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We report our experimental results of measurements of x-ray attenuation coefficients of aqueous
solutions of a light absorbing dye, indocyanine green, and an immunoadjuvant, glycated chitosan.
In the treatment of metastatic tumors in rats using a novel laser immunotherapy these solutions
were administereéh situ. The x-ray attenuation data of the solutions are essential to development
of an x-ray digital imaging system for monitoring the administration of the solution, as well as for
the distribution and the diffusion of the solution in tumors and in surrounding tissue. The compo-
sition of the solutions, the measurement system configuration, and the technique used to determine
the attenuation coefficients are described. The experimental results show that glycated chitosan has
a higher attenuation coefficient compared to indocyanine green and water. Our experimental data
proved that, even at low concentrations, the x-ray attenuation through these aqueous solutions could
be differentiated. Therefore, a digital x-ray imaging technique can be used effectively in monitoring
and controlling the intratumor diffusion and distributions of these solutions.1989 American
Association of Physicists in Medicings0094-24089)01307-3

Key words: x-ray attenuation coefficients, CCD imaging system, indocyanine green, glycated
chitosan

[. INTRODUCTION the concentrations used in laser immunotherapy treatment.

_ . . The measurement procedure and experimental results are re-
To achieve selective photothermal destruction of deep tuported here.

mors, a light absorbing dye, indocyanine gréé@G), has

been used in conjunction with a near-infrared laser. Through

intratumor injection, ICG molecules can be strategically

placed in a tumor and when they absorb a penetrating light,

such as an 805 nm laser light, selective photothermal tumai. MATERIALS AND METHODS
tissue destruction results® A novel immunoadjuvant, gly-
cated chitosaitGC), has also been used with ICG to induce
an antitumor immune response in the treatment of metastatic In our experiments, x-ray transmission data were col-
tumors by combining the selective photothermal interactiorlected for four different solutions, which were used in the
with a specifically targeted immunological reactibri.Since  laser immunotherapy for cancer treatment in animal studies.
ICG and GC were administered by direct intralesional injec-Their compositions are the following: water {Bl); aqueous
tion, their distribution and dynamic diffusion in tissue are solution of 0.5% ICG (GsH4/No.NaGsS,); aqueous solution
crucial in determining the outcomes of treatment. A digitalof 1% GC*; mixture of ICG and GC(0.5% ICG and 1%
x-ray technique showed the ability to monitor and guide theGC).

administration and intratumor diffusion of ICG and &cC. ICG was purchased from Becton-Dickinson Co., Cock-
However, the x-ray attenuation coefficients of ICG and GCeysville, MD. It is a sterile, water soluble, tricarbocyanine
are not available. The objective of this research was to studglye with a molecular weight of 775. ICG has been used
the x-ray transmission through these solutions, in comparielinically for diagnostics and treatment. GC is a derivative of
son with that through water, in order to determine whetherchitosan. It is a biopolymer with a molecular weight of ap-
our current technique can differentiate various solutions aproximately 1.5 million.

A. Composition of the solutions
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Fic. 2. X-ray signal vs mA at 22 kVp. The error bars are standard devia-
tions. The solid line is the best linear fit. The data verify that the CCD
system responds linearly to x-ray exposure.
Lens
ing x-ray exposure, the x-ray beam passes through the aque-
och ous solutions contained in the beaker, is attenuated, and then

interacts with the scintillating screen. There the x-ray pho-

. . - _ tons are converted into a large number of visible light pho-
Fic. 1. Apparatus for measuring x-ray attenuation coefficients using an op-

tically coupled CCD x-ray imaging system. The beaker containing the aquetons- The relay lens then projects the optlcal S|gnal from the
ous solutions is placed 13 cm above the scintillating screen, and below thécintillating screen to the photosensitive surface of the CCD
x-ray source. A piece of lead plate, with a 10.00 m&00 mm opening in  camera. The CCD pixel array samples the information and
the middle, was used to limit the size of the x-ray beam. The opening of th"creates a digital image The quantitative value of the re-
lead plate was aligned with the beaker. The transmitted x-ray signals are . . I . .
stored in a computer for later analysis. corded signal is obtained by measuring the mean pixel value

of a specific aredregion of interestof the digital images.

B. System configuration ) o ]
) ~ C. Technique for determining the attenuation
A prototype optically coupled charge coupled devicecoefficients
CCD) x-ray imaging system was used to measure X-ra
( ) y ging sy y The attenuated x-ray photon flux obeys Beer's ldw:

attenuatior?.** Figure 1 shows the configuration of the ap- g _ N

paratus. The system, consisting of a scintillating screen._ 0€ ,_V\{heret is depth qf the_soluuona Is the attenua-
(Min-R Medium, Kodak, N¥, a custom relay lens, and a tion coefficient of the solutionl,q is the photon flux whern
CCD camera(Photometrics, AZ is attached to a clinical =0 cm, andl is the photon fI_ux after passing through the
mammographic x-ray machif&E 600T, Mo target and Mo sqlutlon oft depth. To dgtermlnez, the x-ray signals trans-
filtration). The x-ray source was operated with a 0.3 mmMitted through the solution at depthstof 0, 0.5, 1, and 1.5

focal spot size. The camera employs a mechanical shuttef™ Were measured. At each depth, five measurements were

An optical hood was used to shield the CCD sensor from
ambient light. The CCD array has 1024024 pixels, 14 bit
digitization, and each pixel measures 0.024 0024 mm. 12000
The quantum efficiency of the CCD image is about 70%-— ‘
75% at 550 nm(backilluminated CCIp The camera was 10000 $ i'x-ray signal (ICG solution)|
operated at a temperature-6£5 °C to reduce electron noise.
The low temperature was achieved with a compact thermo-
electric cooler.

