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Abstract

The aim of this study was to characterize the in vivo volumetric distribution of three folate-based biosensors by different imaging
modalities (X-ray, fluorescence, Cerenkov luminescence, and radioisotopic imaging) through the development of a tridimen-
sional image reconstruction algorithm. The preclinical and multimodal Xtreme imaging system, with a Multimodal Animal
Rotation System (MARS), was used to acquire bidimensional images, which were processed to obtain the tridimensional
reconstruction. Images of mice at different times (biosensor distribution) were simultaneously obtained from the four imaging
modalities. The filtered back projection and inverse Radon transformation were used as main image-processing techniques. The
algorithm developed in Matlab was able to calculate the volumetric profiles of **™Tc-Folate-Bombesin (radioisotopic image),
"L u-Folate-Bombesin (Cerenkov image), and FolateRSense™ 680 (fluorescence image) in tumors and kidneys of mice, and no
significant differences were detected in the volumetric quantifications among measurement techniques. The imaging tridimen-
sional reconstruction algorithm can be easily extrapolated to different 2D acquisition-type images. This characteristic flexibility

of the algorithm developed in this study is a remarkable advantage in comparison to similar reconstruction methods.

Keywords Tridimensional reconstruction - Inverse Radon transformation - In vivo imaging - Folate-based biosensors

1 Introduction

Molecular imaging of living subjects is an emerging field that
aims to study molecular and cellular events in the intact living
animal and human [1]. The information in this field is obtained
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by biosensors which are designed to target specific biological
sites [2, 3]. The biosensors emit a signal that can be captured
by a suitable image acquisition system because they are usu-
ally labeled with fluorescent molecules [4—6], radionuclides
such as gamma [7, 8] or positron emitters [6, 9], etc. [10, 11].

The heterobivalent radioconjugate **™Tc-Folate-Bombesin
and the '""Lu-Folate-Bombesin theranostic radiopharmaceuti-
cal have been reported as biosensors for application in medical
diagnosis and radiotherapy of breast cancer due to the concom-
itant recognition of folate receptor o« (FRo) and gastrin-
releasing peptide receptor (GRPr) [7, 12]. FRx and GRPr have
been reported as receptors overexpressed in breast cancer
[13—17].Thus, these receptors can be used as good imaging
targets for volumetric characterization in breast tumors.

An imaging trend that has been intensified in recent
years is the development and commercialization of differ-
ent multimodal imaging systems (MIS) [18, 19]. MIS have
emerged as devices with an operation strategy that com-
bines the strengths of different imaging modalities and
produces a hybrid platform with superior capacities to
those of its individual components [20]. One area that has
been supported by using dedicated MIS is preclinical
in vivo small animal imaging to obtain complementary
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information of several metabolic diseases with both func-
tional and anatomical details [21-23].

An example of this equipment is Bruker’s In-Vivo Xtreme
(BVX) [11, 19, 24]. BVX is a preclinical multimodal imaging
system which acquires images through four different modali-
ties: radiographic, radioisotopic, fluorescence, and lumines-
cence [18]. BVX relies on optical technology to get radiophar-
maceutical imaging. Unlike conventional nuclear imaging
systems (SPECT), BVX has an ultra-thin phosphor screen that
functions as a scintillator device, a charge couple device de-
tector, and lacks a pulse height analyzer for discriminating the
different energies emitted by the radionuclide [25]. Also,
BVX has a Multimodal Animal Rotation System (MARS),
which is designed to capture images on a coverage range of
360° [19, 26], but it does not have an automatic volumetric
reconstruction system. Despite this disadvantage, computa-
tional algorithms can be used to obtain 3D reconstructions
from an ordered sequence of projected 2D images at different
angles like those acquired by the BVX/MARS.

Three-dimensional reconstruction includes the application
of filtered back projection [20, 27, 28], iterative [29-31], and
analytic [32] image-processing methods. Among these
methods are the modified FDK algorithm (a modified back
projection method) for computerized tomography volume re-
construction, algebraic reconstruction technique, and the
Radon transform algorithm based on fluorescence reconstruc-
tion [33-35]. The 3D surface reconstruction method based on
the back projection method using white/black images [27] can
be considered a relevant example of 3D imaging procedures.
Other authors propose a reconstruction procedure using a mo-
dality fusion approach of bioluminescent sources from optical
data, measured on the body surface of mice. Another recon-
struction method for bioluminescence tomography has been
proposed based on establishing a relationship between mea-
sured surface photon density and an unknown biolumines-
cence source distribution. A finite element method that con-
siders the diffusion approximation of photon propagation in
biological tissue is the theoretical basis of this method.

