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Abstract

Aim: In the current study, some imaging charactiessof AUNPs were quantitatively analyzed and caraed with two
conventional contrast media (CM) including lodimal &adolinium by using of a cylindrical phantom.

Methods: AuNPs were synthesized with the mean diemtd 16 nm and were equalized to the concentraifd0.5, 1,
2 and 4 mg/mL in the same volumes. A cylindricahpiom resembling the head and neck was fabricatgédidled to
contain small tubes filled with lodine, Gadoliniurand AuNPs as contrast media. The phantom was edaim
different exposure techniques and CT numbers ektktudied contrast media inside test tubes weesuned in terms
of Hounsfield Unit (HU). The imaging parametergtod noise and contrast to noise ratios (CNR) waleutated for all
studied CMs.

Results: AuNPs showed 128% and 166% higher CT nuinbeomparison with lodine and Gadolinium respesdi.
Also, lodine had a greater CT number than Gadatinfor the same exposure techniques and concemtrafioe
maximum CT number for AUNPs and studied contragen®s was obtained at the highest mAs and thesbvwube
potential. The maximum CT number were 1033+11 (fd)AUNP, 565+10 (HU) for lodine, 458+11 for Gaduolim.
Moreover, the maximum CNRs of 4331117, 203+53, B¥Bwvere found for AuNPs, lodine and Gadolinium
respectively.

Conclusion: The contrast agent based on AuNPs ghdigder imaging quality in terms of contrast armisa relative
to other iodine and gadolinium based contrast madié-ray computed tomography. Application of theMPs as a

contrast medium in x-ray CT is recommended.

Key words: AuNP, contrast media, X-ray computed tomograpiayoparticle.

Introduction

Application of gold and other nanopatrticles in edidin therapy
and medical imaging have been reported in sevdtalies
[1-4]. X-ray computed tomography (CT) is one of fimpular
medical imaging modalities in terms of availabiligfficiency

and cost. CT images provide basic anatomical inddion and
pathologic changes regarding lesion location, sizéd spread
[5]. Basically, X-ray CT imaging relies on the difént
attenuation of X-ray photons in patient body arel ability of

CT to distinguish between different tissues is Hase the fact
that different tissues have different degrees ofrax-
attenuation. The attenuation coefficient is deteadi by the
atomic number and electron density of the tisshe; Higher
atomic number and electron density, the highernatiton

coefficient [6]. In the photon energy range useXimy CT,

X-rays are intensely attenuated by the bone, wides
attenuation occurs in soft tissues. The differanss sections
for photoelectric and Compton interactions exist fmth
materials. Therefore, to provide clinically usefulges of soft
tissues, the contrast agents with higher atomic barnare
utilized in imaging process in order to increase alttenuation
properties of different soft tissues [7]. Thesetcast agents are
responsible to provide additional information abeascular
anatomy, depict vascular flow and more recentlyehine the
degree of perfusion [8]. In X-ray CT, contrast agdmased on
heavy elements such as gold [9,10], bismuth [11]odine
[12,13] and in some cases gadolinium are used [14].
Conventional contrast agents based on iodine Hmen
routinely used in X-ray CT. Since lodine (atomianher = 53)
has low molecular weight, flows out the blood clation
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immediately after injection and causes a short intagime.
However, it makes low contrast images in heavy epasi
because of image degradation caused by increasatbrec
radiation [4]. Moreover, physiological informatidhat can be
obtained from iodine contrast medium is limitedvascular
system and large organs [8]. There are some distatyes for
the iodine based contrast media including highenadality of
iodine in heavy concentration [15] causes chemnsealsitivity
[4], renal toxicity [4,10], vascular permeation, miting and
even skin irritation [16].

Gadolinium is the mainly used contrast media fagmetic
resonance imaging. But because of its high atommber and
density it can be used in x-ray CT in cases whdme t
application of iodine based CM was prohibited sashsevere
sensitivity to iodine CM. Studies have shown thatage
contrast obtained by Gd CM in X-ray CT is lowerritthat was
provided conventional iodine CM [14].

