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3D reconstruction is a challenging current topic in medical research. We perform
3D reconstructions from serial sections stained by immunohistological methods. This
paper presents an immersive visualization solution to quality control (QC), inspect, and
analyze such reconstructions. QC is essential to establish correct digital processing
methodologies. Visual analytics, such as annotation placement, mesh painting, and
classification utility, facilitates medical research insights. We propose a visualization in
virtual reality (VR) for these purposes. In this manner, we advance the microanatomical
research of human bone marrow and spleen. Both 3D reconstructions and original data
are available in VR. Data inspection is streamlined by subtle implementation details and
general immersion in VR.
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1. INTRODUCTION

Visualization is a significant part of modern research. It is important not only to obtain images
for visualization, but to be able to grasp and correctly interpret data. The perpetual question
of visualization is whether the obtained model is close enough to reality. Further, the question
arises how to discern important components and derive conclusions from the model. The method
we present in this paper takes on this very generic problem statement, but our method is
quite novel in the details. We use virtual reality for quality control (QC) and visual analytics
(VA) of our 3D reconstructions in medical research. Figure 1A positions our tool in the visual
computing methodology.

3D reconstruction from histological serial sections closes a gap in medical research
methodology. Conventional MRI, CT, and ultrasound methods do not have the desired resolution.
This is also true for micro-CT and similar methods. Even worse, there is no way to identify the
structures of interest in human specimens under non-invasive imaging techniques. In contrast,
immunohistological staining provides a reliable method to mark specific kinds of molecules
in the cells as long as these molecules can be adequately fixed after specimen removal. It is
possible to unequivocally identify, e.g., the cells forming the walls of small blood vessels, the
so-termed endothelial cells. Only a thin section of the specimen—typically about 7 um thick—is
immunostained to improve recognition in transmitted light microscopy. If larger structures, such
as microvessel networks, are to be observed, multiple sections in a series (“serial sections”) need
to be produced. These series are necessary, because paraffin sections cannot be cut at more than
about 30 um thickness due to mechanical restrictions. The staining solution can penetrate more
than 30 um of tissue. It is not possible up to now to generate focused z-stacks from immunostained
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FIGURE 10 | Showcasing front plane clipping on “sheaths alternating” data sets (Steiniger et al., 2021). (A) A complete data set in a frontal visualization. (B) The user
cuts into objects of interest using clipping. (C,D) Utilization of clipping during the exploration of the data set. All images are produced with our VR tool either directly or
with Steam VR interface. (A,B) were featured in a poster (Lobachev et al., 2019). (A,C,D) Similar illustrations can be found in Steiniger et al. (2021).

5.6. “Sheaths Alternating” Data Set and
Clipping

The “sheaths alternating” data set with up to 150 sections
was created to further investigate the morphology and (to
some extent) the function of capillary sheaths (Steiniger et al.,
2021). The resulting 3D data set was extremely dense. The
increased amount of “channels” and the nature of the study
(tracking the blood vessels) was a big challenge. The amount
of the reconstructed blood vessels and their self-occlusion
prohibited any possible insight when viewing them from the
outside. Here we utilized front plane clipping (section 4.8).
Figures 5B, 10, 13 (and also Figure 11l for “sinus” data set)
showcase this minor, but important adjustment. Figure 13
further demonstrates the complexity of the “sheaths alternating”
data set.

5.7. Mesh Painting and Obtaining Insights
As already seen in Figures 5, 7A,B, 8, we can point to anatomical
structures with the Valve Index controller. Similarly, annotations
can be placed and mesh fragments can be painted in different
colors. An example of real-life mesh painting with geodesic
distances is in Figure 12. The arrows show a part of a structure
already painted by user in red in (A). It is painted back to
blue in (B).

In this manner we have refined an automatic heuristics for
arterioles (larger blood vessels, red in Figure 13A) to be always
correct and to lead up to the capillary sheaths.

