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Abstract

The purpose of this research is to investigate the feasibility of using low con-
trast agent concentration with X-ray computed tomography in visualizing
and diagnosing the human vascular system while minimizing the risk of tox-
icity to the patient. This research investigated the effect of several iodine con-
trast agent concentrations on the ability to extract and visualize human ves-
sels using simulated computed tomography scans. Monte Carlo simulation
was used to perform these computed tomography acquisitions. The simulated
patient was based on actual computed tomography angiography data, where a
technique was developed to simulate brain vessels with contrast agents rang-
ing from 0 mg to 20 mg of iodine. The simulation used segmented patient
data along with basic image processing techniques to model the various levels
of iodine concentrations. Cone beam computed tomography projections of a
patient injected with and without iodine were acquired in the simulations.
Subtraction of the corresponding projections was performed to generate im-
ages caused by the contrast agent. Then, histogram analysis of these differ-
ences was used to assess the validity of extracting and visualizing the human
vessels. The smallest amount of iodine, 0.5 mg, helped better visualize the
brain vessels and 2 mg of iodine was high enough to show almost 90% of the
vessels. Additionally, the vessels were clearly visible in all the subtracted im-
ages. This research showed very promising outcomes in using low concentra-
tions of iodine. Thus, this study proposes for the pharmaceutical companies
and others interested to clinically investigate and evaluate the efficacy of us-
ing low concentrations of iodine and the associated side effects.
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1. Introduction

Computed tomography angiography (CTA) is the medical imaging modality
that focuses mainly on evaluating the human vascular system. In computed to-
mography (CT), multiple tomographic high contrast images between bony
structures and soft tissue are reconstructed. This is one of the main signatures
and differentiators of CT over the other tomographic medical imaging modalities.
However, visualization of blood vessels using conventional CT is difficult due to
the similarity and overlap in the CT numbers (CTN) between vessels and their
surrounding soft tissues.

On the other hand, in CTA the vessels’ CTN compared to the surrounding
tissue is enhanced and thus, the vessels are visible. This enhancement is due to
the use of a contrast agent injected into patients before the acquisition of the CT
scan. Consequently, this increases the vessels’ X-ray attenuation coefficients
leading to an increase in the vessels’ CTN and thus enhances the contrast with
the surrounding tissues [1]. Clinicians may then visualize vessels in 2-D tomo-
graphic views, which is a tedious task and not optimal for diagnosis. Vessels are
3-D tree-like structures that are much better represented using 3-D visualization
techniques [2].

3-D visualization techniques, such as maximum intensity projection or vo-
lume rendering are known techniques that help in visualizing 3-D data [3] [4]
[5]. However, the high CTN for bone (e.g., the skull in a head scan) creates a
major external barrier in visualizing internal blood vessels. Excluding high CTN
with basic image processing may cause the removal of some vessels filled with
contrast agents. This is due to the overlapping CTN distributions for bone and
contrast-filled vessels. Most of this is due to the partial volume averaging effect
where each voxel contains more than one tissue which renders the voxel value to
be higher or lower than expected [2].

Current diagnostic techniques in CTA employ semi-automatic editing tech-
niques to eliminate bones [6]. The tracing is usually performed in exclusive or
inclusive editing mode which both require a lot of operator time. In addition, the
results are influenced by the intra- and inter-operator variability. Investigators
have developed hybrid semi-automated editing programs in an effort to reduce
the operator time [7]. In these techniques, an automated 2-D segmentation pro-
cedure is performed to produce a set of labeled images. The user then selects a
small number of labeled images along with a connectivity algorithm to collect
related segments for the inclusion of the edited sections. This method is compu-
tationally intensive and not suitable for clinical practice.

Additionally, automatic bone removal techniques have been developed to ex-
tract bone which allows 3D visualization of the vessels [2]. Although these tech-
niques require only one set of CTA data, the required concentration level of the
contrast agent is not addressed. Another approach proposed in the literature in-
volves the use of warped matching for digital subtraction of data sets corres-

ponding to pre- and post-contrast injection [8]. This method requires the avail-
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ability of two data sets (pre- and post-) contrast patient injection, encounter the
issue with misregistration of the two data sets, and the amount of contrast agent
required is not addressed.

