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Abstract
Histology and immunohistochemistry of thin tissue sections have been the standard diagnostic
procedure in many diseases for decades. This method is highly specific for particular tissue
regions or cells, but mechanical sectioning of the specimens is required, which destroys the
sample in the process and can lead to non-uniform tissue deformations. In addition, regions of
interest cannot be located beforehand and the analysis is intrinsically two-dimensional. Micro X-
ray computed tomography (μCT) on the other hand can provide 3D images at high resolution
and allows for quantification of tissue structures, as well as the localization of small regions of
interest. These advantages advocate the use of μCT for virtual histology tool with or without
subsequent classical histology. This review summarizes the most recent examples of virtual
histology and provides currently known possibilities of improving contrast and resolution of μCT.
Following a background in μCT imaging, ex vivo staining procedures for contrast enhancement
are presented as well as label-free virtual histology approaches and the technologies, which
could rapidly advance it, such as phase-contrast CT. Novel approaches such as zoom
tomography and nanoparticulate contrast agents will also be considered. The current evidence
suggests that virtual histology may present a valuable addition to the workflow of histological
analysis, potentially reducing the workload in pathology, refining tissue classification, and
supporting the detection of small malignancies.
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Background
Histological analysis continues to be one of the most
common techniques in pathological assessment of tissue
samples at cellular level in both preclinical research and

clinical routine. In combination with the many existing
specific staining protocols or by applying immunohisto-
chemistry techniques, this method can provide high speci-
ficity for instance in localizing tumor cells. However,
mechanical sectioning of specimens is required, which
destroys the sample in the process and can lead to non-
uniform deformations. In addition, the analysis cannot be
targeted to sites of interest, because the sectioning is
performed without any knowledge of their location. To
compensate for this, serial sectioning is often applied, which
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is very labor intensive. Moreover, analyzing three dimen-
sional (3D) features such as volumes of structures as for
example metastases, 3D textures, and fiber orientations is
limited by the 2D nature of histology and by the deformation
which occurs during the mechanical sectioning process.

Therefore, virtual sectioning of 3D data sets at cellular
level would be a great tool to complement existing
histological techniques. Several so-called virtual histology
(VH) approaches have recently emerged, each with their
own limitations:

(I) Confocal microscopy allows focused imaging on a
single plane within tissue sections of up to about 4 mm3 [1]
and can provide 3D representations of these specimens. (II)
Light sheet microscopy uses tissue samples which are
optically cleared, focussing the light into deeper locations;
however, only fluorescence dyes can be imaged [2]. (III)
Micro magnetic resonance imaging (μMRI) can reach
resolutions in the range of ~ 25 μm and allows a depiction
of larger samples, due to its high soft-tissue contrast and its
3D nature [3]. However, this comes at the expense of
acquisition time (~ hours to days) and is therefore not
feasible on a large scale and not very cost-effective.
Moreover, MRI is only possible with hydrated tissue,
excluding the use of routine paraffin-embedded histological
samples.

X-ray-Based Virtual Histology
In contrast to the imaging techniques mentioned above, X-
ray imaging can supply high-resolution data sets of larger
volumes. Classical X-ray imaging is based on the absorption
of X-rays by the sample. In comparison with classical
microscopy, X-rays can penetrate larger samples, due to
their high energies. Especially using synchrotron light
sources, an incident X-ray beam with an extremely high
flux in the range of 1010 photons/s/mm2 can be generated,
which is about 106 times brighter than a normal X-ray tube
[4]. This ensures a high signal-to-noise ratio (SNR) and
allows extremely high spatial resolutions below 1 μm.
Moreover, by using a tomography approach, 3D images
can be generated—called computed tomography (CT). μCT
thus provides ideal prerequisites for X-ray-based virtual
histology (xVH).

