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Histological examination achieves sub-micrometer resolution laterally. In the third dimension, however, resolu-
tion is limited to section thickness. In addition, histological sectioning and mounting sections on glass slides in-
troduce tissue-dependent stress and strain. In contrast, state-of-the-art hard X-raymicro computed tomography
(μCT) systems provide isotropic sub-micrometer resolution and avoid sectioning artefacts. The drawback of μCT
in the absorption contrast mode for visualising physically soft tissue is a low attenuation difference between an-
atomical features. In this communication, we demonstrate that formalin-fixed paraffin-embedded human cere-
bellum yields appropriate absorption contrast in laboratory-based μCT data, comparable to conventional
histological sections. Purkinje cells, for example, are readily visible. In order to investigate the pros and cons of
complementary approaches, two- and three-dimensional data were manually and automatically registered.
The joint histogram of histology and the related μCT slice allows for a detailed discussion on how to integrate
two-dimensional information from histology into a three-dimensional tomography dataset. This methodology
is not only rewarding for the analysis of the human cerebellum, but it also has relevance for investigations of tis-
sue biopsies and post-mortem applications. Our data indicate that laboratory-based μCT as a modality can fill the
gap between synchrotron radiation-based μCT and histology for a variety of tissues. As the information from
haematoxylin and eosin (H&E) stained sections and μCT data is related, one can colourise local X-ray absorption
values according to the H&E stain. Hence, μCT data can correlate and virtually extend two-dimensional (2D)
histology data into the third dimension.

© 2016 Published by Elsevier Inc.
Keywords:
Hard X-ray tomography
Nano-focus X-ray
Histology
2D-3D image registration
Paraffin-embedded human cerebellum
Purkinje cells
Joint histogram analysis
1. Introduction

The microanatomy, i.e. microstructures and morphology, of tissue
components is generally characterised bymeans of histological section-
ing, as this sort of examination can provide a true (sub-)micrometer
resolution in two lateral dimensions, when neglecting processing-
derived shrinkage artefacts, and the option of functional staining for
the contrast (Müller et al., 2006; Irshad et al., 2014). Bymeans of optical
microscopy individual intra- and extracellular components are
visualised (Irshad et al., 2014; Kandel et al., 2012; Fuchs and
Buhmann, 2011). Currently established protocols, however, are often
time-consuming, and individual steps involved in the preparation
procedure induce stress- and strain-related artefacts in the tissue
(Schulz et al., 2010a; Müller et al., 2012; Germann et al., 2008).
ter, Department of Biomedical
Allschwil, Switzerland.
Moreover, for histological examinations, the tissue has to be irreversibly
cut into slices (Lang et al., 2014). As the sections are a fewmicrometers
thick, isotropic lateral resolution is lost in the third dimension. There-
fore, non-destructive three-dimensional imaging is a promising com-
plement to provide volumetric morphological information (Schulz
et al., 2010a).

Confocal microscopy yields images of cells in layers well below the
surface. However, the limited transmission of visible light does not
allow for the comprehensive visualisation of human tissue in its three-
dimensional (3D) state (Müller et al., 2006). Multiphoton fluorescence
in general and one- or two-photon microscopy (Wolf et al., 2015) in
particular can provide information from tissue layers up to hundreds
of micrometers, while decreasing the spatial resolution (So, 2002), for
example in zebrafish larval brain (Vladimirov et al., 2014). Tissue-
clearing methods significantly increase the accessible depth
(Richardson and Lichtman, 2015). For example, tissue-transformation
method CLARITY can increase the achievable imaging depth up to 5 or
even 6 mm (Chung et al., 2013). The SWITCH method improves the
light penetration as well, demonstrating clearing of a whole adult
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mouse brain, lung, kidney, heart, liver and spinal cord with a required
tissue-clearing time between five and ten days (Murray et al., 2015).
Combining tissue clearingwith confocal light sheet and light sheet fluo-
rescence microscopy allows for the visualisation of entire mouse brains
(Dodt et al., 2007; Silvestri et al., 2012; Costantini et al., 2015). Never-
theless, these procedures are often technically demanding, expensive,
time-consuming, induce significant tissue deformation, and restricted
to a particular tissue type with sizes not exceeding a thickness of
some millimeters.