The filtered back projection method is based on simple
back projection, which usually blurs the image traits, but in-
cludes a previous filtering or kernel convolution of each frame
[36, 37]. This filter in the spatial domain is represented by:

!

p (x) = p(x)®k(x) (1)

where p(x) is the original projection data, k(x) is the kernel,
p'(x) is the resultant filtered data, and ® represents the integral
convolution operation.

Equation 1 is represented in the frequency domain and is
known as Fourier slice theorem. Thus, the following represen-
tation is valid:

p (x) = FT"'(FT(p(x))*K(f)) (2)

@ Springer

where K(f) is the Fourier transform of the kernel. Despite of
the fact that many kinds of kernels that can be used depending
on the imaging application exist, the most efficient for clinical
images are Shepp-Logan, cosine, or Hamming filters that
compensate high-frequency roll-off [38].

The aim of this study was to develop an algorithm based on
filtered back projection of 2D projected images acquired by
the BVX/MARS. The reconstructed images were used to eval-
uate the in vivo volumetric distribution of different folate bio-
sensors. In particular, the reconstruction method was applied
to measuring kidney and tumor uptake of folate. The cross
correlation of X-ray, fluorescence, Cerenkov luminescence,
and radioisotopic imaging acquired using the BVX/MARS
yields to characterize the efficiency of folate as an in vivo
biosensor.

2 Material and methods
2.1 Animal model

The animals used in this study were nu/nu athymic mice with
weights between 20 and 24 g. The mice were obtained from
“Instituto Nacional de Ciencias Médicas y Nutricion Salvador
Zubiran.” They were kept in sterile cages with beds of sterile
wood shavings, constant temperature, humidity, noise, and
12:12 light periods. Water and feed (standard PMI 5001 feed)
were given ad libitum. Tumors were induced by subcutaneous
injection of T47D breast cancer cells into the back of the
athymic nude mice. Tumor induction and biodistribution stud-
ies in mice were carried out according to the rules and regu-
lations of the Official Mexican Norm 062-Z0O0-1999.
Biological wastes were managed and disposed according to
the Official Mexican Norm -087-ECOL-SSA1-2002. The
study was approved by the Institutional Ethical Committee
for the Care and Use of Laboratory Animals (“Instituto
Nacional de Ciencias Médicas y Nutricion Salvador
Zubiran”).

2.2 Biosensors

In order to obtain and evaluate the biosensors uptake, fluores-
cence, Cerenkov luminescence, and radioisotopic modalities
were used. Three different folate-based biosensors were ap-
plied and each one of them was detected by a different imag-
ing modality of the BVX system [18].

The fluorescence images were acquired with the Perkin
Elmer®’s FolateRSense™680, which is a near-infrared fluo-
rescent folate-targeted agent that can be used to image folate
receptor expression in tumors [6].

For Cerenkov luminescence images, the 77 u-Folate-
Bombesin [(Lys L(folic acid)Lys3 (*”’Lu-DOTA)-Bombesin(1-
14))] biosensor was prepared as previously reported [7]. This
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radiopharmaceutical is labeled with '7"Lutetium, whichisa 5~
particle-emitting radionuclide with a physical half-life of
162 h (6.73 days) and its § particles have a maximum energy
0f 498 keV and a mean energy of 133 keV, which is sufficient
to produce the Cerenkov effect (threshold beta particle energy
to produce Cerenkov effect in tissue is between 213 and
260 keV) [12].

For radioisotopic images, the **™Tc-Folate-Bombesin
[(Lysl—(folic acid)—Lys3 (**™Tc-EDDA/HYNIC)-Bombesin(1-
14))] biosensor was prepared as previously reported. **™Tc
is an ideal agent for diagnostic imaging because of its physical
half-life, ease in compounding and relatively low dose to the
patient. The *™Tc gamma emission of 140 keV allows acqui-
sition of radioisotopic images [7, 8].

