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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 administeredin 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. ©1999 American
Association of Physicists in Medicine.@S0094-2405~99!01307-3#

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

ug
lly
gh
m

ce
ta
io

ec
re
ta
th
.
C

ud
ar
he

a

ent.
e re-

ol-
he
ies.

k-
e
ed
of
p-
I. INTRODUCTION

To achieve selective photothermal destruction of deep
mors, a light absorbing dye, indocyanine green~ICG!, has
been used in conjunction with a near-infrared laser. Thro
intratumor injection, ICG molecules can be strategica
placed in a tumor and when they absorb a penetrating li
such as an 805 nm laser light, selective photothermal tu
tissue destruction results.1–3 A novel immunoadjuvant, gly-
cated chitosan~GC!, has also been used with ICG to indu
an antitumor immune response in the treatment of metas
tumors by combining the selective photothermal interact
with a specifically targeted immunological reaction.4–7 Since
ICG and GC were administered by direct intralesional inj
tion, their distribution and dynamic diffusion in tissue a
crucial in determining the outcomes of treatment. A digi
x-ray technique showed the ability to monitor and guide
administration and intratumor diffusion of ICG and GC8

However, the x-ray attenuation coefficients of ICG and G
are not available. The objective of this research was to st
the x-ray transmission through these solutions, in comp
son with that through water, in order to determine whet
our current technique can differentiate various solutions
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the concentrations used in laser immunotherapy treatm
The measurement procedure and experimental results ar
ported here.

II. MATERIALS AND METHODS

A. Composition of the solutions

In our experiments, x-ray transmission data were c
lected for four different solutions, which were used in t
laser immunotherapy for cancer treatment in animal stud
Their compositions are the following: water (H2O); aqueous
solution of 0.5% ICG (C43H47N2NaO6S2); aqueous solution
of 1% GC* ; mixture of ICG and GC~0.5% ICG and 1%
GC!.

ICG was purchased from Becton-Dickinson Co., Coc
eysville, MD. It is a sterile, water soluble, tricarbocyanin
dye with a molecular weight of 775. ICG has been us
clinically for diagnostics and treatment. GC is a derivative
chitosan. It is a biopolymer with a molecular weight of a
proximately 1.5 million.
13711371/4/$15.00 © 1999 Am. Assoc. Phys. Med.
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B. System configuration

A prototype optically coupled charge coupled devi
~CCD! x-ray imaging system was used to measure x-
attenuation.9–11 Figure 1 shows the configuration of the a
paratus. The system, consisting of a scintillating scr
~Min-R Medium, Kodak, NY!, a custom relay lens, and
CCD camera~Photometrics, AZ!, is attached to a clinica
mammographic x-ray machine~GE 600T, Mo target and Mo
filtration!. The x-ray source was operated with a 0.3 m
focal spot size. The camera employs a mechanical shu
An optical hood was used to shield the CCD sensor fr
ambient light. The CCD array has 102431024 pixels, 14 bit
digitization, and each pixel measures 0.024 mm30.024 mm.
The quantum efficiency of the CCD image is about 70%
75% at 550 nm~backilluminated CCD!. The camera was
operated at a temperature of225 °C to reduce electron noise
The low temperature was achieved with a compact ther
electric cooler.

During the measurement, a plastic beaker~that contains
the aqueous solutions! is placed 13 cm above the scintillatin
screen, and below the x-ray source. The overall distance
tween the x-ray source and the scintillator was 65 cm. T
inner size of the beaker is 10.20 mm36.20 mm, and the bot
tom of the beaker is 0.88 mm thick. To further reduce
effect of scattered radiation, a piece of lead plate, with
10.00 mm36.00 mm opening in the middle, was used
limit the size of the x-ray beam. As shown in Fig. 1, th
opening of the lead plate was aligned with the beaker.