With a similar tool, working on unconnected components,
we changed the color of the sheaths in the “red pulp” and
“sheaths alternating” data sets. The color change effected the
classification of the sheaths. The sheaths were initially all blue
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FIGURE 11 | Cutting structures open with front clipping plane, using the
“sinus” data set. Capillaries are blue, capillary sheaths are green in the
reconstruction. An original section is visible on the right.

in our visualizations of the “red pulp” data set. Sheaths around
capillaries, following known arterioles, were then colored green.
We also annotated very few capillaries that should have a sheath,
but did not (white). Figure 13A shows one of the final results,
a connected vascular component with accompanying sheaths,
follicle structures, and smooth muscle actin. In this panel,
the blood vessels are yellow. Certain support structures in the
spleen that feature smooth muscle actin are also reconstructed
and displayed in yellow (A trained histologist can discern
these structures from various kinds of blood vessels though).
Some of the blood vessels (red) lead from larger blood vessels
(arterioles) to capillary sheaths (green). Some sheaths are fed
by arterioles not traced in the reconstruction. These sheaths
are marked blue. Finally, while some capillaries are red (having
green sheaths), some other capillaries, coming from the same
arteriole, do not have a sheath at all. Such capillaries are
colored in white. The background is black to better discern the
white color.

Figures 13B,C underlines the complexity of the “sheaths
alternating” data set. Both panels (B) and (C) in this figure show
the final results of mesh painting, the actual work is already
done. Still, they convey how interwoven and obscure the original
situation is. CD271" cells, mostly present in capillary sheaths,
are in various shades of green in this figure. Panels (B) and (C)
are highly complex; the fact that something can be seen in still
images is the merit of applied annotations and mesh painting, of
an active front plane clipping, and of a proper choice of a view
point. A viewer in VR has no problem navigating such data sets
because of the active control of view direction and of movement
dynamics. The latter also means a control of the front plane
clipping dynamics.

Panel (B) shows the capillary network of the splenic red pulp
in blue. Arterioles have been highlighted in red. Capillary sheaths
are green and dark green, depending on whether they belong
to the red vessels. Special supportive cells in a follicle are light
green. An arteriole (red) is entering from left, one of the branches
is splitting up into capillaries (still red) that immediately enter

FIGURE 12 | An ongoing session of mesh painting with geodesic distances as
VR screenshots. We use the “sinus” data set. (A) Notice the huge annotation
ball on the controller, the bright red dot is its center. This center is the starting
point of the geodesic computation, initiated by the trigger on the controller.
The large radius of the marking tool is bounded by the connectivity: the
vertices which are within the radius, but are not connected to the starting point
or are “too far” geodesically, are not painted. (B) For better visibility, we show a
crop from the left eye view of (A). The white arrow shows a point of interest.
(C) An excessive marking (white arrow), is removed with a repeated painting
operation. On the bottom left in (A,C), a Valve Index controller is visible. The
background color in this figure signifies the highlighting mode used.

capillary sheaths. One such sheath (green) is is cut open, showing
the capillary inside.

Panel (C) presents arterioles and sheathed capillaries in light
blue; capillary sheaths are green. The open-ended side branches
of sheathed capillaries are red. This panel shows a single system,
starting with an arteriole. It has been separated from other arterial
vessel systems in the surroundings. Front plane clipping opens
the capillary sheath and shows the blue capillary inside. We see
some open green capillary sheaths with light blue “main line”
blood vessels inside.

Figure 13D shows a further development: a separated
arteriole with its further capillary branches and capillary sheaths
(Steiniger et al., 2021). The sheath in the figure was cut open by
front plane clipping. This “separation” was generated from user
inputs in VR, similar to the previous figure. Now, however, the
complexity is reduced to a degree, that allows showing the still
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FIGURE 13 | Mesh annotation and painting. (A) “Red pulp” data set, final result (Steiniger et al., 2018b). Blood vessels and some support structures are yellow. While
some capillaries are red, some other capillaries (white), while coming from the same arteriole (also red), do not have a sheath at all. The sheaths are either green or
blue, depending on the connections of their capillaries. A similar, but different image appeared in Steiniger et al. (2018b) under CC-BY 4.0 license. (B,C) The natural
complexity of the “sheaths alternating” data set (Steiniger et al., 2021) is very high. With mesh annotation, painting, and removal of irrelevant details we were able to
keep the complexity at a tolerable level. (B) An arteriole (red) is entering from left, transitioning into capillaries (still red), a capillary sheath (green) is is cut open, showing
the capillary inside. Other capillaries are blue. (C) This figure shows a single system, starting with an arteriole. Front plane clipping opens the capillary sheath. (D) Final
result of mesh annotation, painting, and removal of irrelevant details. The complexity is now greatly reduced. The meshes are cut open by the front clipping plane.