2.3 Animal preparation

The mice were anesthetized to minimize their movement dur-
ing image acquisitions. The animals were placed individually
in an induction chamber, and anesthesia was induced with 2%
isoflurane in 100% oxygen. In order to achieve a contrast
enhancement which would facilitate the visualization and out-
line of certain body parts such as kidneys and bladder, the
iodinated contrast agent Xenetix® 300 was injected into the
mouse tail vein 30 min before X-ray imaging [39]. Then, all
mice were placed in the same position within the BVX/MARS
chamber to preserve the spatial alignment between the image
acquisitions.

2.4 Image acquisition

All the optical images were acquired with the BVX (Fig. 1a).
After biosensor injection, the mice were rotated with the
MARS (Fig. 1b). BVX software allows individual or multiple
acquisitions. The former case is done directly through the
acquisition menu. In the case of multiple acquisitions, it is
necessary to set a protocol which strings the acquisition set-
tings together in order to automatically capture a series of
images as part of the experiment. In both cases (individual
or multiple acquisitions), parameters such as binning, expo-
sure time, field of view (FOV), and accumulation path had to
be specified.

The X-ray parameters were energy of 45 kVp, current of
497 uA, and an aluminum filter of 0.8 mm. The exposure time
was 10s,a 1 x 1 binning, 12.5 cm FOV, and 0-360° coverage
with 2° steps. Radioisotopic images were acquired by an ultra-
thin and uniform radioisotopic phosphor screen, with an ex-
posure time of 3 min, a binning of 4 x4, a FOV of 12.5 cm,
and 20° steps. A parallel-hole collimator was used to reduce
the effect of scattered radiation. Fluorescence images were
acquired with an exposure time of 2 s; the binning was 4 x
4, a FOV of 12.5 cm, and 15° steps. FolateRSense™ 680
excitation and emission wavelengths were 690 and 750 nm,

respectively. In the case of Cerenkov luminescence images,
the exposure time was 5 min, the binning was 4 X 4, a FOV of
12.5 cm, and 30° steps.

2.5 Tridimensional reconstruction algorithm

An algorithm based on the inverse Radon transform and the
filtered back projection was implemented on a set of planar
images acquired by the BVX at different rotation angles. The
angle resolution was modified according to the acquisition
period. This strategy follows the regular tomographic meth-
odology to obtain tridimensional reconstructions of biosen-
sors uptake. The computational algorithm was programmed
in Matlab® R2013a and was executed in a DELL
ALIENWARE15 with an Intel 2.60 GHz Core i-7, 16 GB of
RAM and a Windows 8 operating system. The algorithm took
around 5 min to obtain the reconstructed object. The recon-
struction algorithm is divided in two stages: the image
adequation (Fig. 2) and the obtention of the 3D reconstructed
object (Fig. 3). The steps of each stage are described below:

2.5.1 Image adequation

Image exportation The images of the different modalities are
acquired through an acquisition protocol and are then saved in
BIP files. Considering that BIP is not a supported image format
in Matlab, images were exported into DICOM files (Fig. 2a).

Image reading and resizing Once the image files were in
DICOM format, a reading procedure extracted the images from
the DICOM files and represented them in the workspace as
bidimensional arrays of class uintl6. X-ray images were
1024 x 1024 pixels; while radioisotopic, fluorescence, and
Cerenkov luminescence images were 512 x 512 pixels. As the
images had to be of the same size, the X-ray images were reduced
to the 512 x 512 pixel size using a rescaling process (Fig. 2b).

Image cropping Considering that the images had pixels that do
not provide useful information, they were cropped, mainly
leaving the pixels that represented an organ, a structure or
the biosensors uptake. This was achieved through a spatial
transformation that cut certain regular regions in the image
(Fig. 2c). This cropping was applied in all the images in order
to decrease the computational cost of the algorithm. This pro-
cess was automatically executed over the entire set of images,
giving as result images of 512 x 211 pixels (Fig. 2d).

Interpolation algorithm With the images acquired by the
BVX, a 3D matrix of the original grayscale images was struc-
tured (Fig. 2e). Image acquisition in different modalities, at all
the angles (0-360° with 1° steps), is not viable because of the
internal BVX processing time. Therefore, we considered to
take as many images as possible in each particular modality.
Then, an algorithm to obtain interpolated images was devel-
oped. This algorithm took pixel by pixel of the two original
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Fig. 1 a BVX elements by which
images of the 4 different
modalities were acquired: A. X-
ray tube; B. MARS; C. X-ray
phosphor screen; D. CCD
camera; E. parallel-hole
collimator; F. radioisotopic
phosphor screen; G. emission
filters; H. excitation filters; I.
xenon lamp. b Example of a 90°
step rotation of MARS

Fluorescence

images and made an interpolation in order to acquire new
images and pixel values. This process was executed on every
pixel of each row and column. A series of interpolated images
corresponding to the missing angles were acquired and a new
array, which contained original and the interpolated images,
was designed (Fig. 2f).

