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A dosimetry system using commercially available pin silicon photodiodes as the sensor is evaluated
for in-phantom dose measurements in x-ray CT and other diagnostic radiology. System sensitivity
measured as a function of the effective energy of x rays was between 0.37 and 0.49 V/mGy at an
effective energy range between 23.5 and 72 keV. The minimum detectable organ dose with 25%
uncertainty was estimated to be 0.02 mGy. The excellent output linearity was found over a dose
range from 0.03 to more than 10 mGy with flat dose rate response of system sensitivity up to 35
mGy s, though the sensitivity indicated some energy dependence across the diagnostic energy
range with a maximum of about 10%/10 keV. Since angular dependence of the sensitivity of the
photodiode sensor was found to be small enough it would induce negligible dose error. Dose profile
measurement along the axis of a thoracic phantom undergoing CT chest examination indicated the
reliability of dose values over a range of two orders of magnitude from less than 0.2 to 12 mGy. The
present dosimetry system having advantages of high sensitivity with immediate readout of dose
values, low cost, and easy construction would widely be used as an alternative to TLD dosimeters
for organ and skin dose measurements in CT and other diagnostic radiolog800® American
Association of Physicists in Medicing DOI: 10.1118/1.1489042
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[. INTRODUCTION Hence the dosimeter would not be utilized for the measure-
ment of organ doses.

Patient exposure from diagnostic x rays must be denoted by Ppin silicon photodiodes have been used with x- gray
tissue or organ dose and the effective dose, where thepectroscopy with a high energy resolutf8a*?We tried to
latter—established by the International Commission on Raapply the photodiodes to a highly sensitive and small sized
diological Protection in 1990—is calculated from the dosex-ray sensor used in a diagnostic energy region. In the
values for critical organs. One common method of estimatingresent paper we describe the development of a dosimetry
organ doses is through Monte Carlo simulations of photorsystem using commercially available pin silicon photodiodes
interactions within a simplified mathematical model of theas the sensor for measuring organ doses delivered by x-ray
human body:? Calculated dose values, however, should beCT and other diagnostic radiology.
verified by examinations using anthropomorphic or cylindri-
cal phantosms and the same exposure conditions as the pESCRIPTION OF THE DOSIMETRY SYSTEM
calculation:

Measurements of tissue or organ doses due to medicd}- Pin silicon photodiode sensor
exposure have been performed by exclusively using ther- pin sjlicon photodiodes used as the x-ray sensor of the
moluminescent dosimetef$LDs) inserted in anthropomor-  dosimetry system are those of Hamamatsu S2506-04, details
phic phantom$™’ consisting of tissue equivalent materials. of which are shown in Fig. (8). The photodiode with a rela-
Although TLDs have the advantages of small size for phantjvely large sensitive area of 2.8 mnt has a low cost—
tom use, angular independence of response, tissue equivabout 2 US dollars in Japan—and is molded out of black
lence, and nearly flat energy response for the types of Be@sin, 2.7 mm thick, for infrared spectral response. It was
and LiF? they have disadvantages of indirect reading, pooffound that x-ray detection efficiency for a single photodiode
reliability of dose values because of large scattering of meaef this type largely differed by the incident direction of x
sured values among their samples, and a low sensitivity forays—several times greater on the plane of incidence than on
the types of BeO and LiF. In recent years a metal—-oxide-the back side—because of metal backing behind a silicon
semiconductor field effect transist@MIOSFET) dosimeter wafer. To obtain the same detection efficiency without de-
was devised as an alternative to TLDs for the measurememiending on the incident direction of x rays, two photodiodes
of entrance surface dose in diagnostic radiold@ye sensi- were glued together back to back with epoxy cement, and
tivity of the MOSFET dosimeter, however, was not high they were used as a single sensor with parallel connection.
enough with a measurable dose of more than 1.5 mGyThe photodiodes were wrapped up in AB-thick aluminum
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2.7 mm 7.0mm rise time constant of 0.1 s of the output voltage was deter-
f—>f mined to suppress ac line noise of 60 Hz to a negligible
< level.
__g__ = Each output voltage from the 16-channel preamplifier was
<Z £8mm fed through a 20 core cabld 6 m long to a current integra-
Plane of tor placed in the control room, and integrated to the total