During the measurement, a plastic beakbat contains
the aqueous solutiopss placed 13 cm above the scintillating
screen, and below the x-ray source. The overall distance be
tween the x-ray source and the scintillator was 65 cm. The 2000
inner size of the beaker is 10.20 mt6.20 mm, and the bot- ‘
tom of the beaker is 0.88 mm thick. To further reduce the o o2 04 06  os 1 42 14 18
effect of scattered radiation, a piece of lead plate, with a Solution Depth (cm)

10.00 mmx6.00 mm opening in the middle, was used to

P ; _ ; ; Fic. 3. X-ray transmission data through indocyanine green solfids®9
limit the size of the x-ray beam. As shown in Fig. 1, the at different depths. The x-ray exposure is 22 kVp. The solid line is the best

opening of th? lead plate was a_"gnEd V\_’ith the beaker. exponential fit that gives rise to a coefficient of attenuation of 1.1709'cm
The operation of the system is described as follows: durThe standard deviations are too small to show.

8000 -

6000

4000 |

Signal (digital unit)

Medical Physics, Vol. 26, No. 7, July 1999



1373 Xu et al.: Measurement of x-ray attenuation coefficients 1373

12000 12000
10000 § ® X-ray signal (GC solution) 10000 ¢ ® X-ray signal (ICG+GC solution)
= =)
'c c
S so000 S 8000 |
g g
5 2 o000 |
S 6000 5
© ©
| c 4000 |
S, 4000 5
o o
2000 2000 |
0 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 [} 0.2 04 0.6 0.8 1 1.2 1.4 1.6
Solution Depth (cm) Solution Depth (cm)

Fic. 4. X-ray transmission data through glycated chitosan solutié) at Fic. 5. X-ray transmission data through a solution of indocyanine green and

different depths. The x-ray exposure is 22 kVp. The solid line is the besglycated chitosan formulatiof0.5% ICG and 1% GEat different depths.

exponential fit that gives rise to a coefficient of attenuation of 1.1925'cm The x-ray exposure is 22 kVp. The solid line is the best exponential fit that

The standard deviations are too small to show. gives rise to a coefficient of attenuation of 1.1954 ¢éniThe standard de-
viations are too small to show.

made. Using Beer's law, an exponential curve fitting was , .
used to obtain the values of the attenuation coefficients. Figures 3—5 show the x-ray signals through different so-
lutions up to a 1.5 cm depth at 22 kVp. The data were used

to determine the attenuation coefficients using an exponential
fit. The transmitted signals through 0.5% ICG solution are
The x-ray attenuation coefficients reported in this articlegiven in Fig. 3 anda was determined as 1.1709 ¢cf The
were measured under practical conditions. Namely, theignals through the 1% GC solution are given in Fig. 4 with
were not measured under a monoenergetic x-ray beans determineda value of 1.1925 cm'. The x-ray signals
rather, these are x-ray attenuation coefficients relative to thehrough the mixture of IC&GC (0.5% and 1%, respec-
x-ray spectra that were used in monitoring the intratumotively) are shown in Fig. 5 and a slightly increased1.1954
distribution of the aqueous solutions in our practicalcm ') was obtained.
application® When the energy of the x ray was increased, the attenua-
To quantify the spectral composition of the beam, the halfion coefficients of all the solutions decreased. The x-ray
value layer(HVL) and the second HVL were measured with attenuation coefficients of four different solutions at 22, 26,
a set of high purity(99.99% aluminum filters(0.1 mm in  and 30 kVp, are summarized in Table |. The standard devia-

thicknes$ and an x-ray exposure metéRad Check™ Plus, tions of the measurement results are also presented in Table
model 06-526, Nuclear Associajeshen measuring the |,

HVL, the beaker that contains aqueous solutions
(water+ GC) was removed from the path of the beam. The)v. DISCUSSION AND CONCLUSIONS
beam hardening effects caused by the aqueous solutions were

neglectable, because of the specific application of the mea- Intratumor injection of anticancer drugs may be a plau-

sured results, and also because the variation of the depth ?)'fble treatment m_odallty becausg (.)f dlr.ect targetlng of.the
. . umor cells. The intratumor administration of indocyanine
the solutions is small0.5-1.5 cnj.

green and glycated chitosan in the novel laser immuno-
therapy has achieved the desired effect: precise tumor tissue
Il RESULTS destruction and induction of host immune responses. Specifi-
The measured mean pixel values ranged from 1950 teally, ICG has served as a light absorbing dye in the tumor
13500 when the x-ray exposure varied from 8 to 80 mA andnass and GC has served as an immune stimulant. The com-
from 22 to 30 kVp. In such a range, the CCD system linearlybined photothermal and photoimmunological reactions have
responds to x-ray exposures, as verified by the measurestadicated metastatic tumors in raté.Apparently the out-
results given in Fig. 2. come of the laser immunotherapy depends, at least partially,

D. Half value layer measurement

TaBLE |. Attenuation coefficients of different solutions(1/cm) at three different x-ray energy levels.

Exposure HVL  Second HVL
(kVp) (mm) (mm) Water ICG GC ICG-GC

22 0.2250 0.3250 1.161#70.0003 1.170%0.0005 1.19250.0007 1.19540.0013
26 0.2976 0.3774 1.03650.0011 1.04620.0010 1.06180.0005 1.09150.0005
30 0.3268 0.4005 0.97690.0011 0.98030.0009 1.02330.0002 1.0496: 0.0006
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on the administration and distribution of the injected solu-ent solutions at low concentrations, thereby showing the fea-
tions. Furthermore, the dynamic diffusion of the solutionssibility of monitoring intratumor drug administration.
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