Image processing/characterization of pixel values Depending
on the imaging modality used to obtain the 3D reconstructed
image, pixel intensity values of skeleton, tumors, kidneys, and
biosensors uptake were characterized to discern between them
at the time of reconstruction (Fig. 2g). In the specific case of
X-ray images, there was an extra step, the X-ray MARS cham-
ber subtraction. For this purpose, X-ray images of the empty
MARS chamber at different angles were acquired. Then, these

=R 8
a

Fig. 2 Image adequation
flowchart. a) Image exportation;
b) Image reading and resizing; c)
Image cropping; d) Image
cropped; e) Interpolation
algorithm input; f) Interpolation
algorithm output; g) Image
processing/characterization of
pixel values

Characterization

of pixel values
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images were subtracted from the mouse X-ray images that
were taken previously, leaving only the anatomical informa-
tion of mice.

The pixel characterization of different tissues and biosen-
sors uptake is described below:

Skeleton: So as to get bone enhancement in the X-ray
images, a pre-adjust of image intensity values was done
using a contrast adjustment procedure [40, 41]. The con-
trast of the output images was increased by at least
88.06%. Then, a sharpening process was applied to each
image, yielding an enhanced version of the grayscale of
the input image. In consequence, image features such as
edges were sharpened using an unsharp masking method

512 x 512 pixels 512 x 211 pixels
b c d
26Y : 360
1 N ‘A\\ L
" 2,50 o®
0.5
f e



Med Biol Eng Comput

Fig. 3 a Original X-ray image. b
Freehand drawing of the mask
corresponding to tumors. ¢ Binary
mask obtained from the drawing
of the ROL. d Result of the
masking process of tumoral tissue

[42, 43]. After that, an automatic binary mask was created
to recover the region of interest in the acquired image.
These binary masks were overlapped to the X-ray images
leaving only the mice skeleton.

*  Tumors: Due to the variability of tumor morphology, regions
of interests (ROIs) were not calculated automatically. For this
purpose, binary masks were drawn manually using the free-
hand drawing process. Then, these binary masks were over-
lapped to the X-ray images leaving only the tumor areas.
This process was repeated on each image (Fig. 3).

* Kidneys: Considering their spatial location and the sur-
rounding tissues, an automatic binary mask was created.
The binary masks were overlapped to the X-ray images,
leaving only the kidney area.

* Biosensors uptake/activity: Preliminary image intensity
adjustment was done. Then, a morphological opening on
the grayscale was performed. After, an automatic binary
mask was created that was overlapped to the fluorescence,
Cerenkov luminescence, and radioisotopic image, leaving
only the biosensors uptake regions.

2.5.2 Obtention of the 3D reconstructed object

Reconstruction matrix From the whole set of individual proc-
essed images Ip€ R™ ™" (experimental and interpolated)
(Fig. 4a), the algorithm took the same row of each image [, ;
R™ (Fig. 4a, R1,1(0°), R1, I (90°)... R1, I (360°)). These rows
served to construct an auxiliary matrix /; € R*** *" (Fig. 4b). The
corresponding matrix /; is transposed to generate /, € R" %,
Each matrix 1, has the same number of columns in every angle
corresponding to the row. This process was repeated for each
row in all the images giving as result a new array of m matrices
(Fig. 4c). For each matrix obtained in the previous step, the
inverse Radon transform was applied by implementing the fil-
tered back projection (Fig. 4d). The filtered back projection is

the most widely used reconstruction algorithm in commercial
equipment and consists in the filtering of measured projections
data at different projection angles with a special function and
the back projection of the filtered projection data to get the
reconstructed object. In the case of the Matlab function, the
filter is designed in the frequency domain and then multiplied
by the fast Fourier transform (FFT) of the projections. To avoid
the spatial domain aliasing, the projections are zero-padded to a
power of 2 before filtering.

As a result of the filtered back projection, axial slices of
the tridimensional volume to be reconstructed were obtain-
ed (Fig. 4e). Each axial slice was stacked, resulting in the
final reconstruction array (Fig. 4f).

