arterioles, which connect
the artery with the glomeruli, and the efferent arterioles. The
3D renderings in Fig. 4 and Movie S23 illustrate how the
NanoCT data provides 3D information of both, the glomerular-
vascular system, and the surrounding tissue simultaneously.

D. 3D Investigation of Glomerulopathies

Having gained an overview over a network of glomeruli,
we proceeded to higher resolutions to analyze a single
glomerulus. The glomerulus represents the central filtering unit
of the kidney and certain glomerulopathies lead to end-stage
renal disease [27]. The diagnosis of glomerulopathies involves
cellular level investigations and requires sometimes TEM
imaging [1], [27], [28]. Thus, we acquired NanoCT data of a
tissue piece containing one glomerulus from the same patient
(patient C) with a voxel size of 210 nm (Fig. 5). To reduce
blurring due to drifts and mechanical instabilities at these
high resolutions, an advanced alignment algorithm for CT
reconstruction was devised [11]. The resulting NanoCT slices
allowed for an accurate analysis of the glomerular morphology.
Due to the X-ray eosin stain, the NanoCT slices map the

3Supporting materials are available in the supporting documents/multimedia
tab.
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Fig. 5.

NanoCT data and histological image of a single partially sclerotic glomerulus (effective voxel size ~ 210 nm) (patient C). (a) NanoCT

rendering of 122 um x 156 um x 170 um with the renal corpuscle, the arterioles and the proximal tubule modelled. (b) 3D model from (a) without
surrounding tissue. (c) 3D model from (b) with parts of the capillaries modelled. (d) NanoCT slice through the volume shown in (a) along the xy
Cartesian axes. (e) NanoCT slice through the volume shown in (a) along the xz Cartesian axes with a ROI containing an erythrocyte marked in
red and an enlarged 3D rendering of the respective erythrocyte. (f) Histological image with hematein counter staining. Legend: I: renal corpuscle,
II: proximal tubule, Ill: afferent/efferent arteriole, I1V: capillaries with irregular dilated shape, V: thickened Bowman’s capsule, VI: diffuse mesangial

thickening, VII: nodular mesangial thickening, VIII: erythrocyte.

eosin distribution within the tissue similar to the histology
image. The tissue contrast benefited significantly from the
propagation-based phase retrieval enabled through the small
voxel sizes due to the concept of the NanoCT. As the NanoCT
resembles a shadow microscope with a large cone beam
angle, the effective propagation distance is directly linked to
the effective voxel size. To achieve low noise levels / high
photon counts, the source-detector distance was minimized.
Consequently, structures such as the thickened Bowman’s
capsule were particularly highlighted.

The assessment of the high-resolution 2D NanoCT slices
revealed a diffuse and nodular glomerulosclerosis with mesan-
gial thickening. These are typical long-term effects of diabetes
mellitus. A nodular mesangial thickening was only visible in
the NanoCT slice in Fig. 5d, but not in the NanoCT slice of
Fig. 5e nor the corresponding histological image (Fig. 5f).

Cell nuclei in the proximal tubules appeared as slightly
darker disks in the NanoCT slices. In contrast to that,
erythrocytes mostly appeared as bright disks in the NanoCT
slices. A 3D rendering of one erythrocyte (Fig. 5Se, red ROI),
however, hinted on the characteristic oval biconcave disk-
shape. The 3D rendering is displayed without any voxel
interpolations creating a step-like surface to illustrate the
true voxel resolution. Beyond that, the NanoCT allowed for
3D modelling of the glomerulus, its arterioles, the proximal
tubules, a VOI of surrounding tissue (Fig. 5, Movie 534) and
even the capillaries inside the glomerulus.

4Supporting materials are available in the supporting documents/multimedia
tab.

IV. DISCUSSION

In our study, we analyzed a variety of pathologies through-
out different kidney regions and diseases. We acquired X-ray
CT data of vastly varying volumes with edge lengths rang-
ing from ~6 mm to ~150 um. To address each of these
pathologies, we adjusted the voxel size from 14.8 ym down
to 210 nm. This was feasible due to the concept of the
NanoCT which allows for continuously adjusting the field-
of-view (FOV) and effective voxel size at relatively short
acquisition times.

By combining a commercial microCT and our in-house
developed NanoCT, we demonstrated targeted multi-scale
investigation. We employed the microCT system to define
a VOI, which we resected and further studied with higher
resolutions using the NanoCT.

When it comes to accurately capturing the characteristic
tissue structure, there are two basic requirements: adequate
tissue contrast and sufficient resolutions.

Regarding the tissue contrast, histopathology employs spe-
cific histological stains to highlight the relevant tissue struc-
tures. Our method combines the X-ray eosin stain with
propagation-based phase contrast. Due to the X-ray eosin
stain, we obtain a 3D X-ray absorption map, analogous to
the pink eosin distribution known from histology. Beyond
that, propagation-based phase retrieval provides a boost in
soft-tissue contrast, which especially serves as a highlight
for membranes, such as tubular or vascular walls and the
glomerular Bowman’s capsule. This could be particularly
useful for studying glomerulopathies, since our method can
visualize both, the mesangial thickening, due to the X-ray
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eosin stain, and the thickened Bowman’s capsule, using phase
effects.