Another means of obtaining 3D morphology is serial sectioning,
which is time-consuming and is mainly applied to small tissue volumes
(Chung et al., 2013). The time restriction can be overcome by applying a
serial optical coherence scanner (Wang et al., 2014), albeit spatial reso-
lution in the third dimension still remains restricted to section thickness
(Lang et al., 2014; Schulz et al., 2010a). Nonetheless, these methods are
destructive and the same sample can often not be reused for subsequent
examinations.

Synchrotron radiation-based micro and nano computed tomogra-
phy (SRμCT) provides impressive 3D images of biological tissues on a
(sub-)cellular level (Zehbe et al., 2010; Huang et al., 2015). For example,
one can detect and image RNA/DNA-stained HEK 293 cell clusters
(Müller et al., 2006), intracellular structures of dehydrated human
cells (Guk et al., 2008), single endothelial cells labelled with iron oxide
particles (Thimm et al., 2012), chondrocytes within the extracellular
matrix of articular cartilages without metal staining (Zehbe et al.,
2015), the lacuno-canalicular network and collagen fibres in human
bone (Langer et al., 2012), osmium-stained individual ganglion cells
(Lareida et al., 2009), unstained Purkinje cells (Schulz et al., 2010b)
and freeze-dried neurons (Mokso et al., 2007). The limited accessibility
of synchrotron radiation facilities, though, imposes severe restrictions
on the user (Wenz et al., 2015).

In contrast to laboratory sources, the synchrotron radiation sources
yield such a high photon flux, that amonochromator can be incorporat-
ed to pass about 10−4 of the photons and generate monochromatic
light, avoiding beam hardening. Laboratory-based μCT systems have
successfully been employed for 3D visualisation of higher densitymate-
rials (Chappard et al., 2005; Blouin et al., 2006) and stained tissues
(Metscher, 2009; de Crespigny et al., 2008; Ribi et al., 2008; Ashton
et al., 2015). Recently μCTwas successfully used for analysis of brain ar-
chitecture of insect species (Sombke et al., 2015). Furthermore, μCT can
achieve superb resolution, although performance for lower density ma-
terials is restricted due to limited contrast.

Consequently, we state that there is a paucity of methods to study
the microstructure and morphology of large tissue components in 3D
spacewith isotropic (sub-)cellular spatial resolutionwithin a laboratory
environment.

In this study, we evaluate the contrast of formalin-fixed paraffin-
embedded (FFPE) tissue obtained with laboratory-based μCT. We aim
to demonstrate the three-dimensional non-destructive visualisation of
a human cerebellum sample with cellular resolution, with
phoenix|xray nanotom®m laboratory-based μCT system.

In order to directly compare three-dimensional μCT datawith histol-
ogy, the counterpart of the histological section has to be localisedwithin
the three-dimensional μCT dataset (Stalder et al., 2014). Such registra-
tion enables the validation of structures within the μCT data by selected
histological sections (Gambichler et al., 2007).

It was shown that synchrotron radiation-based computed tomogra-
phy, using the phase-contrast mode, allows for identifying not only
major blood vessels, but also Stratum moleculare, Stratum granulosum
and white matter within formalin-fixed human cerebellum - even indi-
vidual Purkinje cells are visualised (Schulz et al., 2010b). The question
arises as to whether laboratory-based absorption-contrast μCT of an
FFPE human cerebellum sample can provide comparable results. We
investigate how μCT could become a complementary method to the
microscopic examination of stained tissue slices, thereby extending its
applicability to three-dimensional features.
2. Materials and methods

2.1. Tissue preparation

The specimen was extracted from the donated cadaveric brain of a
73-year-old man. Written consent for scientific use was documented.
All procedures were conducted in accordance with the Declaration of
Helsinki and approved by the Ethikkommission Nordwestschweiz. The
brain was fixed in 4% histological-grade buffered formalin for two
weeks prior to dissection. Tissue samples for histological work-up
were excised by a scalpel. These specimens, approximately
15 mm × 15 mm × 4 mm, to fit into conventional histological embed-
ding cassettes, were dehydrated and paraffin embedded according to
surgical pathology procedures: 3× 1 h in 70% ethanol (EtOH) in H2O
(v/v), 1 h in 80% EtOH in H2O (v/v), 2× 1 h in 96% EtOH in H2O (v/v),
2× 1 h 100% xylene followed by 3× 1 h paraffin/plastic mixture
(Surgipath Paraplast ®, Leica Biosystems, Switzerland) at 60 °C. Next,
sampleswithin themolten paraffinwere transferred to histological em-
bedding moulds on a routine paraffin block-casting device. Here, the
paraffin was cooled down to approximately −8 °C, to solidify and
then removed from the casting moulds. Cylinders 6 mm in diameter
were extracted from the FFPE tissue, using a metal punch, for μCT mea-
surements. Typically, minimum formaldehydefixation time is one hour,
paraffin embedding takes approximately ten hours, casting blocks five
minutes and punching five minutes.