An arteriole (red) is entering from left in the proximity of a follicle, this arteriole is splitting up into capillaries (still red). Those enter capillary sheaths, one is shown (in
green), curving around the follicle. This sheath is cut open, showing the capillary inside. Similar, but different figures can be found in Steiniger et al. (2021).

image in a medical research publication. Panel (d) is the final
result of mesh annotation, painting, and removal of irrelevant
details. The meshes are cut open by the front clipping plane.
Blood vessels are red, capillary sheaths are green, cells in follicle
are light green. An arteriole (red) is entering from left in the
proximity of a follicle, this arteriole splits further, one of the
branches is splitting up into capillaries (still red) that immediately
enter capillary sheaths. One such sheath (green) is curved around
the follicle. The sheath is cut open, showing the capillary inside.
Summarizing, our visualizations in VR were used to obtain
insights (Steiniger et al, 2018b, 2021) on the position of
the capillary sheaths—a problem that was initially discussed
(Schweigger-Seidel, 1862) more than 150 years ago!

5.8. Quantitative Results
To quantify our finds we evaluate the mesh painting results on
“red pulp” and “sheath alternating” data sets. The meshes of

capillary walls in both data sets were painted in VR using our
mesh painting tool, basically “set this part of the capillary to
red”. The capillary sheaths in “red pulp” data set were classified
using mesh classification tool (“set it either green or blue”) in VR.
The meshes of capillary sheaths in “sheaths alternating” data set
were classified offline using the capillary wall paintings and then
verified in VR. The results are summarized in Table 2.

In both tables concerning the “red pulp” data set, we see
a quite varying number of “red” capillaries (i.e., ones, directly
connected to an arteriole) and, corresponding, a varying number
of sheaths. We quantify the percentage of vertices marked, but
as their placement is quite regular, those are indirect statements
on the surface of capillary walls and sheaths. For the goals of
this paper, however, it demonstrates how much work our users
invested into the mesh painting and classification using our tools.
For the regions shown, our users marked 2.2-26% of the vertices
in capillary network. From 14 to 71% of the sheaths’ vertices were
classified as belonging to the marked capillaries.
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TABLE 2 | Percentage of the vertices highlighted in VR.

“Red pulp” “Red pulp” “Sheaths alternating”
Capillaries, % Sheaths, % R1 R2 R3 R4
9.49935 51.97272  1.2626413 1.03216747 1.7357032 0.2695860
12.1421 14.02259  4.7640823 0.15511440 1.9254260 0.3470437
2.183352 49.36768  0.8468228 0.42500094 0.7544728 0.9746994
22.54664 71.42918  0.4077990 0.83499081 0.9349693 0.6126328
25.53771 71.13643  15.3349497 0.28990130 0.9666764 0.3486976
2.2358989 0.38028046 0.3187602 0.5490954
5.6219959 0.94632291 2.4308221
1.75348069 1.4133969
0.20718405 0.1962630
0.16637270 0.3601371
0.52851478 0.0707043
0.41421173 6.8372299
0.12665591
0.11961947
0.26034826
0.09006642

(Left and Center) 1370 Complete regions from “red pulp” data set (Steiniger et al., 2018a).
(Left) Number of painted vertices in capillaries. (Center) Classified vertices in sheaths.
(Right) “Sheaths alternating” data set. Here, each column represents one of the regions of
interests from Steiniger et al. (2021), we show percentages of multiple smaller selections.

Next, we regard the selection of multiple “blood vessel trees”
from a single region. The 3D reconstruction of capillaries in
“sheaths alternating” data set in region 1 consists of 586,073
vertices. With mesh painting, 0.41-15% vertices were highlighted
in different “trees.” In region 2, from 639,528 vertices 0.090-
1.8% were highlighted in a certain VR-session. In region 3, from
769,544 vertices 0.32-1.9% were highlighted. Finally, in region 4,
from 725,557 vertices, 0.071-6.8% were marked in VR. Notice
that various sessions had various tasks, so the lower percentage
does not an indicate poor performance, but just a smaller “tree.”