Deployment/visualization The reconstructed volume was ob-
tained with an isosurface (Fig. 4g). If we have a function
defined over f (x, y, z), then we can select all the elements
whose values are less or equal than a predefined value
(isovalue). This set of elements can be identified in each slice.
As result, a so-called isosurface function (X, Y, Z, V) is obtain-
ed, which determines the contour from volume data “V” given
by the isovalue. The arrays in X, ¥, and Z define the coordi-
nates for the volume. The output from this function is the faces
and vertices corresponding to the isosurface used for
displaying the region of interest in the 3D domain [44].

2.6 Tridimensional fusion between modalities

The tridimensional fusion was achieved using the superposi-
tion of the values obtained in the reconstruction matrices and
modifying the transparency of each image. This parameter is
specific to each graphic (the image acquired in a different
modality) object and can assume values between 0 and 1,
where “0” represents full transparency of the object and “1”
represents full intensity.

@ Springer
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Fig. 4 Flowchart for the R512, 1360%) —» I
obtention of the 3D reconstructed i

object a) Set of individual R512, 1(909)

processed images; b) Auxiliary
matrix /;; ¢) Transposed matrix /;
d) Filtered back projection; e)
Axial single slice; f) Stack of axial
slices; g) 3D isosurface
visualization
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2.7 Volumetric quantification

The volume calculation was done via surface detection. This
consisted in the identification of all the voxels which were
contained in the reconstructed object of interest and then mul-
tiplication of the number of said voxels by the voxel volume.
The dimensions of each voxel were 0.181 mm X 0.181 mm X
0.201 mm. The approximate volume of the tumors was calcu-
lated using the ellipsoid volume formulas pi/6 x L x W x H
and 2 x L x W x H, where “L” is the length, “H” is the
height, and “W” is the width [45]. The results of these calcu-
lations were compared with the volumes obtained in the tridi-
mensional reconstruction algorithm.

2.8 Tumor and kidney uptake percentage

The uptake percentage of tumors and kidneys was calculated
dividing the volume of the biosensor uptake by the total vol-
umes of the structure under analysis. The uptake percentage of
the three biosensors at different times was calculated for each
image modality using Eq. 3.

Volume of biosensor in the organ of interest

%O0BU = *100

(3)

Volume of the organ of interest

2.9 Activity quantification

Attenuation factor calculation To calculate the BVX attenua-
tion factor (AF) due to mice thicknesses in radioisotopic im-
ages, a set of four known 99MTe radiation activity (1.73 £ 0.09,
3.89+0.19, 8.03+0.46, 11.09+0.72 MBq/200 pl) samples
(n =3) were placed inside the MARS chamber in two different
geometry groups. The first experiment positioned a mouse
between the MARS chamber and the imaging system sensor
(Fig. 5a). The second one used the same known samples, but
for this particular case, no mouse was placed inside the MARS
chamber (Fig. 5b). The radiation activity of each sample (with
and without mouse) at 0°, 90°,180°,270°, and 360° was quan-
tified by a computer software. The AF was calculated as the
quotient of the total intensity without the mouse (IWOM),
divided by the total intensity including the mouse (IWM).

AF — Total intensity without the mouse — IWOM )
~ Total intensity with the mouse — IWM

Evaluation of scattering To calculate the scattering and cali-
bration factors, nine different known 99MTe radiation activities
(Fig. 6, images Al, B1, C1, D1, E1, F1, G1, H1, and I1, with

all"""

Fig. 5 Lateral view of the general scheme used in the acquisition and
calculation of the attenuation factor

activity concentrations of 14.99 +0.01, 25.98 +0.02, 55.91 +
0.07, 104.63 +0.30, 139.07+0.73, 184.36+1.29, 22237 +
2.07, 290.86 +3.26, and 350.46+5.13 MBq/200 pl, respec-
tively, were placed in 0.6 mL tubes of 0.6 ml. Using the BVX,
a set of images was acquired from each tube (n =5).
Radioisotopic images were cropped, leaving only the
pixels that have both primary and scattered radiation
(Ttot) (Fig. 7a). The area of the tube which contained the
primary radiation in pixels was calculated with the infor-
mation from an X-ray image (Ia) (Fig. 7b). Using this data,
the mask 1 (M1) was obtained (Fig. 7c). Mask 2 (M2) was
calculated as the complement of M1 (Fig. 7d). The set of
these two masks (M1 and M2) and an example showing
how they were applied on unprocessed image [tot are
shown in Fig. 7. lact (Fig. 7e¢) was obtained by the direct