2.2. Data acquisition and processing

The tomography experiments were carried out using the
absorption-contrast μCT system nanotom®m (phoenix|x-ray, GE Sens-
ing & Inspection Technologies GmbH, Wunstorf, Germany) equipped
with a 180 kV–15 W high-power nano-focus® tube with W and Mo
transmission targets (General Electric, Measurement and Control,
2014; Egbert and Brunke, 2011). The nanotom® m μCT-system allows
measuring objects with up to 25 cm in diameter and height.

The μCT was performed with a voxel length of 3.5 μm3 and a field of
view of about 8.5 × 10.5 mm2. For each acquisition, 1900 projections
were recorded over 360°. Geometric magnification M was maintained
at 28.57 for selected focus-detector distances (FDD) and focus-object
distances (FOD): M = FDD/FOD. Measurements were taken in the
tube operation mode “0” with an estimated source size of 2.7 μm.

Data acquisition and reconstruction were performed with datos|x
2.0 software (phoenix|x-ray, GE Sensing & Inspection Technologies
GmbH, Wunstorf, Germany). The average data acquisition time was
3.5 h, with the requirement of the user interaction in the beginning of
the scan followed by the automated execution. Data reconstruction is
based on Feldkamps cone beam reconstruction algorithm (Egbert and
Brunke, 2011; Feldkamp et al., 1984) and can be automatically done
within less than 15 min. The reconstructed slices were scaled from
black to white within the range of three times the distance from the
maximum to the minimum histogram peak position for each dataset.

The reconstructed datasets were compared for their contrast-to-
noise ratio:

CNR ¼ jI1−I2jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

1 þ σ2
2

q ð1Þ

where I1 and I2 indicate the mean intensities of homogeneous
components within the specimen, and σ1 and σ2 the standard
deviations. To this end, volumes of interest (VOI) were selected within
the white matter (VOI = 18.200 voxels), Stratum granulosum (VOI =
5292 voxels), Stratum moleculare (VOI = 4032 voxels), and paraffin
(VOI = 4704 voxels) of each dataset. To ensure comparability of the
CNR values, VOIs were selected from the same location within each
dataset.



Fig. 1. Shape of the histological section in the tomography dataset based on the expert-based (black) and automatic (red) registrations. Note that automatic registration yields a plane,
while manual registration allows for curved surfaces. Arrows indicate regions of low landmark density.
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Reconstructed data were filtered using VGStudio MAX 2.0 (Volume
Graphics, Heidelberg, Germany) for noise reduction (median filter size
“5” followed by an adaptive Gauss filter with smoothing “0.1” and an
edge threshold “1”) for comparison with histology.

2.3. Histology

Subsequent to the laboratory-based μCT measurements, the speci-
men was investigated by means of histology. The paraffin cylinder
was re-embedded in a standard histological paraffin block by melting
it, placing the tissue cylinder into a mould and filling it up with fresh
paraffin. Sections of 4 μm thickness were cut using a microtome,
mounted on glass slides, and stained with haematoxylin and eosin
(H&E). The preparation time ranged from 30 to 60 s per slide.

Images of the resulting slides were taken on a light microscope and
resulted in pixel sizes of 6.99 μmand 4.38 μm. These pixel sizes were se-
lected to match the μCT data. The resolution of computed tomography
depends on several factors including the source spot size due to focal
spot blurring effect, noise on a detector and beam instability and is nor-
mally within the range of 1.5 to 2.0 pixel sizes. Under such estimation,
Fig. 2. Visualisation of characteristic landmarks for manual 2D-3D registration marked in a sel
histological section are spread over 80 consecutive μCT slices.
resolutions of the selected histological section and tomography slice
are comparable. Micrographs acquired with a slide scanner (Olympus®
VS120 Virtual Slide Microscope, Japan) reached 0.35 μm pixel size.

A histological photograph with a pixel size of 6.99 μm was used for
the quantitative comparison to the tomography slice. For comparison,
the histological section was grey-scaled and colour-inverted to provide
grey-value correlation to the tomography data.

