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Kerma-area product and kerma-length product are important practical dosimetric quantities
used in diagnostic radiology. These quantities are measured by special types of dosimeters
which are calibrated in standard radiation qualities established in calibration laboratories.
However, in clinical practice the dosimeters are used in different conditions, including the ra-
diation quality and field size. In this paper, energy and field size dependence are studied for
both types of dosimeters. One dosimeter of each type is tested. The KAP-meter has shown sig-
nificant dependence on both radiation quality and field size, while the dependence of the
CT-chamber is much less pronounced. Two different approaches can be used to correct for the
difference between conditions during calibration and in clinical practice. When the clinical
beam is well characterized and energy and field size dependence of the dosimeter are well
known, the optimum solution is to apply the adequate correction factor to the measurements,
keeping measurement uncertainty as low as possible. If this is not the case, the above limita-
tions must be taken under consideration in the calculation of the expanded uncertainty bud-

get .
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INTRODUCTION

Ionizing radiation has been used for medical
purposes for over a century. According to the
UNSCEAR report, the number of annual medical ex-
posures in the world is measured in billions [1]. Cur-
rently, several radiation sources are in widespread use:
X-ray units, including mammography units and com-
puted tomography (CT) scanners, open and closed
radionuclide sources and accelerators. These sources
are used in different medical practices: diagnostic ra-
diology (including the procedures guided by the image
obtained by radiation), radiotherapy and nuclear med-
icine. The safe use of radiation sources for medical
purposes is of great concern and the concerns include
medical exposure, as well as occupational exposure
and the exposure of the general public [1]. Due to the
wide variety of source types, medical practices and ap-
plications, the instrumentation used for dosimetry in
clinical applications is very diverse and so are the cali-
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bration procedures, accuracy requirements and opera-
tion procedures.

Diagnostic radiology examinations account for
more than half of the annual per capita effective dose
arising from artificial sources. The number of medical
examinations is rising every year and although the ef-
fective dose per examination is falling, the collective
effective dose is rising. In the last decades, there was a
significant increase of the number of CT examinations
and CT has become the most important artificial
source, accounting for almost half the effective dose
resulting from artificial sources [1, 2].

Two physical quantities are used in quality con-
trol and radiation protection in diagnostic radiology: air
kerma-area product (KAP or Py, ) and air kerma-length
product (Pgp). Pk, is used in radiology, fluoroscopy
and interventional procedures and Py; is used for CT
applications. These quantities are measured by two spe-
cially designed dosimeters, KAP-meters and CT-cham-
bers [3]. Due to large dose contributions of diagnostic
radiology procedures, the optimization of radiology
procedures and quality control are of great importance,
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while the accuracy of measurements performed by
KAP-meters and CT-chambers must be as high as pos-
sible.

During the clinical use of CT-chambers and
KAP-meters many problems may arise, mainly be-
cause of the use of dosimeters in conditions signifi-
cantly different from calibration conditions. More-
over, in many cases differences can result in
significant errors in the measured quantities if the ap-
propriate corrections are not applied or if the wrong
calibration and correction factors are used. The two
most important factors are the energy spectrum and the
field size. Several previously published studies found
asignificant influence of these quantities on KAP-me-
ters' response [4-6]. Studies performed on commercial
[7] and custom made [8] CT-chambers found a much
smaller dependence of these quantities.

One way to overcome the differences is by per-
forming in-situ calibrations [9], provided that the ref-
erence dosimeter's energy and field size dependence
ofresponse is known and taken into account in calibra-
tions. In this paper, an alternative approach to this
problem will be adopted and it will be shown how the
correction factors for these influence quantities can be
determined, or alternatively, how their influence can
be taken into account in the uncertainty budget.

THEORY AND METHODS

Air-kerma area product and air-kerma length
product are special dosimetric quantities primarily
used in diagnostic radiology. Quantity Py, is used in
various medical imaging modalities such as radiogra-
phy, fluoroscopy, and interventional radiology to esti-
mate organ doses, effective doses, establish diagnostic
reference levels and for quality control [4, 10] ; Py, is
used for estimating patient doses in computed tomog-
raphy, establishing dose reference levels, efc. [2, 11,
12]. Dosimeters used for measuring these two quanti-
ties are usually ionization chambers. In the case of
Py A, they are plane parallel transmission chambers,
designed to interact with the radiation beam mini-
mally. They can be calibrated to measure incident Py
(used mainly for quality control purposes) and trans-
mitted Py, (used for patient dose estimation) [3]. In
this paper, dosimeters of this type will be called
KAP-meters. Py; is usually measured by pencil
shaped ionization chambers and will be referred to as
CT-chambers.

