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Three different techniques to reconstruct 3D view of SEM
images by using only free available software
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In the present work, three different techniques were used to ob-
tain a 3D view of the SEM images of adipose tissue samples taken
from volunteer obese patients by only freely available software.
The extrapolation of spatial data demonstrates the most promis-
ing results compared to the results of a stereoscopic view or in-
teractive surface plots. The 3D reconstructed view of SEM images
by extrapolation of spatial data allows one to obtain the depth of
the sample from the SEM images. The reconstructed model also
might be printed with a 3D printer, which extends the usage pos-
sibilities of this technique.
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INTRODUCTION

Focused ion beam (FIB) sectioning in combina-
tion with electron microscopy for 3D analysis has

Microscopy is a powerful tool used in many fields of
science and technology. However, it has some limi-
tations, like resolution and depth of focus [EI]. In this
sense, scanning electron microscopy (SEM) is su-
perior to light microscopy, although a SEM micro-
graph is still a 2D projection of a three-dimensional
object []. As a consequence, interpretation of such
data may remain qualitative or even misleading [E].
So there is a strong interest in improving the reli-
ability of quantitative microstructural analysis and
3D reconstruction is an essential tool [H].
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been known for a while and successfully applied
in studies of inorganic systems [E, E]. 3D FIB-SEM
imaging has also been useful in studies of biological
samples like mammalian cells [E] or bone tissue [ﬁ].
Unfortunately, thisis a destructive and time-consum-
ing technique so alternatives are being developed.
3D surface reconstruction of SEM images using
stereo-photogrammetry has been introduced a long
time ago [E] , but since it demands high computation-
al capacities only in recent years it started receiving
more interest [E: E, @]. With the advancement of
technology, nowadays it is a simple and inexpensive
task to make a digital 3D model of an object using
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a smartphone camera, a home computer and freely
available software. However, same workflows could
not be easily applied on SEM micrographs since
images have a different nature. Nevertheless, spe-
cialised techniques and algorithms are being devel-
oped [, ] and applied in many fields, including
structural biology [[13-19]. 3D imaging could be
a comprehensive tool in histology [[16-18]. More-
over, such data could be applied in 3D printing of
biocompatible biomaterials [@, @]. In the present
study, three different ways to obtain a 3D view of
the SEM images of biological tissue by using only
free available software were demonstrated.

EXPERIMENTAL

Preparation of adipose tissues

Adipose samples were taken from volunteer patients
at the Department of General Surgery of Vilnius Uni-
versity Hospital. Men and women aged 18-65 years
with a BMI more than 30 kg/m? were enrolled in
the study. The study protocol was approved by
the Lithuanian Ethics Committee, with the aim and
design of the study explained to each subject, who in
turn gave their informed consent. The adipose tissue
samples were stored in -70°C temperature before
the chemical analysis was performed. The adipose
tissue samples were homogenised and extracted
using a modified Folch extraction procedure. The li-
pids were extracted by 20 ml of chloroform/metha-
nol (2:1, v/v), as reported previously [@].

Characterisation
Morphology of the adipose tissue samples was evalu-
ated by field emission scanning electron microscopy
(FE-SEM, SU70, Hitachi) equipped with an energy
dispersive X-ray spectrometer, and the spectrometer
was controlled by the INCA software (Oxford In-
struments) or by Hitachi TM3000 and Helios Nano-
Lab 650 instruments. The database of SEM images of
the adipose tissue taken from 3 layers of adipose tis-
sue (subcutaneous, preperitoneal and visceral) was
collected. The most characteristic examples were
selected for 3D reconstruction. The approaches of
three different techniques were compared to obtain
a 3D view of adipose tissue engaging only the freely
available software:

Stereoscopic view (special glasses needed):
the approach by combining two SEM images of
a specimen from two slightly different angles was

used for the reconstruction of 3D SEM images us-
ing stereoscopic technique. The combination of
two SEM images into an anaglyph was done with
the freely available software AnaMaker. The more
detailed information about the stereoscopic tech-
nique used to characterise particles of Au was
discussed in more details by S. Kareiva et al. [].
The same technique was used in the present work
for the adipose tissue samples.