To overcome the limitations and disadvantagesodinie-
based contrast agents, new agent with better irgggioperties
and bio-adaptability was needed. Among the stutiaterials,
the use of gold nanoparticles (AuNP) as contragingadnas
been regarded by scientists, because of its spat@ahical and
physical features, ease of synthesis and its biopadibility.
AuNPs (atomic number = 79) with higher probabilibf
photoelectric interaction with energetic photonmpared with
iodine have shown greater attenuation coefficiemd aetter
contrast according to recent studies [5,9,15]. SiduNPs
have a high bio-compatibility, and because of heavi
molecular weight than iodine it has longer circigiattime
after injection to blood stream. Longer circulatiime causes
more useful imaging time, accurate observationesfsels and
survey of vicinity tissues [17]. The viscosity ofiNPs is like
water and in addition to stability it provides igjen facility
[4].

In the previous in vivo studies, they focused gtotoxicity,
dose index and contrast enhancement ratio in asiméth
tumor before and after injection of AUNPs [8,1524- This
study aimed to quantify some imaging propertiesAaNPs
compared to two conventional contrast agents inictuébdine
and gadolinium. Also, using a head and neck phaniantried
to find a quantitative way to show how much AuNRssgnt

higher CT number and CNR compared to iodine and

gadolinium at the same concentrations and tubenfale
ranging from 80 to 140 kVp.

Materials and Methods

AuNP synthesis

Synthesis of citrate-capped AuNPs was carried aimhgua

previously reported method [25,26] with a slightdification.

Colloidal AuNPs were prepared according to the ddath

method for sodium citrate reduction. Briefly, 18 nuaf

hydrogen tetrachloroauric acid (HAuLWwas dissolved in 100
mL of boiling de-ionised water and then 3 mL of iswal

citrate solution (1%w/v) was added. Upon the additiof
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sodium citrate, the color of the solution starteadhange from
yellow to dark, which subsequently turned into slugray or
purple within a few minutes. The solution was baifer 30
minutes, allowing the reaction to complete and heambient
temperature. The final color of the solution waspml&ine-red.
After AUNP synthesis, it was brought to differenhcentration
0.5, 1, 2 and 4 mg/mL, all in the same volume of M0
(Figure 1a). Transmission Electron Microscopy (TEM) of
samples was prepared by depositing gold colloidhslron a
copper grid covered with a holey carbon film. TEMasw
performed at the potential of 300 kV with a JEOLMIB010
microscope equipped with a CCD CameFagqre 1b). All
AuNP solutions were characterized by UV-Vis spesttopy
with a Varian Cary 50 spectrometer in 2 mm optjzath cells.
The size and the concentration of AUNPs were adterchined
directly from UV-Vis absorption spectra using a huoat
reported previously [27]. The solution containedsNMth an
average size range of 16 nm in diameter and a atdnd
deviation of 35% due to a log-normal distributioh sizes
characterized by UV-Vis spectrophotometry.

Concentration and volume equalization

We used commercially available Urographin (contani
lodine) and Dotarem (containing Gadolinium) cortraedia
for comparison purposes. The available concentratiof
Urographin and Dotarem were 370 mg/mL and 0.5 mM/mL
respectively. To equalize concentrations relatiee AUNP
solutions, we used the equation ofVg= GV, in which C
stands for concentration and V for volume. Firgg tequired
volume for each concentration was calculated aad tlolume
was diluted with distilled water to reach to 40 mL.

Phantom designing

A cylindrical phantom was constructed of polyetimdewith

the dimension of 160 mm diameters and 100 mm height
order to evaluate three types of contrast media igiven

concentration and variable size of tubes, cyliralrglass tubes
with different diameters, 1.75, 3.5, 5, 7 and 7r&,mvere

drilled in the position of central angle of 24 degs to hold
samples. The distance between the center of ehehfiiom the
phantom edge was 20 mm.

a) b)

T

Figure 1. (2) AuNPs' solutions in concentration off mg/ml to 0.5
mg/ml (from left to right). (b) TEM image of our produced gold

nanopatrticles in the current study, the average dimeter of 16 nm
was obtained (scale bar = 50 nm).
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X-ray CT scanner