2.4. Data registration

To locate the histological slidewithin the μCT data, 2D-3D registration
was performed (Chicherova et al., 2014). First, corresponding feature
points between the histological image and each image in the μCT volume
were identified using the key-point detector SURF (Bay et al., 2008). The
coordinates of the matching points of the μCT images were stored in a
3D space. Second, the points were filtered according to their density.
Weights to each of the points in the 3D cloud were assigned based on
their neighborhood. The 500 pointswith the highestweightswere select-
ed. Finally, a planewas fitted into thefiltered 3D cloud using themodified
model-fitting algorithm RANSAC (Fischler and Bolles, 1981). The
ected histological section (A) and in the μCT dataset (B). Characteristic landmarks of one



Fig. 3.Human cerebellumblockmeasuredwith six μCT settings. Images provide sufficient contrast for visualisingmorphological features. As the images are dominated by noise,filtering is
required. A–F: selected part of the tomographic slice recorded with parameters summarised in Table 1. F*: Slice F filtered for noise reduction. 1 (yellow): Purkinje cell, 2 (pink): Stratum
granulosum, 3 (light green): Stratum moleculare, 4 (dark green): blood vessel within the white matter.
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corresponding tomogram is then interpolated from the μCT volume using
the obtained coordinates of the plane, see Fig. 1. Aftermatching the histo-
logical slide in the tomogram,we registered the histology section and cor-
related tomography slice in 2D, using the Demon registration tool (Kroon
and Slump, 2009) with affine transformation constraint. In the present
study, the histological slides show only gradually varying local deforma-
tions. Therefore, one may conclude that the affine transformation is
Table 1
Selection of the optimized settings: Scanning parameters of the nanotom® m used for the μCT
tube transmission target, U: acceleration voltage, I: e-beam current, FDD: focus-detector distan
ratio between paraffin and Stratum moleculare; CNR(2): contrast-to-noise ratio between pa
granulosum.

Setting Target
U
[kV]

I
[μA]

FDD
[mm]

FOD
[mm

A Mo 40 230 285.69 9.9
B W 40 350 285.69 9.9
C W 40 350 399.99 13.9
D Mo 50 180 285.69 9.9
E Mo 60 150 285.69 9.9
F W 60 350 285.69 9.9
sufficiently precise to accurately register histology slide with μCT slice.
We took the histological section as the reference, due to its higher spatial
resolution, and the tomographic slice as the floating image. The entire
pipeline was written in Matlab R2014a (MathWorks, Natick, USA).

To validate automatic registration, an expert-based 2D-3D registration
was performed. The registration was based on the point-to-point corre-
spondence of anatomical landmarks located in tomography data and
experiments and contrast-to-noise ratios (CNRs) of the reconstructed data. Target: X-ray
ce, FOD: focus-object distance, t: exposure time per projection, CNR(1): contrast-to-noise
raffin and white matter; CNR(3): contrast-to-noise ratio between paraffin and Stratum

]
t
[s]

CNR
(I)

CNR
(II)

CNR
(III)

9 7 0.02 ± 0.07 1.26 ± 0.07 1.42 ± 0.07
9 6 0.88 ± 0.20 1.35 ± 0.21 1.91 ± 0.23
9 12 0.44 ± 0.09 0.87 ± 0.09 1.28 ± 0.09
9 7 0.31 ± 0.07 0.70 ± 0.07 1.11 ± 0.07
9 3 0.68 ± 0.06 1.01 ± 0.06 1.45 ± 0.07
9 3 0.70 ± 0.10 1.11 ± 0.17 1.57 ± 0.18
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histology images (Markelj et al., 2012) (see Fig. 2). For this purpose, char-
acteristic vessels, cell groups and cracks seen in both datasets were
matched in four histological sections. The manually identified
landmarks in the tomography datawere thenfittedwith a 2D polynomial
surface (see Fig. 1), using the Curve Fitting Toolbox™ implemented in
Matlab R2014a. This surface was considered to correspond to the
location of the histological section in the 3D data. 2D-2D affine
post-registration of the histological section and its tomographic
counterpart was performed in a manner similar to that used for
automatic registration.
Fig. 4. The 3D-rendering of the human cerebellum block based on the filtered μCT data (A) show
Intensity thresholding (B) enables the exclusion of Stratum moleculare for an improved visuali
2.5. Volume ratio calculation