Interactive 3D Surface Plot plugin for Fiji:
the plugin creates interactive surface plots from all
image types. The luminance of an image is inter-
preted as the height for the plot. Internally the im-
age is scaled to a square image using the nearest
neighbour sampling. For selections, the bounding
box of the selection is used for the surface plot [@].

Extrapolation of spatial data: this approach was
done from at least three or more SEM images made
by changing the tilt by 5 or 10° step. The 3D model
of SEM images reconstructed by the VisualSFM
and MeshLab open source software is based on
the following steps:

1. Convert the SEM images to a format suitable
for processing (i.e. JPG).

2. Find local features in the given set of images.

3. Find matching feature-sets between the im-
age pairs.

4. Construct the spatial positions of feature
points based on their trajectories.

5. Map the image data (colour) to the spatial
points.

6. Connect the spatial points to build a vertex or
other surface-like structure.

In addition, the Fiji (Image]) software was used
as an additional software to analyse the surface
of the samples obtained from the SEM images.
The Figure] plugin [] was used to prepare the fig-
ures for this publication.

RESULTS AND DISCUSSION

SEM images of adipose tissue

First of all, the data base of SEM images of different
adipose tissue was collected. The SEM images were
divided into two big groups: the group of patients
who has metabolic syndrome (a collection of risk
factors that increase the chance of developing heart
disease, stroke and diabetes) and the one who has
not. The random selected images are presented in
Fig. . Note that the SEM images of the same type
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Fig. 1. SEMimages of a different type of the adipose tissue of the volunteer patient who has the metabolic syndrome recruited at the De-
partment of General Surgery of Vilnius University Hospital: a, subcutaneous adipose tissue; b, the deeper level of subcutaneous adipose

tissue; ¢, preperitoneal adipose tissue; d, visceral adipose tissue

of adipose tissue were very similar in the patients
having the metabolic syndrome and the patients
without it. Nevertheless, the adipose tissue from
the deeper level exhibits a more rough surface.
The hypothesis was proposed that the SEM imag-
es of the patients having the metabolic syndrome
contains more white edges on the sample surface
caused by the inflammation. To confirm/decline
the hypothesis the Image]J (Fiji) software was em-
powered to find the edges (function on the process
menu) of each image. Then the images were turned
to binary images (function on the process menu)
in order to calculate the total length of the edges
lines. Unfortunately, there was no statistical differ-
ence between the samples of the patients who have
the metabolic syndrome and the ones who have not
independent of the type of adipose tissue.

Stereoscopic view and 3D reconstruction of
adipose tissue

By using any online tool (a stereo images generator
from the photo) or freely available software such as
AnaMaker the stereo image might be obtained in
several seconds. Figure P demonstrates a stereo im-
age of the selected subcutaneous adipose tissue of
the volunteer patient at the Department of General
Surgery of Vilnius University Hospital. The proper
view is seen only with 3D glasses, which makes this
method less convenient. Moreover, the stereo im-

age still has very poor information about the real
depth of surface irregularities and the 3D surface
is not fully described. Therefore, this technique
was rejected for the further development. The sec-
ond approach to obtain a more detailed surface
reconstruction was realised by the Interactive 3D
Surface Plot plugin as a tool. This technique gives
the detailed view of the surface (Fig. E). However,
the main disadvantage of this visualisation is that
the pixel size values of x and y are known, though
the z values are dimensionless. The z value has to be
interpreted and set manually, therefore, the differ-

Fig. 2. An example of a SEM image of the deeper level of subcutane-
ous adipose tissue (the same sample as depicted in Fig. 1b) turned
into a stereoscopic image (3D glasses needed for a proper view)
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Fig. 3. Interactive 3D surface of the deeper level of subcutaneous adi-
pose tissue. The same sample as depicted in Fig. 1b

ent technique should be used additionally to obtain
a reasonable z value.