A GE Light Speed (General Electric Medical Systems,
Waukesha, Wisconsin) 16 slice CT scanner was used f
imaging of our samples. The imaging quality assteawas
performed by using a GE QA phantom. The QA program
included several sections such as contrast scajlk, dontrast
spatial resolution, slice thickness, positioninghti accuracy,
low contrast detectability, noise and uniformityhaAtom was
scanned according to the operator manual and thdtseof
each part were compared with optimal values. Thes tevere
performed in the scan condition of 120 kVp, 100 mas and

10 mm slice thickness. All the results were in Hueeptable
range recommended by the manufacturer.

Before scanning, the tubes were filled with dedimm®ncen-
trations and shaken well to uniform the contrastimesolu-
tions. Scans were performed in the kVp range ol80- and
tube currents of 80, 100 and 120 mA and 2 mm #fikness.

Image analysis

All images were analyzed using embedded softwar€Tn
scanner and CT number of CMs and their standardtiens
(SD) were extracted. Overall 15 slices was obtaifoedeach
exposure techniques. Among the slices, one whichbwter
visually contrast was chosen and a region of istef@Ol) of

3 mnt at the center of each sample was used for CT numbe
reading. Average and standard deviation of CT numiere
provided for each ROI by software. Contrast wasngeff as the
difference between CT numbers of a studied CM and
background (phantom material). In each scan, csintnas
determined and divided by noise amount to obtaintrest to
noise ratio (CNR).

Results

In Figure 2a, the CT image of phantom containing the tubes
with diameters of 1, 2, 3, 4 and 5 mm has been shdwe
results of 5 mm diameter tubes have been usetustrdte the
effect of increasing kVp on the contrast of studi€s
(Figure 2b). As it can be seen froffigure 2a, AuNp provides
higher CT number and contrast compared to lodind an
Gadolinium for all tube diameters. Moreover, in éabwith

1 mm diameter, the effect of higher CT number amatrast of
AuUNP is prominent in terms of tube visibility andtdctability
compared to other CMs. Besides, it is can be oleseflom
both images that the CT number of the lodine comgitube

is higher than Gadolinium tubes for all energiesvaed as all
tube diameters.

In Figure 3, variations of CT number for AuNP, lodine, and
Gadolinium with beam energy from 80 to 140 kVp and
constant mAs =120 have been shown. For all coratorns
and photon energy, AuNP had greater CT number coedpa
lodine and Gadolinium. Additionally, the CT number
decreased linearly with kVp for all CMs and concatibns.
Also, the CT number showed its higher value at kfile-
voltage of 80 kVp for all CMs, whereas in 2 and ¢/mi
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concentrations, the CT number of AUNP was 2 aningg
higher than lodine and Gadolinium respectively.tkemmore,
in a given concentration and constant kVp, CT numbfe
AuNP was greater than lodine and the CT numberodine
was higher than Gadolinium. For instance, at thecentration
of 4 mg/ml and 80 kVp, CNR of AuNP was 109% greditan
iodine and 165% greater than gadolinium.

The results of CT number measurement for all stidiMs
have been tabulated ifable 1. According to Table 1, the
obtained highest CT number for the studied CMs were
1033+12 for AuNP, 552+10 for | and 459+11 for Gadioim
with a concentration of 4 mg/mL and 80 kVp.

Another point is that the CT number reduction witbrease
in beam energy did not occur at the same ratelfaZMs. In
concentration of 4 mg/mL and 120 mAs, by changingp k
from 80 to 140, CT number decreased by 8.5% for RURB%
for lodine and 26% for Gadolinium.

In Figure 4, the variation of CNR with kVp have been
shown for different concentrations. It is seen tBAIR varies
considerably with concentration and tube potentiatonstant
concentration, CNR of CMs increased with kVp. Hoesm\this
increase was remarkable for AUNP compared to oftids.
The results showed that in a given concentratiah @@nstant
tube potential, CNR of AuNP was greater than thas ween
for lodine and Gadolinium. Also, the CNR of lodinveas
higher than Gadolinium for all energies and conesiuns.