Fig. 6 °°™Tc radiation activities used in the calculation of the scattering
factor

@ Springer



Med Biol Eng Comput

Fig. 7 Image processing for the
scattering factor calculation

multiplication (pixel by pixel) of Itot and M1. A similar
procedure was followed to obtain the image /dis (Fig. 7f),
which corresponds to the application of M2 over ltot.
Normalized intensity (intensity/pixel) in each image was
calculated. Total intensity per pixel of the total image
(INt), the normalized intensity due to the activity in the
tube (INa), and the normalized intensity due to scattering
(INd) were also determined. From the collected informa-
tion, the relation of [INt vs. (INt-INd)] was analyzed. For
this relation, a function was fitted to obtain the scattering
factor.

Calibration factor After being corrected by the attenuation and
scattering factors, the planar images of the nine tubes acquired
by the BVX were used in the 3D reconstruction algorithm.
The mean voxel value was obtained from each reconstruction;
from this data, the voxel’s grayscale-value characterization
curve was obtained. The gray scale mean value of voxel ac-
tivities was used to quantify the tumor and kidney activity
based on image-processing methods.

2.10 Statistical analysis

Comparisons in the tumor volumetric quantification among
methods (analytical measurements vs. reconstruction algo-
rithm) were made through an analysis of variance (ANOVA)
to detect significant changes. Statistical significance was set at

Fig. 8 Examples of 2D
projections of different
modalities. a, ¢, e. X-ray images.
b Fluorescence image. d
Cerenkov luminescence image. f
Radioisotopic image. Red circles
show tumor localization

@ Springer

p<0.05. The same analysis was carried out when data of
volumetric uptake percentage among mice with the same bio-
sensor was compared.

3 Results
3.1 Images acquired

Images of the four different modalities were acquired with
the BVX/MARS. The X-ray protocol was designed to
acquire 181 images, while fluorescence, Cerenkov lumi-
nescence, and radioisotopic protocols considered the ac-
quisition of 25, 13, and 19 images, respectively. Figure 8
depicts the images of three different mice and the biosen-
sors uptake visualized in each imaging modality. The X-
ray images (Fig. 8a—e) give visual information about the
tumor localization and the other imaging modalities (Fig.
8a—e) confirm the presence of tumoral tissue.

3.2 Tridimensional reconstruction

In vivo imaging results showed that the proposed reconstruction
algorithm allows the obtention of representative anatomic 3D
views (X-ray imaging). The radioisotopic, fluorescence, and
Cerenkov imaging methods showed a reliable tumor and kidney
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Fig. 9 Tridimensional fusion of
mouse skeleton (yellow), kidneys
(green), and tumor (cyan). a
FolateRSense ™ 680 uptake at

6 h. b FolateRSense ™ 680
uptake at 24 h

A - —

§
- § I Tumor biosensor uptake

I Kidneys biosensor uptake
Skeleton

reconstruction. The fusion algorithm results are shown in Fig. 9.
The fusion images displayed an accurate anatomic correspon-
dence (in regards to the X-ray image localization) between the
uptake regions of interest and the skeleton reconstruction.

3.3 Tumor volumetric quantification and volumetric
uptake

Table 1 shows the results of the tumor volumetric quantification
by three methods for nine different mice, the tumor and kidney
volumetric uptake percentages for the three biosensors quanti-
fied at two different times (0.5 and 24 h for radioisotopic, 1 and
24 h for Cerenkov, 6 and 24 h for fluorescence). The statistical

analysis between results with two reported methods of tumor
volumetric quantification vs. the algorithm proposed in this
study did not show statistical difference. These three methods
were evaluated over different tumor sizes, and no variances
were determined. This seems to be a feasible manner to validate
the algorithm designed in this study. The percentage of tumor
and kidney uptake values with the three biosensors at two dif-
ferent times show correspondence between mice of the same
group (no statistical difference). The comparison between bio-
sensors did not apply because the acquisition times were not the
same. However, since the probe is similar, in that, the three
biosensors have folic acid in their structure, and the compara-
tive biodistribution showed similar uptakes in the same organs.