The very first results of the 3D model of SEM im-
ages reconstructed by the VisualSFM and MeshLab
open source software have demonstrated that
the reconstruction is very dependent on the equip-
ment. FE-SEM, SU70, Hitachi instrument dem-
onstrated the best results of 3D reconstruction,
therefore it was used for the further investigation.

The 3D reconstruction method is also very sensitive
to the noise levels of the images and to the changes
of the intensity of the grey scale of images. An-
other difficulty was to keep exactly the same area
for measurements. Every time when the tilt and/
or the rotation were changed, it was really difhi-
cult to get back to the same position. To sum up,
it was expected that the 1-5° tilt would be optimal
for the reconstruction [@], while the experimen-
tal work has demonstrated that the 10° step of tilt
was optimal for the reconstruction. The developed
model for the 3D reconstruction designed for
regular photos was successfully applied for the in-
vestigation of adipose tissues of volunteer patients
at the Department of General Surgery of Vilnius
University Hospital. The 3D reconstructed view of
SEM images is presented in Fig. H It is clearly seen
that the surface was fully reconstructed. The very
tentative results demonstrate that the depth size of
the sample might be extrapolated (Fig. de). More-
over, the depth size obtained by this 3D model
might be used for the development of the sur-
face visualisation obtained by the Interactive 3D
Surface Plot plugin in Fiji. The reconstructed 3D
view helps to visualise the adipose tissue in more
details. Moreover, the reconstructed model might
be printed with a 3D printer, which extends the us-
age possibilities. The short demonstration of 3D

Fig. 4. a—d: SEM images of subcutaneous adipose tissue made by changing the tilt; e: an example of a 3D reconstructed view of the SEM images
of subcutaneous adipose tissue of the patient having the metabolic syndrome
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reconstruction results of subcutaneous adipose tis-
sue of the patient having the metabolic syndrome
as well as the 3D reconstruction results of the dif-
ferent types of adipose tissue of the patient who has
not the metabolic symptom are presented as an ad-
ditional information.

CONCLUSIONS

Three different techniques were tested to construct
the 3D view from the SEM images of adipose tissue.
The stereoscopic view gave the poor information,
while the reconstructed surface of adipose tissue
formed by the Interactive 3D Surface Plot plugin
in Fiji demonstrated more rich data. Nevertheless,
since the pixel does not have the depth dimension
z, the interpretation of the data is very difficult.
The 3D reconstructed model by the VisualSFM
and MeshLab free available software gave the best
and the most promising results. The surface is fully
reconstructed and the pixel z dimension might be
easily extrapolated. The reconstructed view also
might be easily printed by a 3D printer which gives
a new area of applications. To conclude, it was
demonstrated that free available software might be
successfully applied for the 3D reconstruction of
the SEM images of adipose tissue.
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TRYS SKIRTINGI SEM NUOTRAUKU 3D VAIZDO
ATKURIMO BUDAI, NAUDOJANT TIK LAISVAI
PRIEINAMA PROGRAMINE JRANGA

Santrauka

Siame darbe buvo naudojami trys skirtingi metodai,
norint gauti riebalinio audinio méginiy, paimty i§ sa-
vanoriy nutukusiy pacienty, SEM nuotrauky 3D vaiz-
da. Naudota tik laisvai prieinama programiné jranga.
Parodyta, kad erdviniy duomeny ekstrapoliacija, pa-
lyginti su stereoskopinio vaizdo ar interaktyviy pa-
vir§iaus diagramy rezultatais, yra perspektyviausias
metodas. 3D rekonstruotas SEM nuotrauky vaizdas,
ekstrapoliuojant erdvinius duomenis, leidzia atlikti
méginio giluminj (tarinj) vaizdinima. Sitlomas 3D re-
konstrukcijos modelis taip pat gali buti spausdinamas
3D spausdintuvu, o tai prapledia $ios technikos panau-
dojimo galimybes.
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