Hard tissue analysis has always been a domain of high-
resolution X-ray imaging ranging from planar imaging of
bone sections [5] to μCT evaluation of the 3D structure of
bone tissue [6]. Due to the strong difference between the X-
ray attenuation of bone and soft-tissue or void spaces, bone
is especially suited for this type of analysis. In combination
with a phantom containing different known concentrations
of hydroxyapatite—a main component of bone—the X-ray
attenuation values, which represent electron density, can be
translated to bone mineral density (BMD) [7]. In addition,
due to the 3D nature of μCT, typical morphometric
parameters of bone such as trabecular thickness (Tb.Th),
trabecular separation (Tb.S), and the ratio of bone to tissue

volume (BV/TV) can reliably be assessed [8]. Due to the
extremely high resolution of xVH not only the trabecular
structure, but also the canaliculi network [9], the osteon-
structure [10] and finally even the single mineralized
collagen fibers can be imaged [11]. Along with bone, xVH
is used regularly in dental studies, especially the formation
of root canals is of interest [12]. In contrast to xVH, the
mechanical sectioning of teeth and bones for classical
histology is very labor intensive. Moreover, a reliable
analysis of a 3D structure such as the root canal cannot
easily be performed, because a major part of the sample
material is lost during the sectioning process. xVH is
therefore a clear improvement compared to classical
methods and is already used routinely for these applications.

Similar to the density differences between bone and soft
tissue, the air soft-tissue differences in the lung provide
strong intrinsic contrast for imaging this organ with CT. In
addition, these interfaces generate strong scattering and
phase shifts, which makes lung imaging especially suited
for the use of phase-contrast or darkfield imaging techniques
[13, 14]. μCT of excised lungs, when dose is not a concern,
can offer 3D insight with even higher resolution. xVH of the
lung thereby reaches a similarly high resolution as micro-
scopic approaches on tissue sections, but with the additional
advantage that it allows for analysis of 3D-imaging-derived
biomarkers [15]. Because xVH can cover parts of or even
the entire lung, it provides regional information, and
sampling errors as with classical 2D histology are avoided.
Because of the power of (micro-) CT-derived readouts, we
foresee an enormous impact of μCT as an efficient
technology for routine use in lung disease research and
diagnostics because of the significant added value it creates
to classical histological approaches.

In contrast to hard-tissue samples, which have an intrinsi-
cally high absorption of X-rays, soft-tissue samples are low
absorbing, but can still be investigated by xVH. A simple
method to accomplish sufficient X-ray absorption, the old
technique of corrosion casting can be used. This method utilizes
a contrast enhancing liquid to fill void spaces such as the
airways or vessels. After the solution has solidified, the
surrounding biological tissue is dissolved, leaving a negative
replica of the bronchi or vessel tree. Since the replica is now
surrounded by air, it has a high contrast for CT imaging, which
can be further improved if the liquid is mixed with an X-ray
contrast agent containing, for example, iodine or barium [16].
xVH then provides a 3D data set, which can be quantified,
similarly to hard-tissue applications. To successfully perform
corrosion casting, the pressure and viscosity of the filling
material must be carefully controlled; otherwise, it will either
not reach small capillaries or they will rupture. In addition,
because the biological tissue is destroyed within the process, no
additional histological analysis can be performed. Figure 1
shows a μCT dataset of a mouse kidney after applying
corrosion casting. The vessel tree can be depicted down to its
finest structures. The technique of vascular filling has been
optimized to allow imaging within the surrounding soft tissue,
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preserving the organ architecture with the additional advantage
that this technique is compatible with subsequent standard
histological sectioning and staining for 2D analysis [18, 19].

To directly apply xVH for soft-tissue analysis, the X-ray
attenuation of these tissues needs to be increased. For this
purpose, ex vivo staining procedures using solutions that
contain heavy ions such as tungsten, iodine, silver, or barium
have been developed [20]. The staining is mainly related to
differences in the diffusion speed between different tissue
types and can therefore be applied to various types of
samples and applications. In recent years, this approach has
been used in several experiments ranging from phenotyping
of mouse embryos [21] to the analysis of specific organs like
the heart [22] or kidneys [23]. In addition, staining protocols
developed for electron microscopy usually based on osmium
also work well for xVH and allow for a combination of
those two methods [24]. The development of new sample
preparation procedures is an active area of research that
might greatly improve soft tissue contrast in the future [14].