All of the aforementioned techniques involving CTA data do not address the
minimum required concentration level of the contrast agent that should be ad-
ministered to the patient. Some patients cannot handle the typical concentration
level of contrast agent due to kidney dysfunction [9] [10]. Therefore, there is a
need for a new technique that uses a low concentration of contrast agents. Ex-
ploring the acquisition of X-ray CT with the use of different concentrations of
iodine while accomplishing the required clinical tasks is greatly needed, which is
the main idea of this research.

Monte Carlo simulation helps in achieving this task without subjecting the pa-
tient to any radiation dose or discomfort [11]-[17]. The aim of this research is to
investigate the feasibility of developing a model through simulating computed
tomography angiography (CTA) data with different iodine concentrations. This
research studies the feasibility of visualizing blood vessels using a low contrast
agent. The proposed technique should render the vascular data in 3-D, unveiling
any aneurysms or calcifications in a clear manner. This enhancement in vessel

visualization is expected to increase the sensitivity of clinical diagnoses.

2. Materials and Methods
2.1. X-Ray CT Simulation

Monte Carlo simulation based on GEANT4 (GEometry ANd Tracking) via
VGATE (Virtual Geant4 Application for Tomography Emission) mimics the ac-
quision of X-ray computed tomography (CT) projections [11]-[17]. Figure 1
shows the X-ray CT setup in our simulation, where the patient was rotated while
keeping the source and the detectors fixed. The X-ray source emits a typical
poly-energetic spectrum of a CT scanner at a maximum of 120 KeV energy
photon.

The X-ray source was set as a planar source and the focal point size is assumed

to be a point source that emits X-ray photons covering the simulated patient.

400 x 400 dels J Source

SDD =80 cm

Detectors

I ODD =228 cm
4

Figure 1. The simulation setup for the X-ray CT scanner. The source to detector distance
(SDD) was equal to 80 cm and the object to detector distance (ODD) was equal to 22.8
cm. Note the array of detector elements (dels) consisted of 400 x 400 dels.
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The setup simulates a cone-beam CT with a detector consisting of 400 x 400
2-dimensional detector elements (see Figure 1). However, unlike the typical
X-ray CT acquisitions, the patient X-ray projections were generated by fixing the
X-ray source and detectors while rotating the patient. The source to detector
distance (SDD) was set to 80 cm and the center of the object (patient) to detector
distance (ODD) was set to 22.8 cm. This provided a mean magnification factor
of 1.4.

2.2. Patient Simulation

Figure 2 shows the flow chart of the main steps used to simulate patient data
with different concentrations of iodine contrast agents. First, a computed tomo-
graphy angiography (CTA) data set of a patient’s head was used in the simula-
tion. The original CTA consists of 512 x 512 x 180 isotropic voxel data. It was
scaled down to 256 x 256 x 90 to speed up the simulation. The CTA data was
acquired with 120 KeV maximum photon and ISOVUE-300 iodine contrast
agent. The vessels were clearly visible in this data set (see Figure 3) [18]. This
data was then segmented using the AM Alyassin et al. bone removal technique,
which removes the bone from the CTA data allowing the vessels to be the domi-
nant voxel values [2]. Then, a simple thresholding technique was used on the
boneless data to generate a binary mask of the brain vessels. The segmented ves-
sels were the ground truth in our research.

The vessels’ binary mask identifies the location of the blood vessels within the
CTA data. Therefore, replacing the vessel voxel data with other CT numbers is

easily accomplished using a logical operator that masks the two data sets, the

/ Original CTA Data

Bone Removal Technique

Vesselless CTA Data

Thresholding -
Binary Mask Vessel Data

Invert Voxels

Simulated Patient

CTA Data

Replace Vessels by the
Mean CT No.
Simulating Contrast Agent

4+ Simulated Vessel Data

Generate Norm. Gaussian Noise
within Vessel Voxels

Figure 2. The main steps in generating the simulated patient data.
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Figure 3. Shows the three orientations of the original CTA data set. (a)-(c) are the axial,

sagittal, and coronal orientations.

original CTA data and the vessel binary mask. Note that an inverter of the vessel
binary mask was used before masking the original data to remove the vessels
from the data set (see Figure 2). Also, the vessel voxels were replaced with the
desired CT number simulating the concentration of iodine. Furthermore, nor-
malized gaussian noise was added to the simulated vessel data to represent s
more realistic CTA data set. Based on regions of interest analysis of the original
CTA data, the standard deviation of the normalized gaussian noise was set to 15.