incidence | charge proportional to the dose absorbed by each photodiode
sensor. The sensitivity or the measurable dose range of the
system could be changed by five times selecting the time
constant of the current integrator, i.e., a 0.02—-20 mGy range
for a higher sensitivity, and a 0.1-100 mGy range for a lower
sensitivity. In the following experiments the higher electronic
(a) Hamamatsu S2506-04 sensitivity was always selected.

Analog output voltage of each current integrator was con-
verted to a digital value with an analog-to-digital converter
(ADC) with 16 input and output channels and a quantum
error of 2.5 mV. Data were acquired on a personal computer
with a sampling time of 0.1 s, and voltage increases from the
beginning of x-ray irradiation were traced. The maximum or
plateau voltages were used to calculate dose values by using
calibration factors experimentally determined for each chan-
nel.

Sensitive area
2.8 X 2.8 mm2

Ill. CHARACTERISTICS OF THE DOSIMETERY
SYSTEM

Output linearity, and dose rate, x-ray energy, and angular
dependence of the sensitivity were assessed for the present
dosimetry system by making exposures of one of 16 photo-
diode sensors. The same electronic channel was always used
in the experiments to remove the influence of gain or sensi-

(b) tivity discrepancy between the channels. Experiments were
carried out by using an x-ray generator for medical radiog-
Fie. 1. Pin sjlicon photodi(_)de usgd), and a pljotodiode x-ray sensor w?th raphy with an x-ray tube with 2.2 mm Al inherent filtration
a pair of twisted carbon-fiber cabléb). The fine scale on the rule is in . . .
millimeters. and a sequential CT scanner, Toshiba TCT 300, with an x-ray
tube with a bow-tie filter of 8 mm Al total filtration at the
x-ray beam center.

foil for electromagnetic shielding and connected to a pair of Output linearity, dose rate, and energy dependence of sys-
twisted carbon-fiber cables, 1 mm in diameter and about 15tem sensitivity were measured in free air by setting the sen-
Qmtin resistance. The tail of the photodiodes, the junctionsors on a thin plate of polystyrene foam to be oriented to
of the photodiodes and the cables, was covered with &ave the plane of incidence of the photodiodes facing the
thermal-contraction black plastic tube for mechanical reinX-ray tube of the x-ray generator for medical radiography.
forcement, as seen in Fig(l). The carbon fiber cables were Dose calibrations were made against a Radcal 1015 dosim-
used because of the tissue equivalence of cable materig@ter wih a 6 cni ion chamber attached, which was placed
which fact is significant when many photodiode sensors witradjacent to a photodiode sensor, a few centimeters apart, at
cables are placed in an anthropomorphic phantom. Since ttiee same distance from the x-ray tube in an irradiation field.
cables with resistance were likely to pick up external noiselhe ion chamber dosimeter is a tertiary standard, calibrated
the length of the cables was made as short as possible I&f a laboratory of the Japan Quality Assurance Organization
using a preamp"fier p|aced at the phantom side. in April 2001, where dosimeter readings were calibrated to
exposure dose values at nine points of effective or equivalent
photon energiés from 20 to 72 keV. The values of exposure
dose in the unit of roentgen obtained with the ion chamber

A 16-channel dosimetry system consisting of 16 identicaldosimeter were converted to the values of absorbed dose for
photodiode sensors and electronic circuits was devised. Theoft tissue by using the ratio of mass energy absorption co-
signal current generated by x-ray incidence on a photodiodefficient of soft tissuélCRU-44) to that of air at the effec-
sensor was fed through a 1.5 m carbon-fiber cable to a préive energy of x rays used. This is because absorbed doses
amplifier consisting of an operational-amplifier current-to-for almost all organs excepting bones would be approxi-
voltage converter and a voltage-follower. A relatively largemated to those for soft tissue.