Table 1 Tumor volume quantification by three different methods and percentage of volumetric uptake of the three biosensors (mean + SD)
Biosensors Mouse Time (h) Tumor volumetric quantification % Volumetric uptake
ATV1 (cm®) ATV2 (cm®) CTV (cm®) % VTU % VKU
99™Te-Folate-Bombesin 1 0.5 238+0.13 227+0.12 2.18 £0.11 97.04 £2.12 90.21£0.81
24 3.05+0.25 2.92+0.14 2.80+0.13 18.63 £1.39 73.35+0.24
2 0.5 0.88 £0.08 0.84 + 0.06 0.85 +0.05 98.07 +1.75 90.94+0.30
24 1.06 +0.08 1.01 +£0.08 1.02 +0.06 16.79 + 1.50 71.77+0.66
3 0.5 230+0.15 2.19+0.13 2.15+0.12 98.06 +1.88 86.58+£0.14
24 2.82+£0.23 2.69+0.31 2.64 £0.24 14.00 +1.58 68.05+0.11
FolateRSense ™ 680 4 6 1.69 +0.16 1.61+0.11 1.62+0.12 23.69 £1.92 47.16+£0.93
24 2.84+0.15 2.71+0.17 2.86+0.19 60.06 £ 1.98 96.01+1.44
5 6 1.48 £0.11 1.41+0.12 1.51+0.1 25.18 £0.88 41.01£2091
24 2.15+£0.17 2.06+0.12 2.03+0.13 52.71£0.71 94.19+£1.33
6 6 0.67 £0.02 0.64 + 0.04 0.69 +0.03 29.03 £1.61 43.15+£245
24 0.95+0.03 0.91 +0.03 0.92 +0.02 56.21 +£1.68 95.02+2.19
'77Lu-Folate-Bombesin 7 1 0.66 = 0.04 0.61 +0.02 0.67 +0.04 76.58 +2.37 6.55+0.12
24 0.58 £ 0.01 0.54 +0.02 0.56 + 0.04 1436 £ 0.96 34.08 +2.77
8 1 0.91 +0.01 0.85+0.02 0.91 +0.02 81.82 +1.21 8.08+0.19
24 0.84 +0.02 0.80 +0.01 0.82 £0.01 10.06 +0.53 40.96 +1.50
9 1 0.19 +£0.01 0.18 £ 0.01 0.18 £ 0.01 83.37 +£2.69 8.08+0.19
24 0.18 £0.01 0.17 £0.01 0.16 +0.01 12.27 £0.97 40.96 +1.50

ATV1=pi/6 xWxHxL; ATV2=0.5x W xH xL; CTV =algorithm reconstructed volume; % Volumetric tumor uptake (%VTU); % Volumetric

kidney uptake (%VKU)
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Fig. 10 a Graphic representation of (INt — INd) as a function of INt. bTridimensional reconstruction of the tube and the activity. ¢ Graphic representation

of mean voxel value as a function of activity

3.4 Attenuation factor calculation

The percentage of radiation attenuation due to the mouse body
was 29.21 £ 1.53%, calculated from all the images acquired
according to the methodology reported. This percentage was
used as the attenuation correction factor (AF). The AF was
used to correct the intensity of activity quantification in mice
images according to the following expression:

(1,+100)
e =——= (34241
C 2921 (3 0) (5)

3.5 Scattering correction factor

Figure 10a depicts the results obtained when the relation [INt
vs. (INt-INd)] was analyzed. The same figure demonstrates

@ Springer

the linear function regression. This parametric identification
analysis yields the following equation:

INt—INd = (0.89+INt)~123.03 (6)

The linear regression analysis produced a correlation coef-
ficient of R*=0.99. This equation was used in the activity
quantification algorithm to eliminate the counts in the region
of interest due to the scattering effect.

3.6 Calibration factor

Figure 10c represents the results obtained for the relationship
[mean voxel value vs. activity] as well as its function regres-
sion. This linear parametric identification analysis yields a
correlation factor of 0.994. The equation that correlates the
activity to the mean voxel value is:

A(MBgq) = (0.0135.MVV) + 0.0646 (7)
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Table 2 Biodistribution in mice with T47D-induced tumors after i.v.
administration of *™Tc-Folate-Bombesin, expressed as a percentage of
the injected activity per organ (%IA) (mean + SD, n=3)

Tissue %IA + SD

0.5h 2h 24 h
Tumor 5.69+0.29 4.52+0.23 0.57 £0.04
Kidneys 2223 +521 17.66 +4.14 1.21 £0.05

The calibration factor described in Eq. 7 was used to con-
vert the mean voxel value corrected by radiation attenuation
and scattering to activity in MBq in the activity quantification
algorithm. Table 2 shows the time kinetics of **™Tc-Folate-
Bombesin distribution in both tumor and kidneys. The expect-
ed decay of %IA (% of injected activity) in both organic struc-
tures was detected. The variation with respect time corre-
sponds to the results observed with similar studies but execut-
ed ex vivo.