The volume ratio (VRs) of structures of interest was calculated,
defined as: VR=V1/V2,

where V1 and V2 indicate the volume/area occupied by structures of
interest within the sample in voxels/pixels. We calculated the surface
area (in pixels) occupied by Stratum moleculare/white matter and
Stratum granulosum for the registered tomographic volume (*), and the
selected histological section and tomographic slice. The surface area was
extracted from histogram based segmentation (Manjon-Herrera, 2006).
s blood vessels of various sizes, Stratummoleculare, Stratum granulosum, andwhitematter.
sation of the blood vessels and Purkinje cells (C, D).
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In order to calculate the volume ratio for 3D data, cumulative slice-wise
calculation was carried out.

2.6. Histogram analysis

The quantitative comparison of histology and tomography was
based on the histogram analysis of the selected registered slices.

For the quantitative analysis of the registered μCT and histology
slices, the grey value histograms of the corresponding 2D images were
fitted with multi-Gaussian distributions (Müller et al., 2002), using the
Levenberg-Marquardt algorithm of OriginPro 7.5 (OriginLab Corpora-
tion, Northampton, USA) (Schulz et al., 2010b, 2012). This common ap-
proach supports the intensity-based segmentation. The Gaussian shape
of the peaks results from the limited photon statistics (Beckmann et al.,
2008).

3. Results

3.1. Parameter selection for optimized tomography

Fig. 3 presents parts of μCT slices acquired with the parameters
summarised in Table 1. The slices in Fig. 3 are cropped around the region
occupied by three structures of interest. Visual inspection reveals that
Stratum granulosum (2, pink), Stratum moleculare (3, light green), indi-
vidual cells (1, yellow), and blood vessels within the white matter (4,
dark green) can be recognized. Images obtained with increased FDD
have significant artefacts, resulting in a radial grey-value gradient.
Since the μCT raw data comprises noise, filtering is essential for feature
extraction. The impact of filtering can for example be recognized
comparing the images in Fig. 3 F and F*.

The reconstructed datasets, recorded with the parameters
summarised in Table 1, were compared for their contrast-to-noise
ratio. The highest CNR for the selected anatomical featureswas achieved
for scans B and F, and differences between the scans are within the
Fig. 5. Virtual cutting planes within the μCT volume visualising the position of the histologica
histological sections (A–D) in the tomography dataset based on the expert-based registration.
confidence interval. Even though the CNR for scan B is higher than for
scan F by trend, data from scan F was filtered and used for further anal-
ysis, since the acquisition time was approximately 2.5 h and was half
that of scan B.

The 3D-rendering of filtered μCT data in Fig. 4 shows the 3D micro-
architecture of the selected part of the FFPE human cerebellum. It is il-
lustrated that themorphology of the human tissue sample can be inves-
tigated using laboratory-based μCT on a cellular level, without applying
contrast agents. After filtering and intensity thresholding, segmentation
allows for precise discrimination of Stratum moleculare and Stratum
granulosum. The diameters of the vessel in Fig. 4 C and Purkinje cell in
Fig. 4 D were estimated based on the number of voxels in the related
orthogonal cutting plane manually.

3.2. Retrieval of histology slice in μCT data

An established technique to investigate anatomical structures is his-
tology. Based on size, location, and shape one could reasonably assume
that the elliptically shaped features in the μCT data correspond to the
Purkinje cells. The four histology slides validated this assumption in 2D.

The polynomial surface fit provides reasonable results in regions of
high landmark point density; however, it diverges quickly outside
these regions. Regions presenting a limited number, or absence of, land-
marks are comparatively small. Thus, these differences are not pro-
nounced, and the visual quality of the registration is preserved. For
example, in regions labelled with an arrow in Fig. 1, the surface has a
steep slope, and the fitting quality deteriorates. However, this deviation
is limited to the homogeneous border regions of the slice. The slopes of
our virtual histology sections are more prominent in regions of low
landmark density, e.g. in a homogeneous middle background part that
does not have any features in the histological section (see Fig. 5, G and
H central parts).

Manual 2D-3D registration of a single histological slide to μCT
volume is highly time consuming process that lasts up to 8 h for
l sections. The colour on top of the registered μCT slices (E–H) indicates the shape of the
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identification of point-to-point correspondence of anatomical land-
marks. Thus,manual registrationwas done only for validation purposes.
Precision of the automatic 2D-3D registration can be also deduced from
Fig. 6, if one considers the expert-based registration as ground truth.
Mean difference between manual and automatic registrations planes
is 4 μm.