B. Electronics
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05} s Hence the use of the calibration factor—the inverse of the
§ - . sensitivity—at the effective energy measured in free air
£ 04f ] would produce errors in dose values if the system has no flat
§ 1 J energy response.
5 03 X-ray energy dependence of the sensitivity was measured
2 0 2'_ : across a range of tube voltage of 40—120 kV in 10 kV inter-
e~ i vals and at 125 kV, where x-ray irradiation was carried out
e 01}k i with a FSD of 100 cm and an x-ray intensity of 60 mAs.
A _ Results are shown in Fig.(@, where the sensitivities were
0 NP PPN IR T PR plotted as a function of the effective energy measured at each
Y 0.2 0.4 0.6 0.8 1 1.2 tube voltage for generalization. The range of the effective
Dose [mGy} energy was between 23.5 keV at 40 kV tube voltage and 36.5
(b) keV at 125 kV. It was found from Fig.(d) that the sensitiv-

ity changed 3% at the maximum between 27 and 36.5 keV—
FiG. 2 Output Ii_n_earity of the_d_osimetry systef) is the same a&), but between 60 and 125 kV—though it Changed more than 7%
ten times magnified at the origin. between 23.5 and 27 keV—between 40 and 60 kV. Energy

response of the photodiode sensor was also measured for

larger effective energies used in x-ray CT by using Al filters

Output linearity and dose rate dependence of system seiattached to the window of the x-ray tube at a constant tube
sitivity were measured using the x-ray generator at a tubeoltage of 120 kV. Effective energies of x-rays in this case
voltage of 120 kV—an effective energy of 36 keV—and anincreased from 36 to 72 keV, corresponding to the energy
intensity range between 1 and 60 mA s with focus-to-sensorange used in CT scanners, with increasing Al filter thickness
distancedFSDs9 of 90, 120, and 200 cm. The effective en- to a maximum of 40 mm. X-ray irradiation was carried out
ergy was determined from the half-value layer of aluminumwith a FSD of 100 cm and an x-ray intensity of 100 mAs.
measured with the Radcal 1015 ion-chamber dosimeter. RdResults are shown in Fig.(d). It was found from Fig. &)
sults are shown in Figs. 2 and 3, respectively, for outputhat the sensitivity decreased at a rate of 9.5% /10 keV by the
linearity and for dose rate dependence of system sensitivityncrease of the effective energy in a range between 50 and 70
It is seen from Figs. @ and 2b) that output linearity was keV.
excellent over a dose range from 0.03 to more than 10 mGy, Photodiode sensors placed in a phantom are exposed not
three orders of magnitude. Although no bias voltage wa®nly to direct x rays from an x-ray tube but also to scattered
applied to photodiode sensors uniform sensitivity was obx rays coming from all angles. In the case of CT examina-
tained, as seen in Fig. 3, within 2% error up to a high dosedions direct x rays come from circumference with a uniform
rate of 35 mGy s that would be expected in CT examina- intensity. Hence dosimeters for phantom use must have the
tions. flat angular response.

The minimum detectable organ dose could be estimated The angular dependence of the sensitivity was measured
using a sensitivity of approximately 0.48 V/ImGy as seen infor a couple of different x-ray effective energies by using the
Fig. 3 and a quantum error of the ADC used of 2.5 mV to bex-ray generator for medical radiography for lower energy
0.02 mGy with 25% uncertainty. and the CT scanner for higher energy. It was measured

The energy spectra or effective energies of x rays obaround the axis of the sensor, the lateral direction, as seen in
served in a phantom would differ from those in free air be-Fig. 5a), and on the plane comprising the head and tail and
cause of absorption and scattering of x rays in the phantonthe plane of incidence of the sensor, the longitudinal direc-
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tion, as seen in Fig.(6). The origin or an angle of 0° was
fixed to the orientation of x rays facing one of the planes of
incidence of the photodiode sensor.