In the simulated blood vessels, the mean CTN for blood without a contrast
agent was set to 50 [19]. For the standard deviation in the blood vessels, CTN
was estimated to be 15 and that was based on a statistical region of interest anal-
ysis performed on the original CTA data. An increment of 25 CTN was used for
every additional 1 mg of iodine per cc [19]. Based on the amount of iodine, the
volume of iodine was calculated from the density. The complement to 1 cc of the
calculated iodine volume was assumed to contain blood. Using these as fraction-
al volumes in the weighted sum of densities between iodine and blood, the den-
sity for the simulated contrasted vessel was estimated (see Table 1).

Based on the technique explained in Figure 2, several CTA simulated patient
data were generated for different levels of iodine concentration.

2.3. Preparation of CTA Acquisition

Using the GEANT4-GATE software, the materials and tissues within the CT
scanner setup were estimated. Many of these materials were already defined by
their elemental components and densities within the GEANT4-GATE software
[11] [20]. Table 2 shows the elemental compositions of the main simulated ma-
terials and their estimated densities. The simulated contrasted vessels were esti-
mated by adjusting the volume fraction for the blood that was estimated in Ta-
ble 1 and then adding the remaining fraction as iodine. Table 2 shows only a
few samples of contrasted vessels and the rest of the prepared contrasted vessels

were estimated in a similar manner.
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Table 1. Generate contrasted vessels at different concentrations. Each contrasted vessel
will have unique density and Hounsfield CT Number.

Blood Density = 1.06 g/cc Iodine Density = 4.93 g/cc
Simulated Fractions in 1 cc Weighted
Blood Vessel mgofIodine  Blood Iodine Density g/cc Mean CTN

0 0.0 1.0000 0.0000 1.0600 50

0.5 0.5 0.9999 0.0001 1.0604 63

1 1.0 0.9998 0.0002 1.0608 75

2 2.0 0.9996 0.0004 1.0616 100

3 3.0 0.9994 0.0006 1.0624 125

4 4.0 0.9992 0.0008 1.0631 150

5 5.0 0.9990 0.0010 1.0639 175

10 10.0 0.9980 0.0020 1.0678 300

15 15.0 0.9970 0.0030 1.0718 425

19 19.0 0.9961 0.0039 1.0749 525

20 20.0 0.9959 0.0041 1.0757 550

Table 2. Shows the elemental compositions of the main simulated materials and their estimated densities.

Tissue Air Skin Brain Blood Vessell Vessel5 Vessel 10 Vessel 20 Skull
Density g/cc 1.29 x 107 0.92 1.04 1.06 1.0608 1.0639 1.0678 1.0757 1.61
mg of iodine - - - 0mglI 1mgl 5mgl 10 mgI 20mg1l -

Elements Mass Fraction (Sum = 1.0)

Oxygen 0.2318 0.229 0.712 0.745 0.74485 0.74424 0.74349 0.7420 0.435
Carbon 0.0001 0.640 0.145 0.110 0.10998 0.10989 0.10978 0.1095 0.212
Hydrogen - 0.120 0.107 0.102 0.10198 0.10190 0.10180 0.1015 0.05
Nitrogen 0.7553 0.008 0.022 0.033 0.03299 0.03297 0.03293 0.0329 0.04
Sulfur - - 0.002 0.002 0.00200 0.00200 0.00200 0.0020 0.003
Sodium - - 0.002 0.001 0.00100 0.00100 0.00100 0.0010 0.001
Phosphor - 0.002 0.004 0.001 0.00100 0.00100 0.00100 0.0010 0.081