Py 4 1s defined as the air-kerma integral over the
irradiated area in X-ray beam in plane perpendicular to
beam axis. If air-kerma is denoted by K, irradiated
area by 4 and space dimensions by x and y, Py, can be
expressed by [3]

Py = [ K dxdy 0y
A

Py, is analogously defined as air-kerma integral
over the irradiated length. If length is denoted by L,
then Py, can be expressed by eq. (2) [3].

Py = I K, dx (2)
L

In clinical settings, calibrations of KAP-meters
can be performed by direct comparison with reference
dosimeters of the same type. However, in reference
dosimetry laboratories, the reference value of air
kerma at the plane of measurement is determined and
multiplied by the irradiated area or length at the same
plane of measurement to obtain the reference value of
Py or Py, . This calibration method is described in the
International Atomic Energy Agency (IAEA) Techni-
cal Report Series (TRS) 457 [3]. In standard set-up, fo-
cus to detector distance (FDD) is 100 cm. An aperture
is positioned at approximately 95 cm from the focus, in
order to limit the field size. Aperture dimensions, dis-
tance from the focus and dosimeter should be precisely
known, because the field size at the plane of measure-
ment is of critical importance for calibrations in terms
of Py, or Py, . Itis also important that both the aperture
and the detector are perpendicular to the beam axis.
For 100 mm length CT-chamber calibrations, the
recommended aperture length is between 20 mm and
50 mm and the width approximately 2 chamber diame-
ters. For KAP-meters, the aperture should be circular
with a 50 mm diameter, or square with dimensions
50 mm x 50 mm [3]. The field size at the plane of mea-
surement is calculated according to IAEA TRS 457
(31

Due to the difference in application of KAP-me-
ters and CT-chambers, their calibrations are also per-
formed in different radiation qualitics. KAP-meters
are calibrated in RQR series (IEC standard 61267
[13]) .These qualities correspond to the primary beams
used in fluoroscopy and radiography. X-ray tube volt-
age is between 40 kV and 150 kV and the first half
value layer (HVL) between 1.42 mm Al (millimeter of
aluminum equivalent) and 6.57 mm Al. On the other
hand, CT-chambers are calibrated in RQT series,
which corresponds to primary beams in computed to-
mography [13]. These qualities have a higher mean
energy than RQR series qualities and the first HVL are
between 6.9 mm Al and 10.1 mm Al. The tube voltage
is between 100 kV and 150 kV.

The calibration factor is determined as the ratio
of the reference value of a quantity to the instrument's
indication corrected for air density and is calculated
for different energy qualities and field sizes. The re-
sponse of the instrument is defined as the inverse of the
calibration factor. The energy dependence of the in-
strument is determined by plotting instrument re-
sponse versus the different RQR or RQT qualities
mean energies. In diagnostic radiology, the first HVL
is usually used to characterize the energy spectrum.
Dependence on the beam size is determined by plot-
ting instrument response versus beam size [3].
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EXPERIMENTAL PROCEDURE

All measurements were performed in the Sec-
ondary Standard Dosimetry Laboratory (SSDL) of the
Greek Atomic Energy Commission (EEAE). Irradia-
tions were performed using the PANTAK PMC1000
X-ray unit. Reference values of air kerma were mea-
sured using the working standard ionization chamber
Inovision 96035B, traceable to the primary standard of
Physikalisch-Technische Bundesanstalt (PTB). For
the purposes of this paper, two instruments were stud-
ied: KermaX — plus DDP TinO (IBA Scanditronix
model 120-205) KAP-meter and Radcal model 9010
CT chamber.

KAP-meter response

The irradiation scheme for KAP-meter irradia-
tion is given in fig. 1. The scheme is simplified and
doesn't show inherent and added filtration of the X-ray
unit, apertures (other than A1) and the shutter. Aper-
ture Al is used to delimit the irradiation field at
KAP-meter position. The field size is chosen so that
about 50 % of KAP-meter surface is irradiated. The
KAP-meteris used in position 2 only when transmitted
kerma reference values are determined, in order to
simulate beam absorption. The reference point of the
KAP-meter was the center of the entrance window for
incident kerma calibration and the center of the back
window for transmitted kerma calibration. The refer-
ence chamber is positioned in the adequate position for
incident and transmitted irradiation. The source to
chamber distance (SCD) was 1000 mm for incident
kerma calibration and 1016 mm for transmitted kerma
calibration. The reference value of air kerma was mea-
sured at both distances. KAP-meter position 1 was the
same in both instances.