In Table 2the CNR of CMs for all concentrations and tube
potentials has been tabulated. According Table 2, in
concentration of 4 mg/mL and 120 mAs, by changingp k
from 80 to 140, CNR increased 390% for AuNP, 342%0 f
lodine, and 77% for Gadolinium. If one would like $ee the
effect of concentration on CNR, it can be seen thaia
constant kVp of 140, by changing concentration from
0.5 mg/mL to 4 mg/mL, the CNR increased 269%, 113fa
154% for AuNP, lodine, and Gadolinium respectivelihe
maximum CNR was found at highest kVp and conceiotmat
In a concentration of 4 mg/mL and 140 kVp, CNRs of
4324116, 186+48, and 145+36 were observed for AuNP,
lodine, and Gadolinium respectively.

Tube
Potential 80
(kVp)

R n n n n

Figure 2. CT images of gold nanoparticles and convéonal
contrast media, lodine and Gadolinium. (a) Cross sional view
of the phantom containing CM tubes with different dameters
with concentration of 4 mg/mL for all CMs. The exposue
technique was 140 kVp and 120 mAs, (b) Cross sectal views of
CMs at various tube potentials and 120 mAs with carentration of
4 mg/mL.

100 120 140
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Table 1. The measured CT number in terms of HU for AulR® suspension, lodine (I) and Gadolinium (Gd) CMs atoncentrations of 0.5, 1, 2
and 4 mg/ml, and 120 mAs.

CT Number (HU) CT Number (HU) CT Number (HU) CT Number (HU)
80 kVp 100 kvp 120 kVp 140 kVp
CO”;Z?:]T‘“O” AUNP | Gd AUNP | Gd AUNP | Gd AUNP | Gd

0.5 463+11 37411 272+11 400£11  310+£11 24711 352+11  276+11 210411 306£10 247+12 184+11

1 708+13  445+13  367+12 67313 414+12  341+13 643+12  380+13 314+13 618+13  350+13 272+12

2 894+11 565+11  406+10 859+13 548+10 380£11 833+11 502+11  359+11 810+10 482+11 318+10

4 1033+12 552+10 459+11 1009+10 506111  415+10 973+11  482+10 39611 953+11  449+10 364+10
a) 520 b) 520 c) 950 d) 1100
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===~ lodine
R 420 «vevdeers Gadolinium R 420 ke Gadolinium _ 750 o R 900 e
=2 2 = B todine é 800 --B--lodine
g 310 l\_\ E 370 . Eﬁsﬂ ': 'G:dmmm ¥ ety Gadolinium
) E a0 3 ss0 el - E
£ — z - I . £ 0o
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Tube Potential (kVp) Tube Potential (kVp) Tube potential (kVp) Tube Potential (kVp)

Figure 3. Comparison of CT number variation of studed contrast media with beam energy from 80 kVp to 40 kVp with constant mAs
=120 for different concentrations: (a) 0.5 mg/ml,l§) 1 mg/ml, (c) 2 mg/ml and (d) 4 mg/ml.

Table 2. The contrast to noise ratio (CNR) for AUNP sspension, lodine (I) and Gadolinium (Gd) at concemations of 0.5, 1, 2 and 4 mg/ml,
and 120 mAs.

CNR at kVp of 80 CNR at kVp of 100 CNR at kVp of 120 CNR at kVp of 140
Conr‘;zr/‘:]?t'on AUNP | Gd AUNP | Gd AUNP | Gd AUNP | Gd
0.5 34+11 2517 1614 56+10 407 2515 64+15 46x10 3146 117428 87120 57112
1 57+17 3219 257 104120 59+11 4618 132+32 7016 56113 268+70 138+33 100 +23
2 75123 44413 2819 137427 82116 53+10 176144 99+24 66+15 363195 203+53 12330
4 89+27 42413 33+10 162433 75+14 58+11 209453 94+23 7417 433+117 187148 14537
a) 150 b) 3 c) 60 d) oo
=] so | e Y Bl —r
2w sevegess Gadolinium = 260 «eooeee Gadolinium & wenedgens Gadolinium '% ".“M‘M“
2 3 2 3o Z 410 +voderes Gadolinium
g @ ] =2
= 90 £ 210 'g 260 z
E E e 210 -—'i =i
3 % 160 E » £
§ 2 E 160 L § 210
D s0 S 110 v 110 . ~
30 60 60 110
10 = 10
10 10 70 80 90 100 110 120 130 140 150 70 80 90 100 110 120 130 140 150