Chlorine - - 0.003 0.003 0.00300 0.00300 0.00300 0.0030 -

Potassium - - 0.003 0.002 0.00200 0.00200 0.00200 0.0020 -

Iron - - - 0.001 0.00100 0.00100 0.00100 0.0010 -

Argon 0.0128 - - - - - - - -
Magnesium - - - - - - - - 0.002

Calcium - 0.001 - - - - - - 0.176
Iodine - - - 0.000 0.0002 0.0010 0.0020 0.0041 -
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GEANT4-vGate CT simulation requires defining the range of the corresponding
CTN for all materials and tissues within the simulation setup. Table 3 shows the
ranges of CTN assigned for the different materials and tissues used in the simu-
lation. This was required by the simulation software because the simulated pa-

tient was based on actual CTA data.

2.4. Acquisition of CTA

Cone beam CTA acquisitions provided projection images around the patient. In
our simulation, we used fixed Forced Detection CT that was based on statistical
analysis and the Monte Carlo technique [21]. Since the projection images, which
contain the attenuation coefficients, provide 3-dimentional views of the simulated
patient. We focused our analysis on these projection images. Furthermore, the fil-
ter back reconstruction technique may use on these projection images to provide
tomographic images.

The patient data with and without contrast agents were acquired by our simu-
lation using 120 KeV. Projection images of attenuation coefficients were esti-
mated using the simulation technique. The projection images contained voxels
that represent the sum of the attenuation coefficients of several tissues that may
be encountered along the projection rays such as air, skin, brain, blood, and
bone.

Cone beam CT acquisition of the simulated patient with iodine concentrations
0f0,0.5,1,2,3,4,5, 10, 15, 19, and 120 mg were performed. Subtraction of images
was performed between without- and with- contrast for all the different iodine
concentrations.

Histogram analysis was then performed on the subtracted images. The number
of voxels was counted within the attenuation coefficient between 0.00001 and 1.0

cm™. A count ratio was also estimated between the voxel count in each the images

Table 3. Shows the estimated range in CT numbers (CTN) for each of the simulated ma-
terials.

Simulated CTN CTIN Simulated CTIN CTIN
Materials Minimum Maximum Materials Minimum Maximum
Air -1000 -900 BV-5 163 187
Skin -901 0 BV-10 288 312
Brain 1 24 BV-15 413 437
Blood 25 56 BV-19 513 537
BV-0.5 57 68 BV-20 538 562
BV-1 69 87 Skull 563 3095
BV-2 88 112
BV-3 113 137
BV-4 138 162

BV stands for blood vessel
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over the maximum voxel count obtained within all the iodine concentration dif-
ference images. A plot of the count ratio versus each of mg of iodine concentra-
tion data sets was performed.

A further study of the patient with 5 mg of iodine was performed at eight dif-
ferent projections around the patient (every 22.5 degrees). Similar acquisitions
were acquired without iodine contrast agent. The difference in the CTA projec-
tion images with contrast and without contrast was conducted for the following
angle projections: 0, 22.5, 45, 67.5, 90, 112.5, 135, and 157.5 degrees all the angle
projections.

3. Results and Discussion
3.1. Patient Simulation

Figure 4 shows axial images of the same slice within the simulated CTA data.
Each simulated CTA has different iodine concentrations. Note that as the
amount of iodine concentration increases, the CTN increases and the vessels are

more visible from the surrounding brain tissues.

3.2. Acquisition of CTA

The cone beam CT projection images at different iodine concentrations are

(d)

Figure 4. Show an axial simulated CTA data. (a) No contrast agent was added, (b) 1 mg
of iodine was added, (c) 5 mg of iodine was added, (d) 10 mg of iodine was added.