The distance between the front side of the aper-
ture and the entrance window of the KAP meter (DCD)
was 56.2 mm and the thickness of the aperture was 5
mm. The distance between the aperture and the entrance
window of the KAP-meter (d;,,.) was 51.2 mm and this
distance was used to calculate the dimensions of the in-
cident beam. The distance between the aperture and the
rear surface of the KAP-meter (d,,,,,) was 67.2 mm, and

Al
KAP-meter KAP-meter
;?%;,Etﬁgéhe position 2 ’7 position 1
? DCD ]
L
U;IBHS
FDD

SCD,,. = 1000 mm g
SCD, s = 1016 mm o

Figure 1. Measurement set-up used during
KAP-meter calibrations

Table 1. Properties of the radiation qualities from RQR
series used for Px, measurements

Tube

Beam Current| Additional tube HVL

quality vFlit{a/{ige [mA] | filtration* [mm] [mm]

RQR 3 50 20 2.22 Al 1.81A1
RQR 5 70 25 2.70 Al 2.58 Al
RQR 6 80 20 2.85 Al 2.95 Al
RQR 8 100 10 3.20 Al 3.98 Al

" Inherent tube filtration consists of 3 mm Be and 5.2 mm PMMA

this distance was used for transmitted air kerma mea-
surements.

Three quadratic apertures with dimensions of
50mmx 50mm, 80 mm x 80mmand 100 mm % 100 mm
were used for the evaluation of field size dependence.
The field sizes for three different apertures at the posi-
tion of the chamber were 2780 mm?, 7110 mm?, and
11100 mm? for incident air kerma and 2870 mm?,
7340 mm?, and 11500 mm? for transmitted air kerma.

Four RQR series qualities were chosen for Py,
measurements: RQR 3, RQR 5, RQR 6, and RQR 8.
The qualities were established according to IEC 61267
[13] and their properties as determined by measure-
ments are presented in tab. 1.

CT-chamber response

The set-up used for the determination of the re-
sponse of the CT-chamber is shown in fig. 2. The
scheme was simplified in the same way as for Py,
measurements and the aperture A1 limits the irradiated
length of the CT-chamber. In this case, the determina-
tion of the reference value of air kerma is performed
without aperture, so the reference chamber dimen-
sions are not critical.

Three apertures with the length (dimension par-
allel with the axis of CT chamber) of 20 mm, 30 mm,
and 50 mm were used and the irradiated length of the
CT chamber was 21.8 mm, 32.7 mm, and 52.6 mm, re-
spectively. Additional measurements were performed
without aperture, in which case the nominal active
length of the CT-chamber was used in calculations —
100 mm.

Three qualities from the RQT series were used
for Py, measurements: RQT 8, RQT 9, and RQT 10.
The qualities were established by adding filtration to

Focus of the CT chamber
)E)—ray tube oD

i

LI =

SDD

SCD

Figure 2. Measurement set-up used during
CT-chamber calibrations
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Table 2. Properties of the radiation qualities from RQT
series used for CT-chamber measurements

Beam gﬁgee Current | Additional tube HVL
quality V[kv% [mA] filtration* [mm] [mm]
RQT 8 100 20 3.20 A1+ 0.20 Cu | 7.05 Al
RQT 9 120 20 3.55Al+0.25Cu | 841 Al
RQT 10| 150 15 4.25 A1+0.30 Cu | 10.39 Al

" Inherent tube filtration consists of 3 mm Be and 5.2 mm PMMA

the established RQR qualities, according to IEC
61267 [13] and their properties as determined by mea-
surements are presented in tab. 2.

RESULTS
KAP-meter

KAP-meter energy dependence and dependence
on the field size were determined for incident and
transmitted radiation beams separately. The KAP-me-
ter response was normalized to a response determined
by using RQR 5 radiation quality anda 5 cm x 5 cm ap-
erture. Absolute values of the KAP-meter response for
reference conditions were 1.020 for incident air kerma
and 1.129 for transmitted. Combined and expanded
measurement uncertainty (k= 2) for KAP-meter cali-
bration was 3.8 %.The response dependence on en-
ergy and field size is displayed in fig. 3 for incident air
kerma and in fig. 4 for the transmitted air kerma.