Further, the low percentage is not a characteristics of
a failure, as the user had to find those few special parts
of the reconstruction. Higher percentages indicate a larger
connected systems (i.e., “trees”) that were rather of interest
for the medical research. Marking a larger system is more
work for the user, but our users managed well. The main
difficulty during highlighting lies in the other capillaries,
as multiple branches are intervened in the specimens
(compare Figures 10, 13B). The ability to cope with such
large occlusions and to discern both larger and smaller capillary
systems is an implicit evidence of the design qualities of our
VR-based approach.

6. DISCUSSION

The novelty of this work stems from how VR streamlines
and facilitates better QC and VA of our reconstructions.
The presented VR-based tool plays an important role
in our pipeline. “Usual” 3D reconstructions from serial
histological sections are known, but are quite rare, because

they involve cumbersome tasks. The reasons for this are
3-fold: technical difficulties to create them; struggles to
QC the reconstructions; investigation and comprehension
problems in dense, self-occluding reconstructions. A proper
registration, correct reconstruction options, and possibly
also inter-slice interpolation are necessary for creating a
satisfying reconstruction. For QC we need to visually ensure
the correctness of processing, identify what the reconstruction
actually shows, keep artifacts at bay by creating a better
reconstruction if needed. Finding a good reconstruction
from previously unexplored data with a new staining is
an iterative process. While we create the reconstructions
quite efficiently, QC was a lot of work in the past. With an
immersive VR application, QC is much easier and faster, in
our experience.

Annotations and mesh coloring provide for visual analytics
abilities and these facilitate better distinction between various
aspects of the reconstruction. To give some example, capillary
sheaths, surely following arterioles, can be separated from
capillary sheaths, the origins or ends of which lie outside of
the ROI. Such distinctions allow for better understanding in
microanatomical research.

Our experience emphasizes the importance of VR-based
QC. Our older 3D reconstruction study (Steiniger et al., 2016)
featured 3,500 x 3,500 x 21 voxels in four regions. From
each reconstruction a further version was derived. They did
not need to be quality controlled again, but their inspection
was crucial to produce a diagnosis for medical research. We
used both a non-VR visualization tool for QC and pre-rendered
videos for inspection. It took a group of 3-5 experts multiple
day-long meetings to QC these reconstructions with the non-
VR tool (Supplementary Figure 1). Deducing the anatomical
findings from pre-rendered videos was also not easy for the
domain experts.

We found free user movement essential for long-
term usability of our application—our users spend hours
immersed in consecutive sessions. Basically, the model is
not otherwise translated, rotated, or scaled in the productive
use, but only in response to tracking and reacting to user’s
own movements. Such free user movement allows the
immersed user to utilize their brain’s systems for spatial
orientation and spatial memory. In their turn, the recognition
and annotation of structures become easier. Free user
movement also distinguishes our application from Egger
et al. (2020): they used a VR flight mode on 3D models
from CT.

We first found the benefits of VR-based visualization during
the preparation of Steiniger et al. (2018a). Unlike the bone
marrow data set (Steiniger et al., 2016), in our next work
(Steiniger et al., 2018b), the total number of voxels was slightly
larger, and QC was much faster with the new method. Our
domain expert alone quality controlled with our VR-based
method 11 regions with 2,000 x 2,000 x 24 voxels per day in one
instance (Steiniger et al., 2018b) and 2-4 =~ 2,000 x 2,000 x 84
regions per day in another instance (Steiniger et al., 2021). These
sum up to slightly more than 10° voxels per day in the first case
and up to 1.36 - 10° voxels per day in the second case. We would
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like to highlight, that these amounts of data were routinely quality
controlled by a single person in a single day. Thus, VR immersion
saved an order of magnitude of man-hours for QC of our medical
research 3D reconstructions (Steiniger et al., 2018a,b, 2021).

Our immersive application also enabled VA of the same
reconstructions. Without immersive VA and (later on) interactive
“cutting” into the reconstructions with front plane clipping
in VR, it would be exorbitantly harder or even impossible for us
to obtain the research results, summarized in Figure 13 (Steiniger
et al., 2018b, 2021).