The operation of the system is described as follows: d

FIG. 1. Apparatus for measuring x-ray attenuation coefficients using an
tically coupled CCD x-ray imaging system. The beaker containing the aq
ous solutions is placed 13 cm above the scintillating screen, and below
x-ray source. A piece of lead plate, with a 10.00 mm36.00 mm opening in
the middle, was used to limit the size of the x-ray beam. The opening o
lead plate was aligned with the beaker. The transmitted x-ray signals
stored in a computer for later analysis.
Medical Physics, Vol. 26, No. 7, July 1999
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ing x-ray exposure, the x-ray beam passes through the a
ous solutions contained in the beaker, is attenuated, and
interacts with the scintillating screen. There the x-ray ph
tons are converted into a large number of visible light ph
tons. The relay lens then projects the optical signal from
scintillating screen to the photosensitive surface of the C
camera. The CCD pixel array samples the information a
creates a digital image. The quantitative value of the
corded signal is obtained by measuring the mean pixel va
of a specific area~region of interest! of the digital images.

C. Technique for determining the attenuation
coefficients

The attenuated x-ray photon flux obeys Beer’s lawI
5I 0e2at, wheret is depth of the solution,a is the attenua-
tion coefficient of the solution,I 0 is the photon flux whent
50 cm, andI is the photon flux after passing through th
solution of t depth. To determinea, the x-ray signals trans
mitted through the solution at depths oft50, 0.5, 1, and 1.5
cm were measured. At each depth, five measurements

FIG. 2. X-ray signal vs mA at 22 kVp. The error bars are standard de
tions. The solid line is the best linear fit. The data verify that the CC
system responds linearly to x-ray exposure.

FIG. 3. X-ray transmission data through indocyanine green solution~0.5%!
at different depths. The x-ray exposure is 22 kVp. The solid line is the b
exponential fit that gives rise to a coefficient of attenuation of 1.1709 cm21.
The standard deviations are too small to show.
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made. Using Beer’s law, an exponential curve fitting w
used to obtain the values of the attenuation coefficients.

D. Half value layer measurement

The x-ray attenuation coefficients reported in this arti
were measured under practical conditions. Namely, t
were not measured under a monoenergetic x-ray be
rather, these are x-ray attenuation coefficients relative to
x-ray spectra that were used in monitoring the intratum
distribution of the aqueous solutions in our practic
application.8

To quantify the spectral composition of the beam, the h
value layer~HVL ! and the second HVL were measured w
a set of high purity~99.99%! aluminum filters~0.1 mm in
thickness! and an x-ray exposure meter~Rad Check™ Plus,
model 06-526, Nuclear Associates!. When measuring the
HVL, the beaker that contains aqueous solutio
(water1GC) was removed from the path of the beam. T
beam hardening effects caused by the aqueous solutions
neglectable, because of the specific application of the m
sured results, and also because the variation of the dep
the solutions is small~0.5–1.5 cm!.

III. RESULTS

The measured mean pixel values ranged from 1950
13 500 when the x-ray exposure varied from 8 to 80 mA a
from 22 to 30 kVp. In such a range, the CCD system linea
responds to x-ray exposures, as verified by the meas
results given in Fig. 2.

FIG. 4. X-ray transmission data through glycated chitosan solution~1%! at
different depths. The x-ray exposure is 22 kVp. The solid line is the b
exponential fit that gives rise to a coefficient of attenuation of 1.1925 cm21.
The standard deviations are too small to show.
Medical Physics, Vol. 26, No. 7, July 1999
s

y
m;
e
r
l

lf

s
e
ere
a-
of

to
d
y
ed

Figures 3–5 show the x-ray signals through different
lutions up to a 1.5 cm depth at 22 kVp. The data were u
to determine the attenuation coefficients using an expone
fit. The transmitted signals through 0.5% ICG solution a
given in Fig. 3 anda was determined as 1.1709 cm21. The
signals through the 1% GC solution are given in Fig. 4 w
a determineda value of 1.1925 cm21. The x-ray signals
through the mixture of ICG1GC ~0.5% and 1%, respec
tively! are shown in Fig. 5 and a slightly increaseda ~1.1954
cm21! was obtained.