Although many studies describe a successful combination
of xVH and heavy ion staining protocols, a main disadvan-
tage of this approach is the low diffusion speed of heavy
ions, which in some applications results in long staining
times of several days and which effectively limits this
technique to smaller specimens. In addition, the diffusion
process of such staining protocols creates artificial contrast
gradients at tissue interfaces, which limit the spatial
resolution of this approach as discussed by Saccomano
et al. [25]. Thus, label-free xVH of soft-tissue samples
would be of significant benefit. All prior discussed applica-
tions have in common that the image content is based on
differences in X-ray attenuation between adjacent tissues or
structures. This attenuation of the incident X-ray beam is
predominately related to absorption of energy by the sample.
However, this is not the only interaction the X-ray waves

undergo with the specimen. Also, phase shifts and scattering
occur, which can be exploited to raise the contrast of low
absorbing structures similar to techniques in classical
microscopy [26]. Since phase shifts do not alter the intensity
of the wave, they can only be measured indirectly, but the
interference effects caused by the phase shift can be
recorded. However, this requires a stable correlation be-
tween the waves within the X-ray beam, the so-called
coherence criterium. Common X-ray sources like normal
light bulbs do not generate coherent light, which explains
why these phase effects have not been exploited in
conventional X-ray imaging so far. Alternative X-ray
sources exist, which achieve a sufficient degree of spatial
coherence in the X-ray beam and thus allow the use of
phase-sensitive imaging techniques. These include synchro-
tron light sources, micro or nano-focus X-ray tubes
commonly employed in high-resolution μCTs or a combi-
nation with specific optical elements such as gratings. In
recent years, it has been demonstrated that the application of
X-ray phase-sensitive techniques allows for a strong increase
in soft-tissue applications especially at high spatial resolu-
tions [13, 27], thereby lowering the applied X-ray dose.
Thus, label-free xVH at dedicated μCT setups becomes
feasible. Setups available at synchrotron light sources are
particularly efficient, because of the high brilliance of their
source and their intense X-ray fluxes.

In contrast to classical histology, where specific stainings
can be multiplexed by using different color labels, X-ray
detectors can only measure intensities, thereby generating
greyscale pictures. This drawback in xVH may be solved in
the future by applying a novel generation of energy discrim-
inating X-ray detectors [28]. These detectors permit the
definition of several energy bands for detection that could be
tailored to the specific absorption edges in metals used for
contrast agents such as iodine, barium, gold etc. This would

Fig. 1 a Reconstructed scan of an entire mouse kidney corrosion cast. A finely textured layer of capillaries was seen lining the
entire cortical surface of the kidney. These were densely packed and probably lie just beneath the connective tissue capsule of
the kidney. Res. 7.5 μm voxel pitch. b, c Gradual elimination of the smaller vessels from the model by thresholding revealed the
larger vessels that comprised the vascular tree of the entire kidney. Res. 7.5 μm voxel pitch. Figure reproduced from Wagner
et al. [17].
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allow multiplexing contrast agents within a single specimen
and could thus increase the sensitivity for the detection of these
elements, similar to k-edge subtraction imaging performed with
monochromatic X-rays [29], but without the need of multiple
acquisitions at different energies.

Application of xVH
Assessment of 3D Features

A main advantage of xVH is the possibility to quantify 3D
features of tissue. In many applications, alterations in the 3D
structure of tissues is of crucial interest for monitoring
disease progression or therapy response. Due to the intrinsic
high contrast of bone, the analysis of bone structure by xVH
is well established. In addition, the structural assessment of
the bone in osteological diseases in rat or mice models
requires higher resolution than in human applications, due to
their small size. xVH is the only 3D imaging method that
can provide this necessary spatial resolution for bones and
thus enables the investigation of sub- or even ultrastructures.
Resolutions in micron or submicron range can be especially
reached, if synchrotron light sources are utilized. The
combination of a high resolution with 3D image processing
software facilitates pore analysis to quantify the structural
changes in mouse bones, as demonstrated by Tavella et al.
[6] (Fig. 2). They used this approach to discriminate between
mice kept in a deep-sea vivarium, at sea level, as well as in
the international space station (ISS) under micro gravity
conditions. The trabecular structure of the femura, as well as
the lumbar spine, was assessed by xVH and quantified
applying pore analysis (Pore3D, [30]). Not only did they
find a structural difference between the groups housed at
different altitudes, but also variations in the efficacy of
different treatments (Fig. 2). New applications of 3D xVH
are also emerging in the field of neurology, mostly using
phase-contrast approaches. They include the assessment of
neurodegenerative diseases, both in human autopsy samples
[31] and in mice models [32–35], as well as the study of
human [36, 37] and mouse [38, 39] neuroanatomy, whole
rodent brain vasculature [40, 41], uncut mouse nerves [42],
and unlabelled brain tumors [43–45]. An interesting ap-
proach for simultaneously analyzing adipocyte distribution
and bone morphology was presented by Kerckhofs et al.
[46]. They used hafnium-POM (polyoxometalate) for stain-
ing of soft tissue, thereby generating a strongly negative
contrast for the adipocytes and allowing for their visualiza-
tion even in the presence of bone.