DOI: 10.4236/ijmpcero.2022.113012

142 Int.J. Medical Physics, Clinical Engineering and Radiation Oncology


https://doi.org/10.4236/ijmpcero.2022.113012

A. M. Alyassin

(d) (e) (e)

Figure 5. Shows the acquired images of the patient with different concentration in mg of iodine. (a) Projection

image without iodine. (b)-(f) are the projection images with 1, 2, 3, 5, and 10 mg of iodine respectively. Note all
these projection images were displayed at the same window and level.

shown in Figure 5. The projections were acquired at 0 angles (see Figure 5). Note
that it is difficult to see the vessels in these projections even with the highest iodine
concentration. The X-ray attenuation of the skull and the brain overshadows the
X-ray attenuation of the vessels. Thus, two simulated CTA data are required: the
with and the without iodine contrast. Then the difference image between them is
performed for the different levels of iodine concentrations (see Figure 6).

Table 4 shows the results of the histogram analysis that was performed on the
different images between the projections with- and without- contrast. The
maximum and the mean of the histograms for the attenuation coefficient linear-
ly increased with increased levels of iodine. The R’ linear fits were 0.996 and
0.999 for the maximum and the mean linear attenuation difference coefficient
respectively. The number of voxels was counted for the attenuation coefficient
between 0.00001 and 1.0 cm™. Then, the ratio count which is the counted voxels
in each of the difference iodinated/non-iodinated data over the maximum
counted voxels in all the iodinated/non-iodinated simulated data sets, increased
in a non-linear fashion (see Figure 7).

There were 8806 voxels in the original segmented vessel binary mask. It is ex-
pected that the vessel voxel counts in the projection images to be higher than the
original vessel voxels due to the magnification factor and the volume averaging

effect. Figure 7 shows that 2 mg of iodine injected into the vessels of the patient
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(d)

Figure 6. Shows the difference images of the patient with and without different concentration in mg of iodine.
(a)-(f) show the difference image between 1, 2, 3, 4, 5, and 10 mg of iodine (a) Note all these difference images
were displayed at the same window and level.

Table 4. Histogram analysis of the difference images in a patient with contrast and with-
out iodine. The ratio count is ratio of the detected voxel count for each iodine concentra-
tion over maximum the voxel count (20 mg of iodine).

Iodine Min Max Mean Count Ratio Count
0.5mgI 0.00001 0.00274 0.000128 6185 0.661
Imgl 0.00001 0.00303 0.000182 7578 0.810
2mgl 0.00001 0.00349 0.000326 8568 0.916
3 mgl 0.00001 0.00435 0.000470 8864 0.948
4 mgl 0.00001 0.00568 0.000614 9005 0.963
5mgl 0.00001 0.00668 0.000761 9084 0.971
10mgI 0.00001 0.01350 0.001500 9243 0.988
15mgl 0.00001 0.02020 0.002240 9307 0.995
19mgl 0.00001 0.02630 0.002900 9341 0.999
20mgl 0.00001 0.02910 0.003150 9351 1.000

demonstrated more than 90% of the injected vessels were visible in the different
projection images. Even 1 mg of iodine shows a ratio count of 81% indicating a

small amount of iodine will make a difference in the visibility of vessels. Recall
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that all of the aforementioned results were for only the 0 angle projection CT pro-
jections. In addition, the simulation data does not consider the possible motion of
the patient between the pre- and the post iodinated acquisitions and reply on the
various registration techniques to correct for any possible error.

The CTA projection images around the patient with- and without- contrast
are shown in Figure 8. Figure 8 shows the images between the projection image

without and with 5 mg iodine contrast agent at 8 different angle projections. The

Ratio Count vs. mg of Iodine
1.000

0.950
0.900
0.850
0.800
0.750
0.700
0.650
0.600

Ratio Count

0 5 10 15 20
mg of Iodine

Figure 7. Shows the ratio count between the voxel count in the difference images between
contrasted iodine and without iodine over the maximum voxel count (here is the 20 mg

of iodine).

(b) (d)

(® (2

Figure 8. Shows the projection images of the patient with 5 mg iodine around the patient. (a)-(g) are projection images at 0, 22.5, 45,

67.5,90, 112.5, 135, and 157.5 degrees respectively. Note all the projection images were displayed at the same window and level.
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projection images were acquired of the patient at 0, 22.5, 45, 67.5, 90, 112.5, 135,
and 157.5 degrees. Note the vessels were not visible in these data sets. It was im-
possible to see the contrasted vessels in these projections due to the higher X-ray
attenuation values of the skull and the brain, but the different images clearly show
the vessels even at smaller amount of iodine concentration (see Figure 9).