When the energy of the x ray was increased, the atten
tion coefficients of all the solutions decreased. The x-
attenuation coefficients of four different solutions at 22, 2
and 30 kVp, are summarized in Table I. The standard de
tions of the measurement results are also presented in T
I.

IV. DISCUSSION AND CONCLUSIONS

Intratumor injection of anticancer drugs may be a pla
sible treatment modality because of direct targeting of
tumor cells. The intratumor administration of indocyani
green and glycated chitosan in the novel laser immu
therapy has achieved the desired effect: precise tumor ti
destruction and induction of host immune responses. Spe
cally, ICG has served as a light absorbing dye in the tum
mass and GC has served as an immune stimulant. The c
bined photothermal and photoimmunological reactions h
eradicated metastatic tumors in rats.4–7 Apparently the out-
come of the laser immunotherapy depends, at least parti

st
FIG. 5. X-ray transmission data through a solution of indocyanine green
glycated chitosan formulation~0.5% ICG and 1% GC! at different depths.
The x-ray exposure is 22 kVp. The solid line is the best exponential fit
gives rise to a coefficient of attenuation of 1.1954 cm21. The standard de-
viations are too small to show.
TABLE I. Attenuation coefficients of different solutionsa ~1/cm! at three different x-ray energy levels.

Exposure
~kVp!

HVL
~mm!

Second HVL
~mm! Water ICG GC ICG1GC

22 0.2250 0.3250 1.161760.0003 1.170960.0005 1.192560.0007 1.195460.0013
26 0.2976 0.3774 1.036560.0011 1.046260.0010 1.061860.0005 1.091560.0005
30 0.3268 0.4005 0.970960.0011 0.980360.0009 1.023360.0002 1.049660.0006
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on the administration and distribution of the injected so
tions. Furthermore, the dynamic diffusion of the solutio
into the tumor and surrounding tissue is also crucial in
real-time monitoring of the laser treatment. The x-ray atte
ation coefficients of these solutions are important data if
x-ray imaging technique is to be used for such monitor
purposes. This current project was designed to use a pr
type x-ray imaging system to measure the attenuation c
ficients.

The digital x-ray imaging system, shown schematically
Fig. 1, is a reliable system. It showed a linear response to
x-ray exposures used in our measurements and is show
Fig. 2. The x-ray signal measurement for different solutio
also showed the stability of the system. The standard de
tions of the measurement at each depth was very small~less
than 0.2% of the measured values of the transmitted sign!.

The data in Table I show that the attenuation coefficie
of these four solutions are close to one another. Howe
there still exist slight differences among them. Their orde
aWater,aICG,aGC,aICG1GC. The molecular weights of ICG
and GC are much larger than that of water, and their atte
ation coefficients are expected to be larger than that of wa
However, because the concentrations of ICG and/or GC w
very low in the solutions investigated~0.5% ICG and 1%
GC!, their x-ray attenuation coefficients were expected to
close to that of water. Our experimental results verified th
expectations, as shown by the data in Table I. The data
indicated that, even at such low concentrations, the dif
ence in x-ray attenuation through different solutions could
determined. Therefore, the digital x-ray imaging techniq
can be used effectively in monitoring and controlling t
intratumor diffusion and distributions of these solutions.

Furthermore, the x-ray attenuation was decreased w
the x-ray energy was increased, as shown in Table I. Wi
change of 4 kVp, the attenuation coefficients for the fo
different solutions varied between 4% and 10%, a level t
can be easily measured using the current technique.
coefficient change could be used when more delicate dif
entiation is needed.

In summary, our experimental results showed that
x-ray imaging technique is capable of differentiating diffe
Medical Physics, Vol. 26, No. 7, July 1999
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ent solutions at low concentrations, thereby showing the f
sibility of monitoring intratumor drug administration.
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