Computer-Aided Diagnosis

The possibility to measure 3D features will improve the
pathological classification of tissues, which could lead to
the design of a computer-aided diagnosis (CAD) systems.
CAD systems have already been successfully introduced

for mammographic breast cancer screening [47]. The
advantage of CAD systems, which are usually based on
artificial neuronal networks, is the possibility of training
them using annotated data sets without an extensive
knowledge of specific features. In case the training process
is successful, the CAD system generalizes the task and can
be applied to data that have not been part of the training
process. Given the recent progress in computer science and
hardware development, very complex artificial networks
can be realized and trained with a tremendous amount of
data. CAD has already outperformed radiologists in
mammography screening [48]. It can therefore be expected
that CAD will also be an extremely valuable tool in
pathology, by identifying regions of interest and providing
a second opinion for a medical indication [49]. However,
the success of CAD is based on the information contained
in the feature space; thus, xVH will play an important role
in this regard.

Guided Sectioning

As outlined above, one of the main limitations in classical
histology is the need for mechanical sectioning. To
facilitate the cutting process, tissue samples need to be
dehydrated and embedded (or frozen, for cryosectioning),
making it difficult to target sectioning to a specific
position. xVH allows scanning the prepared histology
samples and identifying regions of interest in relation to
the surface of the embedding material. This information
can be used to guide the sectioning process, making
labour intensive serial sectioning of the whole block un-
necessary [50–53]. Soft-tissue histology usually requires
an additional staining step with a solution containing heavy
ions to provide a sufficient contrast for xVH. Saccomano
et al. demonstrate the application of three different staining
protocols for μCT imaging of the lung and heart tissue
based on iodine, tungsten, and chromium [25]. Such an
approach can be integrated into the standard workflow of
histological analysis and does not interfere with subsequent
histological analysis as shown by Dullin et al. They
performed classical histology, as well as immunohisto-
chemistry, on mouse heart tissues which were stained with
phosphotungstic acid (PTA) beforehand [22]. However,
due to the slow penetration of the staining solutions, pre-
processing time of larger tissue samples will increase
significantly. Martin et al. report staining periods of about
6 days for mouse brain, and Dullin et al. about 12 days for
mouse heart tissue [22, 54]. Figure 3 shows a PTA-stained
mouse lung in comparison with histological sections. The
sample was embedded in resin and cut with a laser
microtome to avoid sectioning artifacts. Figure 3(C) shows
a near perfect overlay of the histology and μCT data.

Scott et al. demonstrated that unstained formalin-fixed
and paraffin-embedded human lung tissue samples can
successfully be imaged by μCT [51]. Such a label-free
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xVH approach would be of great interest as it could be
applied on conserved tissue and would not interfere with
subsequent histological analysis. However, the scans that
were presented in this publication took 12 h. Therefore, a
routine application of this technique seems not feasible for
now. Label-free xVH using phase-contrast imaging tech-
niques enables the examination of soft-tissue samples
without an additional staining and potentially more rapidly
than absorption-based approaches [39]. Phase-contrast label-
free xVH could therefore be integrated into the workflow of
clinical pathology. Figure 4 shows μCT images acquired
with a laboratory-based setup. The images were pseudo-
colored to resemble histological slices. Single cell nuclei can
be visualized. Since a certain degree of spatial coherence of
the incident X-ray beam, or the use of more complex
systems like grating-interferometers are needed, label-free
xVH was so far limited to synchrotron applications. Recent
studies by Bidola et al. [56] show that commercially
available X-ray microscopes can provide sufficient coher-
ence and allow performing label-free xVH outside of
synchrotron, grating-based or edge illumination setups.