Table 5 shows the results of the histogram analysis of the subtracted images.
Note that the projection images may contain more voxels than the original
number of vessels voxels due to the magnification factor and the volume aver-
aging effect. According to Table 5, for 5 mg of iodine contrast agent, the mean
ratio count for the eight projection angles was 0.95 with 0.03 standard devia-
tion. There were some variations in the ratio count and that was due to the var-
iation of the volume averaging which was affected by the shape of the vessels
within the skull. Nevertheless, the vessels were clearly visible for eight projections.
It also assumed the vessels would be visible for any angle projection subtracted
image.

The outcome of this study demonstrates that a small amount of iodine will
make a significant difference in visualizing the vessels. Therefore, a further clin-
ical study with low iodine concentrations is recommended to be investigated
outlining the benefits and risks of CTA data acquisitions. It is our belief that this
research might provide useful clinical outcomes for patients with kidney diseas-
es. Finally, this study should help in providing a simulation technique to im-

prove the sensitivity and specificity in diagnoses CT Angiography data.

(b) (d)

(e) e

Figure 9. Shows the difference images of the patient with without 5 mg of iodine acquired around the patient every 22.5 degrees.
(a)-(g) are the difference images at 0, 22.5, 45, 67.5, 90, 112.5, 135, and 157.5 degrees respectively. Note all the projection images
were displayed at the same window and level.
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Table 5. Histogram analysis of the difference images in a patient with and without 5 mg
of iodine. The difference in the projections around patient varied from 0 to 157.5 degrees.
The ratio count is ratio of the counted voxels for each projection over the maximum vox-
el count (9759 at 67.5-degree projection) found.

Projection mg of . Standard Voxel Ratio
Lo Min Max Mean . L.

Angle iodine Deviation Count Count

0 5mgl 0.00001 0.006680 0.000761  0.000926 9084  0.931

22.5 5mgl 0.00001 0.005280 0.000757  0.000834 9168  0.939

45 5mgl 0.00001 0.005120 0.000772  0.000791 9023  0.925
67.5 5mgl 0.00001 0.007540 0.000717  0.000815 9759 1.000

90 5mgl 0.00001 0.010800 0.000741  0.000949 9441 0.967

112.5 5mgl 0.00001 0.005730 0.000734  0.000855 9487  0.972
135 5mgl 0.00001 0.006820 0.000767  0.000844 8986  0.921

157.5 5mgl 0.00001 0.006260 0.000730  0.000824 9338  0.957

Mean 0.006779  0.000747 9286 0.952
Standard

L 0.001818 1.97E-05 269 0.028
Deviation

4. Summary

Finding the minimum amount of iodine contrast agent required to validate a
CTA study is of great importance to patients with kidney diseases. Thus, the ra-
tionale behind this research was to offer a valid alternative technique for simulat-
ing computed tomography angiography (CTA) data at various concentrations of
iodine contrast agents.

This study provided an alternative technique to image patients with CTA at
various concentrations of iodine contrast agent without subjecting the patient to
radiation doses or contrast agent toxicity. The technique proposed used Monte
Carlo simulation via GEANT4-VGate application. The simulation was based on
actual CTA data that was subjected to segmentation and image processing tech-
niques to generate several CTA data with various iodine concentrations. In addi-
tion, the technique generates CTA projections with and without a contrast agent
and performs histogram analysis on the subtracted images.

Clearly, the higher amount of iodine injected into the vessels showed clearer
3-D brain vessels but even a small amount of iodine was able to help visualize to
some degree the brain vessels. Therefore, the outcome of this study demonstrates
that even a small amount of iodine will make a big difference in visualizing the
vessels. A further clinical study is recommended to study the benefits and risks
of CTA data acquisitions with a low amount of contrast agents. It is our belief
that this research might provide useful clinical outcomes for patients with kid-
ney diseases. Finally, this research should open the gate to performing CT and

CTA simulations for various research topics.
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