In all tissue samples investigated so far [22], [23], [29],
the acidification step carried out as part of the X-ray eosin
staining protocol never had an effect on the morphology,
so we are confident that it also did not alter the biopsy
samples investigated within this study. However, it still
needs to be explored how this staining method is affecting
potential acid-sensitive structures such as calcium oxalate
crystals, as none were present in our samples (confirmed by
absorption-based microCT prior to staining). Nonetheless,
it should be pointed out that the acid is only present with
5 vol-% and furthermore belongs to the mild acids compared
to inorganic acids such as hydrochloric acid. These aspects
should minimize the risk of morphological impacts.

The spatial resolution represents the second fundamen-
tal condition to adequately visualize tissue. In previous
work, we demonstrated a resolution limit of the NanoCT
of ~100 nm [21]. While it is challenging to determine
the actual image resolution of the NanoCT data in this
work, it is evident that the images provide a detail level
comparable to the corresponding histology images. At voxel
sizes around 200 nm, drifts and mechanical instabilities may
cause substantial blurring artefacts in the reconstructed CT
data. This problem was solved by an advanced alignment
algorithm based on a sparsity metric, which corrects posi-
tional shifts for every projection image individually [11],
[37]. As a result, the NanoCT data in Fig. 5 provides a
highly detailed representation of a glomerulus, where it is
even possible to track single capillaries inside the glomerulus
and reproduce the characteristic biconcave shape of single
erythrocytes.

Fulfilling these two criteria, the presented CT results
adequately reproduce the tissue morphology as shown by
corresponding histologies and thereby enable an accurate
micro-morphological assessment. The cholesterol crystals in
the foam cell aggregate, for instance, are even better repro-
duced in the NanoCT images than in the histological slide,
since tissue processing for histology washes out these ele-
ments. Our method enables to evaluate different degrees of
tubular alterations and to detect pathologies affecting single
glomeruli.

Apart from these high-performance characteristics for an
imaging modality, our method offers further advantages
through 3D assessment. Regarding the cystic kidney case,
our microCT data allows for an accurate recapitulation of
the complex architecture and for the detection of ROIs which
could be evaluated further.

When studying the glomerular-vascular network, tracking
the blood vessels in 3D provided us with the information to
assign the afferent and efferent arterioles for each glomerulus
and to identify and image the interlobular artery. Subsequently,
we were able to transfer this additional knowledge back to the
2D NanoCT slices. This is an excellent example of how 3D
imaging may be aligned with 2D data.

Similar 3D representations of the glomerular-vascular sys-
tem, as shown in Fig. 4, are known from corrosion cast imag-
ing [9], [10]. In contrast to corrosion cast imaging, however,

our method can visualize both, the glomerular-vascular system
and the surrounding tissue.

Another advantage of 3D X-ray is that any arbitrary spatial
plane can be analyzed resulting in a multiplication of available
information. This is especially advantageous, if the tissue
exhibits different morphologies in different spatial planes and
is exemplified in our study of a glomerulus. Here, a nodular
mesangial thickening was evident only in one of the two (and
potentially many additional) orthogonal NanoCT slices.

The compatibility of the NanoCT and TEM has already
been demonstrated in previous work [11]. TEM imaging is
consulted for certain cases of glomerulopathies. Thus, com-
bining both methods in the future might become a particularly
powerful tool for defining VOISs in certain planes by X-ray for
further targeted TEM investigation and, thus, allow for a more
precise morphological assessment.

Moreover, our methodology is compatible with subsequent
clinical histological investigations such as the H&E and
fuchsine-based staining procedures [23]. As shown, it is possi-
ble to study a sample with conventional histology after apply-
ing the X-ray eosin stain. However, up until now, we mostly
use CPD to prepare the samples for NanoCT imaging. Thus,
it is still left for us to explore whether CPD samples can be
processed to allow subsequent paraffin embedding and thereby
reach full compatibility with histology.

To conclude, our method fulfils the essential requirements
contrast, resolution and reliability to allow for a precise
micro-morphological investigation. It offers a multitude of
benefits through non-destructive imaging and isotropic volume
information. It is laboratory-based and mostly compatible with
routine diagnostic histology and TEM imaging. Multi-scale CT
imaging on the microscopic and nanoscopic level can provide
additional information that might close the gap between LM
and EM techniques. We believe, that with further develop-
mental work this method holds the capability of contributing
to advanced and precise multi-modality tissue analytics.

APPENDIX

The data that support the findings of this study are available
on request from the corresponding author M. Busse. The data
are not publicly available due to them containing information
that could compromise patient privacy.
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