These systems, however, are quite costly and require long
scanning times. Since the combination of xVH and guiding
of the sectioning process sounds so intriguing, the develop-
ment of combined μCT-microtome systems seems to be the
next logical step.

Specific Staining Nanoparticles

The multiple advantages of xVH discussed so far come with
one major flaw: there are no CT staining or contrasting
techniques, which can specifically highlight certain cell
types or tissues. In contrast, immunohistochemistry uses
labeled antibodies, antibody fragments, or other targeting
compounds and can therefore provide the detection of tumor
cells etc. This weakness of xVH might be compensated in
the future by applying nanoparticles with a metal core made
for example of gold. Gold nanoparticles have already been
successfully applied for preclinical X-ray imaging and are
commercially available [57]. Their surface can also be
modified and labeled with antibodies. Such conjugates have

Fig. 2 Bone trabecular thickness distribution. Wt2 (a), PTN-Tg1 (b), and PTN-Tg2 (c) color map of bone trabecular thickness
distribution in the femur of a representative vivarium, the ground and the flight mice. Wt2 (d), PTN-Tg1 (e), and PTN-Tg2 (f) color
map of bone trabecular thickness distribution in the seventh lumbar vertebra of representative vivarium, the ground and the
flight mice. Figure reproduced from Tavella et al. [6].
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successfully been used in electron microscopy (EM) [58].
Since xVH is less sensitive than EM, these compounds need
to be either larger or more concentrated at the site of interest.
Both would significantly reduce tissue penetration, which
would limit the analysis to tissue slices. Therefore, only a
few studies using antibodies in combination with μCT have
been reported. Metscher et al. showed an interesting general
approach using enzyme-mediated silver deposition in com-
bination with antibodies and demonstrated successful μCT
imaging of entire chick embryos [59]. Nevertheless, in
applications in which nanoparticles are actively transported
within a living organism by for instance macrophages [60–
62] or tumor cells [63, 64] or penetrate tumor tissue due to
the EPR effect [65, 66], subsequent xVH can be used to
track these particles on a cellular or even subcellular level in
much larger samples compared to EM. Moreover, xVH
might be an interesting tool to study the biodistribution of
nanoparticles in studies of employment protection or
environmental hazard [67].

Zoom in X-ray Imaging Approach

Due to the high energy of X-ray photons, large biological
specimens can easily be penetrated and scanned. In contrast to
this, high-resolution imaging can usually only be applied on
small fields of view (FOV) for two reasons. In classical cone-
beam μCT systems, this is mainly because the increased
resolution is generated by geometric magnification, requiring
the sample to be positioned close to the source, which in turn
prevents scanning larger specimens. Secondly, for more
practical reasons, because a large object scanned at very high
resolution generates an extremely memory consuming data set
that could not be easily processed. The 3D reconstruction of the
acquired data, especially when using the classical filtered back
projection algorithm, shows artifacts if the scanned object
exceeds the FOV. For this reason, local area reconstruction
algorithms were developed that suppress such artifacts and
produce reliable outcomes at least in the center of the
reconstructed data [68]. These local area scans enable Bzoom

Fig. 3 Comparison and overlay of the μCT scan and histological image of a resin-embedded and laser cut mouse lung sample:
(A) Shows an exemplary slice of the reconstructed μCT data set of a resin-embedded PTA-stained mouse lung. In addition to
alveolar lung tissue, a lung metastasis (m), the esophagus (o), larger bronchi (b), and blood vessels (v) are displayed. (B) Shows
the microscope image of the Sanderson Rapid Stain (SRS)-stained and van Gieson (VG)-counterstained cut performed with the
laser microtome at the predefined position. No cutting artifacts are visible. (C) Depicts the overlay of both data sets. The
histological data is shown in pseudo SRS/VG colors (the data set was colorized for better vizualisation), while the CT data is
shown in green. The overlay of the CT data with the histology image reveals a precise match of both data sets. Figure adapted
from Albers et al. [55].
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tomography^, which consists of a low-resolution scan with a
large FOV or of the entire object that facilitates the subsequent
positioning of a high-resolution scan. This was demonstrated
byKrenkel et al. in imaging of in situmouse lungs [60] (Fig. 5).
Figure 5c shows a fusion of a high-resolution local area scan
with a low-resolution overview scan. Thus, xVH in combina-
tion with such a zoom approach is one of very few techniques
that can achieve cellular resolution within relatively large
objects without the need of mechanical sectioning.