The characteristic landmarks used for the expert-based 2D-3D
registration are distributed over 80 tomographic slices (see Fig. 2),
which results in a height difference of 280 over a 6 mm sample
diameter. Thus, the tilting angle corresponds to 2.6°. The tilting
angle for the virtual cutting plane based on automatic registration
is around 3°, while the maximal tilting angle for the histological cut
is 5° and estimated at around 1° to 3°, therefore being in agreement
with our findings.

To evaluate distortions in the selected histological slide, an
additional 2D-2D registration with the tomographic slice as the
reference and the histological section as the floating image was
performed. A comparison of uncorrected and corrected histological
sections enables one to conclude that radial stretching by approxi-
mately 6% and longitudinal stretching by approximately 15% have
taken place.
Fig. 6. Validation of tomography results by histology. The comparison between expert-based an
Bymeansof 2D-3D expert-based (A,D, G) and automatic (C, F, I) registration, histological section
section B. Tomography images are scaled from black to white in arbitrary units of X-ray attenu
3.3. Comparison of tomography and light microscopy-based imaging of
histological sections

Fig. 6 displays the human cerebellum,withmanually (left) and auto-
matically (right) registered tomography slices compared to the selected
high resolution histological sectionwith a pixel size of 0.34 μm(middle)
at three magnification strengths. Reasonable agreement between the
registration approaches and histology is found. Manual registration val-
idates the automatic approach on the macroscopic level (top row) in
terms of tissue layer boundaries and bigger blood vessels. On the
mesoscopic level (middle row) the difference between the registration
methods becomes more pronounced, thus highlighting the differences
between smaller vessels and groups of cells. On the microscopic level
(bottom) one may clearly appreciate that automatic registration does
not account for feature correspondence down to the true micrometer
level, as cell correspondence is not preserved. To preserve the
microscopic level of correspondence between tomography and histolo-
gy, further quantitative comparison was based on the results of the
expert-based registration.

Fig. 7 shows the histograms (left and top) of the single expert-based
registered histological section and tomographic slice (right) along with
d automatic registration at three magnification levels highlights similarities in the results.
(B)was positioned in the 3D tomographic volume. E, H:magnified parts of thehistological
ation.
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a related 2D-2D joint histogram. In both modalities white matter (1*,
green) and Stratum moleculare (1, green) appear darker than Stratum
granulosum (3, pink). Thewhitematter exhibits very similar grey values
to the Stratummoleculare (Schulz et al., 2012) and is presented by a sin-
gle histogram peak (green) for both modalities. Stratum granulosum
gives rise to a separate histogram peak (pink). Blood vessels exhibit in-
termediate grey values between Stratum granulosum and Stratum
moleculare and do not have a separate peak. A grey colour overlap be-
tween Stratum moleculare and blood vessels caused partial segmenta-
tion of blood vessels during segmentation of Stratum granulosum, as
highlighted in Fig. 4. Inhomogeneities in illumination during the acqui-
sition of histology data resulted in separating the background peak into
two (dark and light blue). The joint histogram shows three main data
clouds associated with background (paraffin for μCT), white matter
and Stratummoleculare, aswell as Stratum granulosum. The standard de-
viation of related histogram peaks is plotted as a red line on the joint
histogram.

The joint histogram shows a correlation between the grey-scaled in-
tensities of tomography and histology. Based on the 2D joint histogram
there is a quadratic correlation (y=p1 ⋅x2−p2 ⋅x+p3, where
coefficients (with 95% confidence bounds) are p1 = 0.01 (−0.01,
0.03), p2 = −0.12 (−3.26, 3.02) and p3 = 14.69 (−78.52, 107.90))
between staining intensity of histology x and the local X-ray attenuation
of tomography y. Goodness of fit (R-square = 0.9988) is reasonable.
Fig. 7. Joint histogram of registered the tomographic slice and the histological section with his
Gaussian peaks (light blue, dark blue, green and pink). Light and dark blue (2 and 4): backgroun
granulosum.
Attempts to find a linear relationship between the intensities result in
a decrease in the goodness of fit to 0.9734. Fit coefficients (with 95%
confidence bounds): p2 = −41.82(−20.81, 62.86) and p3 = 50.61
(31.4, 68.81).