Angular dependence of the sensitivity observed for lower
energy of x rays is shown in Figs(& and 3b) for lateral (7 J SUP IS PRSP EPEFEN SPUII SR
and longitudinal directions, respectively. These were mea- 0 4 9 135 180 225
sured by the exposure of the sensor in free air at 15° intervals Angle [degrees]
using the x-ray generator at a tube voltage of 80 kV—an (b)
effective energy of 30 keV—and an intensity of 30 mAs with )

Fic. 5. Angular response of the photodiode sensor(&rlateral and(b)

a FSD of 100 cm. In FIgS.(ﬁ) and 3b) the sensitivity was longitudinal directions measured at a tube voltage of 80 kV, an effective

normalized at 0°. It is seen from Fig(e&h that relative sen-  energy of 30 keV. Incident angles of x rays for lateral and longitudinal
sitivity was approximately flat though it was slightly waved directions are shown.

around 90° and 270° with a maximum deviation of 18%.

Approximately flat angular response is also seen in Hig) 5

except between 240° and 290° where the relative sensitivitputput voltage corresponding to the sensitivity was measured

dropped to 46% at 270° or the tail of the sensor. as a function of time in a single scan of 4.5 s with a digital
Angular response for higher energy of x rays was meaeoscilloscope. The uniformity of x-ray intensity in a single

sured using the sequential CT scanner at a tube voltage stan was confirmed with a plastic scintillation detector with

120 kV—an effective energy of 52.5 keV—and a tube cur-cylindrical symmetry® placed in place of the photodiode

rent of 55 mA. A photodiode sensor was supported with asensor. Figures (6) and &b) show observed oscillograms

thin bar of polystyrene foam in free air at the center of rota-corresponding to the angular dependence of the sensitivity

tion and in an x-ray beam of 10 mm width. Preamplifier for lateral and longitudinal directions, respectively. In Figs.

Relative Sensitivity

PERP I S

270 315 360

Medical Physics, Vol. 29, No. 7, July 2002



1508 Aoyama, Koyama, and Kawaura: An in-phantom dosimetry system 1508

[~+———300

> 200
5
2
3 \\
g 10200 mm2 /"
@
@
@

[mm]

Fic. 7. Thoracic phantom designed to have an average lung size of a Japa-
nese adult male. A photodiode sensor was installed at the center of the
phantom with the axis of the sensor parallel to #exis.

phantom, over a length of 480 mm, where the MixDP is a
A A F /Y I I B I kind of solid water with a mass density of 1.000 gchand
1 gy b ——— o an electron density of 3.382107%g"* close to that of water
A N E I B ¢ N L of 3.343<10°%g" 1. The construction of the phantom is
F ER ¢ I N B EO shown in Fig. 7. One of the photodiode sensors was installed
e b LG D at the center of the phantom with the axis of the sensor
Pk 1 i i ¢ +/% ¢ parallel to thez axis, the axis of the phantom, where the

O N R N ] R I ; phantom was placed on the bed of the sequential CT scanner,
L e SR IO ) OV A0 0% I PO Toshiba TCT 300. A dose profile along theaxis was mea-
' R ER IS I R A O sured over a scan length of 300 mm around the sensor. The
" 0! 45 90 135 180 225 P70 i315: 360 CT scanner was used with a tube voltage of 120 kV—an
3““'“5"""'5'“AﬁgTé'[éiég'r'e:éé]“:“‘“":"""':"“"':"""': effective energy qf 52.5 keV—a tube current of 55 mA, and
{b) a 10 mm beam width. Output voltages derived from the cur-
_ B _ rent integrator were converted into absorbed doses using the
Fic. 6. Oscillograms of the preamplifier output voltage corresponding to the