Rapid 3D Assessment

The extremely high flux of X-rays that can be produced at a
synchrotron light source (by a factor of 1 × 106 higher than in a
standard X-ray tube) allows for high-resolution imaging with a
sufficient contrast-to-noise ratio at extremely short exposure
times. If modern X-ray detectors with high frame rates are
applied and automated sample positioning systems are used,
high-throughput 3D imaging can be realized. Van de Kamp
et al. demonstrated that wasps embedded in amber could be
scanned at the ANKA synchrotron light source with a
resolution below 4 μm in 100 s per tomogram [69]. Recent
publications show that by utilizing free propagation phase-
contrast imaging (PBI), a more than 1000 fold increase in

contrast-to-noise ratio (CNR) can be achieved [13]. This gain
in CNR can be traded for a dramatic reduction of detector
exposure time and would further speed-up the imaging process.
Currently, the speed and precision of the mechanical compo-
nents, i.e., mainly the rotational stage and the bandwidth of the
data transfer, are the limiting factor for rapid 3D imaging, not
the performance of the detector. Dullin et al. demonstrated that
a local area scan of an in situ mouse lung at a resolution of
25 μm can be achieved in less than 10 s and with a dose below
70 mGy by utilizing the novel detector MÖNCH [70]. Given
the vast technical developments, it can be expected that high-
resolution xVH can soon be performed within larger specimens
with a comparable radiation dose and at short acquisition times.
This would support the further development of this approach
into a virtual biopsy technique for instance in the lungs.

Virtopsy

Using CT for the 3D assessment of pathological tissue is an
approach with a long and successful history. To provide 3D
data sets of corpses prior to the invasive approach of
autopsy, CT in combination with the infusion of ex vivo
contrast agents has been introduced. This so-called virtopsy
approach has been successfully used particularly in forensic

Fig. 4 Volume rendering down to the cellular level of a mouse cerebellar vermis. a Transverse slice through the reconstructed
volume, showing the molecular layer (ML), granular layer (GL), white matter (WM), and Purkinje cell layer (PCL) of the cerebellar
vermis at cellular resolution. Prior to the tomographic reconstruction, the individual projections were resampled by a factor 2. b
A longitudinal slice through the volume shows sufficient contrast to identify axon bundles within the white matter. c Automatic
volume rendering of the sample with a cut within the volume, indicating the position of the cellular segmentation shown in (d). d
Cellular segmentation of a small part of the sample. Scalebars 200 μm. Figure reproduced from Töpperwien et al. [39].
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medicine [71]. It results in a digitalization of the entire body
that allows for a subsequent and repeatable analysis
independent of the operating pathologist. The application
of CT on these large specimens prevents the use of high-
resolution imaging, but to further aid this approach, xVH of
excised tissue specimen may be used to provide additional
information on a different scale.

Conclusion
xVH is an emerging tool, which facilitates the 3D
assessment of hard-tissue, as well as in soft-tissue samples,
when combined with staining procedures. If novel imaging
approaches, such as phase-contrast techniques, can be
exploited, xVH could even be performed label free on soft-
tissue samples. xVH has a great potential to supplement
classical histology and immunohistochemistry by the 3D
nature of its data. It can be used for guidance of sectioning
techniques and can be integrated into the standard workflow
of pathological assessments of tissue samples. It has
therefore the potential to reduce the workload in pathology
and refine tissue classification. Since it allows for a 3D
digitalization of the sample, it could also be used to ensure
that the original shape and structure of a specimen is secured
before sectioning. Given its rapid and extensive technolog-
ical development xVH will certainly play an important role
in biomedical research and clinical pathology in the future.
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