With our application, the wusers can inspect 3D
reconstructions, compare them to series of raster images,
classify parts of the reconstructions (both unconnected
components and some parts of a mesh). Our application
can, therefore, be used in any 3D area from macroanatomy
to civil engineering. However, the UI, the details of the use
case implementations, and their motivations originate from
3D histology.

When the size of the mesh is too large for fast enough
rasterization, the frame rate suffers, inducing bad VR experiences
(The exact data depend on the mesh size, on shaders, and
the GPU used, but is typically well into tenths of millions
of vertices). Mesh painting depends on geodesic distances
on the mesh, hence it has the same limitations. We have
tested our VR application on at least 21 sections. Naturally, if
only a handful sections is available, the 3D impression would
degrade. The maximal number of sections is limited only by
the VRAM size and data availability. We have productively
used our application with 148 sections, with potential for
much more.

7. CONCLUSIONS

3D reconstructions from histological serial sections require
quality control (QC) and further investigations. Domain experts
were not satisfied by previously existing QC methods. We present
a VR-based solution to explore mesh data. Our application also
allows to superimpose the original serial sections. Such display is
essential for QC. In our experience, immersion accelerates QC by
an order of magnitude. Our users can annotate areas of interest
and communicate the annotations. VR-powered VA allowed for
a more exact and fast distinction and classification of various
microanatomical entities, such as post-arteriolar capillaries and
other kinds of capillaries. The classification of arterial blood
vessels in its turn facilitated the classification of capillary sheaths.
Summarizing, our VR tool greatly enhances productivity and
allows for more precise reconstructions that enable new insights
(Steiniger et al., 2018a,b, 2021) in microanatomical research.

7.1. Future Work

Making our application an even a better visual analytics tool
is always viable. Minor improvements at user input handling
include more input combinations and gestures. A planned feature
is to record spoken annotations for every annotation marker.
Recorded memos would facilitate better explanation of markings
at their revision. The application has a potential to evolve in
the direction of a non-medical 3D sculpting utility. A better

maintainability of the code base through an excessive use of
software product lines (Apel et al., 2016) is an important goal.
Not all builds need all features and software product lines can
accommodate this point.

Improvements of the rendering performance are both
important and viable. Possible points of interest are better
occlusion culling (e.g., Mattausch et al., 2008; Hasselgren et al.,
2016) and progressive meshes (e.g., Derzapf and Guthe, 2012).
There are further ways to improve the anti-aliasing and thus even
further improve the immersive user experience. A possibility
to consider is an advanced interpolation for higher internal
frame rates.

A promising idea is to learn better view angles (similar
to Burns et al., 2007) from the transformation matrices saved
as parts of annotations. Better pre-rendered videos might
be produced in this manner (Gutiérrez et al., 2018 have a
similar motivation). Texture compression in general and volume
compression techniques in particular, (e.g., Guthe et al., 2002;
Guthe and Goesele, 2016; Guarda et al., 2017), would help
to reduce the GPU memory consumption caused by data for
original slices.

VR might be the pivotal instrument for better understanding
in teaching complex 3D structures (Philippe et al., 2020),
e.g., in medicine or in machine engineering. An effect of VR
in training and education in such professions (and also in
other areas, e.g., Calvert and Abadia, 2020) might need a more
detailed assessment.

A carefully designed user study would allow for a more exact
quantification of the gains from using VR in our visualization
context. While such a study is beyond the scope of current work,
it would be definitely of interest in the future. The evaluation
methodology from Gsaxner et al. (2021) is an interesting starting
point to the design of such user study.

Of course, viable future work includes applications of
our visualizations to reconstructions of further organs
and tissues (e.g., future bone marrow, lung, heart, or
tonsil probes) and expansion to further modalities of
medical (such as MRI or CT) or non-medical data.
Recently, we experimented with VR presentation of serial
block face electron microscopy data. Multi-modality is
an interesting topic, too (Tang et al, 2020). Possible
examples of further applications include materials
science, computational fluid dynamics, and, most surely,
computer graphics.
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videos show different sessions (but roughtly the same behaviour),
once as a binocular feed from the Steam VR mirroring window,
once as a monocular feed.
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