sensitivity as a function of time in a single scan of 4.5 s measured with asensmwty obtained from Fig. (#) at an effective energy of

sequential CT scanner, Toshiba TCT 300, at a tube voltage of 120 kv, aw2-5 keV. A dose profile obtained is shown in Figéa)gand
effective energy of 52.5 keV. These oscillograms correspond to the angulaB(b), where Fig. &), the dose profile of the central region of

response of the photodiode sensor (@rlateral and(b) longitudinal direc- the total scan Iength is the same as F@p.),&he dose profile

tions, respectively, where abscissas are converted from time in a scan to t . - . .

incident angles of x rays. " the peripheral region. It is seen from Fig. 8 that dose
values ranged over two orders of magnitude from less than
0.2 to 12 mGy, and that they continuously changed in the

6(a) and qb) abscissas are converted from time in a scan técan region indicating the re|labl|lty of measured dose values
the incident angle of x rays, where signals<® and>360°  With small static errors.

are due to the overrun of x-ray tube revolution of approxi- Computed tomography dose indéXTDI) value was also
mately 30° and a relatively slow rise time—time constant ofmeasured with a standard CT ion chamiBadcal mdh

0.1 s—of the preamplifier output voltage, respectively. It is10X5-10.3CT with an effective length of 100 mm. The
seen from Fig &) that relative Sensitivity was approxi_ chamber was installed in the phantom at the pOint of the
mately flat though it was slightly waved around 90° and 270°%photodiode sensor in place of the sensor, and the center of

with a maximum deviation of 8.5%. The average sensitivitythe chamber was exposed to one-scan x-ray beam from the
was coincided to the sensitivities at 0° and 180°. Approxi-Same CT scanner with the same operational conditions. The

mateiy flat anguiar response is also seen in F(g) 6xcept CTDI value obtained was 28.8 mGy with an error of several
between 245° and 295° where the relative sensitivityPercent, the value of which would correspond to the dose
dropped to 61% at 270°. value obtained by the integration of the dose profile of fig.
8(a) between—50 and 50 mm and divided by 10 mm beam
width. The integrated dose value of 26.2 mGy calculated
IV. APPLICATION TO CT DOSE MEASUREMENTS coincided with the CTDI value measured with the CT ion
Applicability of our dosimetry system to the measurementchamber within 10% error.
of a wide range of dose values was examined by the mea- Comparison of integrated dose values calculated from
surement of dose profile along the axis of a thoracic phantordose profiles with CTDI values measured with the Radcal
undergoing CT chest examination. The phantom made of weET ion chamber was carried out at different tube voltages of
ter equivalent MixDP® and a small density of cork for the CT scanner or different x-ray effective energies. Dose profile
lung was designed to have an average lung size of a Japanesmed CTDI measurements were carried out with the same tho-
adult male and a uniform cross section along the axis of theacic phantom and geometry as shown in Fig. 7 but with

Relative Sensitivity
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14—t dose values and CTDI values coincided at each tube voltage
- within 1%—5% error.
12 ™% .
= p
9 10 ]
E R V. DISCUSSION
[ 4
§ 8 e E In a water phantom the effective energy of x rays in a
g 6 3 beam would be increased or decreadéy several kiloelec-
£ . tron volts because of the selective absorption of the low en-
é 4 . . ] ergy part of the spectrum and of selective Compton scatter-
2 o00*® . . 3 ing of the high energy part of the spectrum. On the contrary
« ¢ ° A SRS the effective energy of x rays at the point distant from the
Ol bl ot d el Lo beam would be decreasédsince x rays incident on that
-50 -40 -30 -20 -10 0 10 20 30 40 50

point are solely those scattered in the phantom. For the lower
x-ray energy region used in medical radiography dose error
due to energy response of our dosimetry system was esti-
mated to be within 6% from Figs.(d and 4b), where a
range of the effective energy was assumed to be between 25
s ] and 50 keV in a phantom. For the higher x-ray energy region
[ *® N used in x-ray CT dose error due to the energy response in
o ] Fig. 4(b) would be within 10%, where the change of the
. ] effective energy was assumed to be within 10 keV in an
,: . ] effective energy range between 40 and 70 keV. As described
¢ previously CT dose values obtained by the integration of
dose profiles and divided by the x-ray beam width coincided