Fig. 8 shows the selected tomographic slice (A) converted into an
RGB colour space of histology data (B, D). The grey-scaled tomographic
slice has been transformed into a colour space based on quadratic and
linear interpolation, respectively, through component-wise histogram
equalisation. Differences between the RGB-coloured tomography slices
B and D are hardly recognisable.

To compare the quality of the images obtained with μCT and
histology we considered the contrast-to-noise ratio between the
anatomical structures given by Eq. (1), where I1, I2, σ1 and σ2 were
extracted from histogram fitting. The results are shown in Table 2.
Note that the increased CNR of μCT compared to Table 1 is caused by
data filtering.

In general, histological data exhibit a higher contrast-to-noise ratio
than tomography, as highlighted in Table 2. The highest contrast-to-
noise ratio was determined to be between the background and Stratum
granulosum for both modalities. CNRs between morphological struc-
tures, calculated for the histological slices acquired with the optical
magnifications 1.25× and 2× provide comparable results, with a differ-
ence less than 10% except for CNR (2), as due to resolution decrease Stra-
tum granulosum appears less homogeneous.
tograms (black dots), with fitted multi-Gaussian distributions (red curves) and individual
d (paraffin for μCT), green (1) Stratummoleculare and (1*)whitematter, pink (3): Stratum



Fig. 8.Virtual histology by colourised μCT: Comparison of stain intensity and X-ray attenuation. The selected registered tomography slice (A) has been converted into an RGB colour space
to resemble the H&E-stained histological section (D). B: tomography slice coloured as histology based on the quadratic relation, C: tomography slice coloured as histology based on the
linear relation.
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4. Discussion

The results shown in Table 1 demonstrate that scans performedwith
lower voltages and tungsten targets generally exhibit a better contrast-
to-noise ratio for anatomical features. This result is expected, as the se-
lected voltages are higher than optimal for the soft tissue sample
(Schulz et al., 2010b). In order to increase contrast, energy reduction
is required (Grodzins, 1983a, 1983b). Due to the insufficient counts
for the low voltages in the nanotom® m, a further decrease in voltage
is not beneficial. Therefore, the lowest possible voltage with sufficient
photon counts provides the best results.

The currently available μCT systems provide isotropic micrometer
resolution. It is well known, that formalin-fixed human brain tissues
Table 2
Results for the quantitative comparison of CNR between the tomographic slice and the his-
tological section (see Fig. 7). CNR (1): contrast-to-noise ratio between the background and
Stratum moleculare/white matter, CNR (2): contrast-to-noise ratio between the back-
ground and Stratum granulosum, CNR (3): contrast-to-noise ratio between Stratum
moleculare/white matter and Stratum granulosum, VR: volume ratio Stratum moleculare/
Stratum granulosum for 2D slices (*) and 3D data.

CNR (I) CNR (II) CNR (III) VR(*) VR

Histology 3.65 ± 0.10 4.91 ± 0.05 2.75 ± 0.03 1.95 ± 0.03
μCT 2.81 ± 0.08 4.96 ± 0.17 1.96 ± 0.05 1.93 ± 0.05 1.97 ± 2.03 ×

10−4
show limited X-ray absorption contrast. It was shown by Schulz et al.
(Schulz et al., 2010b) that only marginal absorption contrast of a
formalin-fixed human cerebellum using SRμCT can be achieved. Obvi-
ously, the contrast found for FFPE brain is superior (see Figs. 4 and 6).
In the specific case of the cerebellum, the 3D visualisation of the
Purkinje cells without staining could be achieved. Dehydration of the
tissue induces a structure-dependent density increase. It is speculated
that dehydration also causes an increase in attenuation differences,
which leads to the observed gain in contrast. The subsequently per-
formedparaffin embeddingmay accentuate the attenuation differences.

A decrease of pixel size below3.5 μmenables sub-cellular resolution.
The μCT system used in the present study can record data with pixel
sizes down to 200 nm (General Electric, Measurement and Control,
2014). This nanometer rangewould be sufficient to visualize the neuro-
nal dendrite structures or vascular structure including small capillaries
without contrast agent in 3D. Such pixel sizes, however, restrict the
sample diameters to the micrometer range. Nevertheless, the spatial
resolution, which is limited by the focal spot size of around 900 nm,
for acceptable acquisition times is hardly better than one micrometer.
If the user agrees with micrometer resolution, volumes of centimeter
sizes can be evaluated. The multi|scan function (General Electric,
Measurement and Control, 2014) enables to scan one height step after
the other. In this direction, the sample size is only restricted by the
size of interior of the instrument and the hub of the manipulator.
Based on the specifications, the system is applicable to a wide sample
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range between 0.25mm and 250mmsample height. Thus, we conclude
that μCT allows sample visualisationwith cellular resolutionwithminor
sample size limitations.