4 Discussion

The imaging tridimensional reconstruction algorithm devel-
oped in this study can be easily extrapolated to different 2D
acquisition types of images [46, 47]. Indeed, the same method
was applied over three different imaging modalities and no
significant differences were detected between the diverse vol-
umetric quantification methods [45]. This characteristic flexi-
bility of the algorithm developed in this study is a remarkable
advantage in comparison to similar reconstruction methods
[46, 47]. Despite the use of only three biosensors, this do not
represent a problem or a limitation due to all the biosensors are
based on folate and the biodistribution results would be very
similar in each of the imaging modalities which allow a better
comparison.

Superimposing of different images is also a novelty of the
algorithm proposed here. The image fusion between more than
two modalities is a non-standard process in commercial preclin-
ical imaging systems [48, 49]. The method proposed in this study
can solve this problem even with the four different modalities
included in the BVX system [18]. The capacity of this method
helps to confirm the relative anatomic position of the tumor or
anatomical regions of interest and its relationship with the func-
tional uptake. Thus, a complementary study can be performed
that can improve the final diagnosis and treatment of the tumor.

The simplicity to reproduce the 3D image reconstructions
followed the regular tomographic techniques. Thus, image recon-
structions developed in this study can be comparable to those
attained with some other technological platforms [22, 28, 50].
This adaptability condition is also useful because the

superimposition of images can be executed even with images
obtained from different equipment but with similar processing
algorithms.

Percentages of activity uptake are reproducible and accurate
with respect to similar studies executed in similar imaging sys-
tems. Moreover, the high correlation degree obtained between
the volumetric uptake determined by the reconstruction algo-
rithm and two reference methods of tumor uptake quantification
justifies the application of the image-processing methods used
in our algorithm [41-43]. This comparison is validated through
consideration that the reference methods have been widely used
in different validated preclinical studies [51, 52]. It should be
noted that these methods require the additional procedure of
determining the volume by direct inspection. On the other hand,
the method proposed in this study only requires the image re-
construction in two different modalities.

Even when the proposed algorithm in this study was only
tested with three different biosensors, the image reconstruc-
tion process can be easily extended to a larger set of biosensors
whose activity can be detected by any of the modalities in-
cluded in the BVX system [53—55]. This superior option is a
consequence of combining the imaging modalities of BVX
and the reconstruction algorithm.

In the same sense, the activity quantification executed by
the algorithm can be applied to different radiopharmaceuticals
which emit gamma photons [7, 8]. This fact implies a second
degree of flexibility that can be highlighted as a remarkable
characteristic of the system developed in this study (imaging
system and reconstruction algorithm).

5 Conclusions

This study succeeded in developing an integral method to
characterize the in vivo volumetric distribution of folate-
based biosensors. The effectiveness of the method was con-
firmed with the accurate detection in mice tumors and kidneys
of ®™Tc-Folate-BN, '"’Lu-Folate-BN, and FolateRSense™
680. Evaluation of any biosensor can be improved by using
four different imaging techniques: X-ray, radioisotopic, fluo-
rescence, and Cerenkov. A set of image-processing methods
(contrast, blurring correction, filtering) enhanced the 3D im-
ages, yielding more workable imaging results with compen-
sation of interference by dispersion and attenuation. Image
fusion of these results produced a composite that helped in
evaluating the biodistribution of all three biosensors. Two
standard methods to quantify the volumetric size of the tumors
were used as reference. All comparative analysis demonstrat-
ed a positive correlation above 0.95. This result justified and
validated the method proposed in this study. Several open
researching opportunities emerged from the method devel-
oped in this study: kinetic modeling of volumetric distribution
for different radiopharmaceuticals, and online evaluation of

@ Springer
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hybrid (diagnosis-treatment) radiopharmaceutical’s effect on
tumor distribution and modification of image-processing tech-
niques to improve the quality of the reconstructed image.
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