Distance from X-ray Beam Center [mmy}

o~~~
D
S

e —

w
i

Absorbed Dose [mGy]
N

T TT T T T T T
*

! . ®. ’] with CTDI values measured with an energy independent CT
e’ ‘e, ., ] ion chamber within a few to 10% error. This might indicate
0 I T R P AL that the under- or overestimation of dose values due to the
-150  -100 -50 ] 50 100 150 energy response of the present dosimeter system would not
Distance from X-ray Beam Center [nm] be greater than several percent for the x-ray energy region
(b) used in CT. In the case of entrance surface or skin dose

measurements dose error due to the energy dependence of
Fic. 8. Dose profiles along the axis of the phantom fofa) the central system Sensitivity would be negligible.
region and(b) the peripheral region of total scan length of 300 mm. These Relative sensitivities with small anaular dependence were
profiles were measured using a sequential CT scanner, Toshiba TCT 300, ' i ’ 9 P ’
with a tube voltage of 120 KV, an effective energy of 52.5 keV, a tubeObtained as seen in Figs. 5 and 6, except at the tail of the
current of 55 mA, and 10 mm beam width. sensor or at 270° for the longitudinal direction across a range
of about 50°. If x rays come from all angles uniformly dose

values estimated would be underestimated by 7.5% and 3%

another CT scanner, Toshiba Asteion. The CT scanner wd8r the lower and the higher effective energy, respectively,
used with tube voltages of 80, 120, and 135 kV correspondsince calibration factors were measured at 0°. It is not, how-
ing to effective energies of 39.5, 48, and 51 keV, respeceVer, direct x rays that enter the head and tail of the photo-
tively, and with a tube current of 200 mA at 0.75 s per scardiode sensors but scattered in the phantom since the sensors
and a 10 mm beam width. Table | shows integrated dos@re placed in a phantom with the plane of incidence facing
values obtained by the integration of dose profiles betweethe x-ray tube for medical radiography or with the axis of the
—50 and 50 mm and divided by 10 mm beam width andsensors parallel to the axis of rotation of CT scanners. Since
CTDI values measured with the CT ion chamber possessingelid angle is no more than 0.047 for a range of 50° and

100 mm effective length. It is seen in Table | that integratedscattered weak x rays solely come at around 270°, influence
of the sensitivity drop at the tail of the sensor would be

negligible to the estimation of dose. Symmetry dose values
TasLE |. Integrated dose values calculated from dose profiles and CTDI_ObS_erVEd _at t_he Same dlStQﬂ_CGS from the X'ra)_/ _b_eam’ as seen
values measured with the Radcal CT ion chamber possessing 100 mm & Fig. 8, indicate the negligible effect of sensitivity drop at
fective length. These were measured at different tube voltages of the Toshiia70° to the total dose values.
Asteion CT scanner. The present sensors are somewhat larger in size and they
Tube voltage _ Effective energy _ Integrated dose _ CTDI value ha\_/e carbon.flber cables b_ehlnd them. To posmon_the sensors
(KV) (keV) (MGy) (MGy) inside a particular organ site of an anthropomorphic phantom
- ” 500 o the section of the phantom comprising the organ must be
o : > drilled with 10 mm diameter parallel to the axis of the phan-
120 48 18.3 18.1 X
135 51 23.7 24.6 tom. Carbon fiber cables should be led to the back of the
phantom through a groove made at the surface of the same

Medical Physics, Vol. 29, No. 7, July 2002
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