Within approximately four hours 600 μCT-slices have been acquired.
The acquisition of a comparable number of histological sections by
means of serial sectioning might need between five and ten hours.
Staining with haematoxylin and eosin (H&E) requires additional time,
approximately up to 15 min per slide. In addition, serial sectioning is
technically challenging and individual sections can be lost. The final vol-
ume reconstruction by registration of thin sections is a complex, techni-
cally demanding process (Krauth et al., 2010).

The comparison of histograms, as seen in Fig. 7, enables us to con-
clude that modalities are comparable and present very similar informa-
tion for the same anatomical structures. The results suggest that μCT
could become a significant complement to histologicalmethods, as it of-
fers the possibility of virtual histology (Gambichler et al., 2007) of phys-
ically soft tissues within a laboratory environment. Virtual cutting
planes within the tomography volume can essentially simulate cuts at
any angle, which would be of considerable benefit to histology, where
cut direction can only partially be controlled, typically not altered and
has limitations with respect to the number of sections. We specifically
envision pre-sectioning scans to extrapolate histological data to 3D.

Histological examinations represent a powerful, high-resolution
methodology. One has to understand that H&E, even though it is the
most common form of staining, sits well below the capabilities that his-
tochemistry has to offer in general. Histological sections are typically
stained with diverse dyes and labelling systems. Furthermore, histo-
chemistry typically reveals biochemical data along with morphology.
A qualitative comparison of the histological section (Fig. 8 D) and
RGB-scaled tomographic slices (Fig. 8 B and C) highlights similarities
in the data. A combination of histology and tomography could enable
virtual “multi-staining”, and each histological section can be stained
with one protocol highlighting particular structures of interest, while
μCT can extrapolate results over the entire specimen. Moreover, μCT is
non-destructive, and so the same specimen can be reused for further
investigations.

In histology, staining intensity often varies significantly due to stor-
age temperature, tissue preservation, etc. (Richendrfer et al., 2009). In
addition, microscopic data are influenced by illumination conditions
and the colorimetric characteristics of the camera. Combining imaging
methods enables inter- or intra-sample comparisons.

The fusion of histological and tomographic data can enhance the sig-
nificant benefits of multimodal imaging (Uludağ and Roebroeck, 2014)
when studying tissuemicrostructures. Tomography can be used to com-
plement histology techniques in clinical applications with the potential
to automate quantification tasks, for example volumemeasurements of
the entire cerebellum or its layers (Hashimoto et al., 2001; Rosin et al.,
2015) or the localisation of pathological changes in FFPE specimens
that could then be optimally oriented for sectioning. Measuring the vol-
ume of the cerebellum can be performed in vivo byMRIwith acceptable
resolutions, but the strength of μCT is clearly its micrometer range reso-
lution, and μCT can allow for statistically significant isotropic volume or
surface measurements to be performed on the entire tissue sample of
microstructures such as individual cells.

Nevertheless, the merits of true isotropic visualisation are not limit-
ed to providing better volumetric measurements. Another potential ap-
plication of μCT data is the correction of local distortions in histological
data due to the preparation procedures (Mega et al., 1997) by applying
2D-3D registration, similar to (Schulz et al., 2010a).

5. Conclusion

We have demonstrated that paraffin-embedded human tissue
shows sufficient absorption contrast for the discrimination of the
specimen's characteristic morphology, including individual cells. Struc-
tures with diameters on the micrometer scale are visible not only in
bony tissue, but also in soft materials with laboratory μCT system. Due
to the observed effect, one can conclude that paraffin embedding in-
creases the density resolution in brain tissue. Thus, laboratory-based
μCT of FFPE samples can be understood as ease of use, fast and reliable
tissue visualisationmethodology suitable for imaging of biological spec-
imens with volume in cm-range.

Furthermore, we have shown that 2D-3D registration can generate
accurate correspondence and has the potential to implement 3D tomo-
graphic data into histological examinations. Moreover, 3D data can be
correlated to and extend 2D histological data.
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