70 80 90 100 110 120 130 140 150 70 80 %0 100 110 120 130 140 150

Tube Potential (kVp) Tube Potential (kVp) Tube Potential (kVp) Tube Potential (kVp)

Figure 4. The CNR variation with different kVp and constant mAs of 12: (a) concentration of 0.5 mg/mlb) concentration of 1 mg/ml, (c)
concentration of 2 mg/ml and (d) concentration of 4ng/ml. Error bars in CNR represent one standard deiation for each contrast medium.

Discussion results indicated that for a given concentratiord anobe
potential, the CT number of AUNP was consideralifyhér
than the CT numbers of lodine and Gadolinium. Hig&d
number and attenuation of AUNP stems from this faat Au
has a higher atomic number and density (Z = 73siter
19.30 g/c) in comparison with iodine (Z =53, density
4.93 g/cm), and gadolinium (Z = 64, density = 7.90 gfynAs
we know from basic radiation physics, that the mafaraction

In the current study we compared the imaging chiaritics of
AuNP with two conventional CMs. Also, we tried taamtify
their dependence on tube voltage and CM conceotrati
Additionally, the CT imaging was performed in diéat tube
currents (mA) and it was found no considerableatam in CT
number and CNR with tube current for each of CMsir O
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between photons and atoms of CMs is photoelediherefore,
the attenuation coefficient of photons is extremgdpendent
on atomic number &. On the other hand, the atomic number
and density of Gadolinium (Z = 64, density = 7.96ng) are
higher than lodine (Z =53, density = 4.93 giznHowever,
the results showed higher CT number and CNR foinkd
compared to Gadolinium. To explain this, we haveicted the
attenuation coefficient of all three elements inmg of photon
energy inFigure 5. The maximum intensity (intensity peak) of
a photon spectrum happens at the 1/3 of its maximpbaton
energy. So, for the photon energy spectra usetiénctrrent
study the peak intensity of photons is located betw 26-
47 keV approximately. Additionally, it can be saerFigure 5
that k-edge absorption of lodine and Gadoliniumret@mccurs
at the photon energy of 33.2 KeV and 50.2 KeV retpely.
Thus, in the energy range of 26-49 KeV, the attéonaof
lodine atoms is greater than Gadolinium and theddeto
higher CT number of lodine in comparison to Gadalim

Considering the variation of CT number with other
parameters in CM, the results of the current studye in
accordance with findings of Xet al [28] and Kim and Jon
[29]. They reported an increment of CT number bgréasing
the CM concentration. Also, the same results wemonted
with Booteet al [8] about linear increment in CT number with
AuNP concentration.

Our results showed that higher concentration os@dads to
better image quality in terms of CNR. With the iwrent of
concentration, the number of particles in a deteethivolume
increases. So linear attenuation coefficient ggesnd causes
an increase in the CT number. Moreover, CNRs wasamced
for all CMs by increase in concentration and tubgeptial.

Additionally, increase in tube potential reduchke humber
of attenuated photons. Thus, the attenuation coefii
becomes smaller and it causes lower CT numberifstualied
CM. on the other hand, as the number of detectaxtopb
increases, the noise content of the image is dsetdeand
consequently a higher CNR was obtained.

If we compare our results with other similar sagdin terms
of CNR, our results were in agreement with Jaclketcad and
Papadakist al [16,21]. As they found that CNR is increased
by increasing the concentration of CMs (AuNPs, medliand
also AuNP showed better CNR in comparison with nedat
the same concentration. However, there were small
discrepancies between our results and their reppardibie for
CNR. This can be attributed to difference in theaging
properties of x-ray CT scanner including the beaecta and
detector performances as well as concentrationgtendize of
studied AuNPs.
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