The results show similar trends for incident and
transmitted air kerma. The response declines with the
field size for all investigated radiation qualities and
both measurement set-ups. The difference in response
for the minimum and maximum field size is between
6 % and 9 %. On the other hand, energy dependence is
almost flat between qualities RQR 5 and RQR 8, with
the maximum difference being 3.5 %. The difference
between RQR 3 and the reference quality is up to 9 %.
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Figure 3. Response of the KAP-meter vs. the field size for
the incident radiation for different radiation qualities of
the RQR series, normalized to the response

determined for RQR 5 reference quality
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Figure 4. Response of the KAP-meter vs. the field size for
transmitted radiation for different radiation

qualities of the RQR series, normalized to the response
determined for RQR 5 reference quality
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Figure S. Response of the CT-chamber vs. the field size
for different radiation qualities from the RQT series,
normalized to the response determined for RQT 9
reference quality

CT-chambers

CT-chamber response was determined for 3 radi-
ation qualities and 4 field sizes. The response was nor-
malized to RQT 9 radiation quality, which is the refer-
ence quality for the RQT series in diagnostic radiology
and 3 cm aperture. The results are shown in fig. 5.
Combined and expanded measurement uncertainty
(k = 2) for CT-chamber calibration was 2.9 %.

Results show that the CT-chamber response de-
creases monotonously with radiation energy, but the
differences are small —less than 1.5 %. The response is
also dependent on the field size and the maximum dif-
ference occurs between approximately 2 cm and 3 cm
— just under 2 %.

DISCUSSIONS

It is evident from the results that there is a signif-
icantdependence of the KAP-meter response on radia-
tion quality and field size. The dependence of the
CT-chamber is less pronounced, but still needs to be
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taken into account. If the dependence is ignored and
the dosimeters are used in conditions different from
calibration conditions, a systematic error will be intro-
duced into measurements and measurement uncer-
tainty would be underestimated.

These problems can be approached in two differ-
ent ways, depending on the practice and need for accu-
racy. The first approach is the use of correction factors,
the second the expansion of the uncertainty budget.

In order to apply correction factors, a necessary
condition is that the radiation quality and field size are
known for every measurement that is performed,
which is not always the case. Another condition is that
the energy dependence and dependence on field size of
the dosimeter were determined in a calibration labora-
tory. The dependence can be presented graphically, as
in figs. 3-5, in which case the correction factor can be
determined by interpolation for any radiation quality
and field size. It is also common to provide tabular rep-
resentation of these data. In both cases, extrapolation
is strongly discouraged, especially on the side of low
energies. A problem with this approach is that in some
practices (interventional radiology, pediatrics) copper
filtration is often used together with aluminum filtra-
tion, causing beam hardening. Radiation qualities es-
tablished in this manner have HVL thatare not covered
by international standards [14]. Another problem is
the measurement uncertainty associated with measur-
ing HVL and field size in clinical conditions, which is
often significant.

‘When low measurement uncertainty is not of crit-
ical importance, or when it is difficult to determine radi-
ation quality, or energy (and field size) dependence of
the instrument is not known, it is not possible to apply
correction factors. However, even if no correction is ap-
plied, the effects of radiation energy and field size still
exist and must be taken into account. In these cases, it is
necessary to expand the uncertainty budget to allow for
these influences. Measurement uncertainty can be esti-
mated based on measurements performed in a calibra-
tion laboratory, type testing or based on the technical
data provided by the manufacturer.

Data represented in figs. 3-5 can be used to esti-
mate measurement uncertainty for Py, and Py, mea-
surements due to the unknown radiation quality and
field size. From figs. 3 and 4, it can be seen that the dif-
ference between the minimum response and response
in reference quality is 9 %. If rectangular probability
distribution is assumed, the standard uncertainty is
calculated by dividing the interval by 2 and by the cov-
erage factor, which is 1.73 for rectangular distribution.
The calculated standard uncertainty is 2.6 %. The
same approach is applied to the influence of field size,
which yields the same uncertainty. Finally, the com-
bined standard uncertainty of these two influences is
3.7 %.

Measurement uncertainty for Py, measurements
can be estimated from fig. 5. In this case, standard un-

certainties introduced by radiation quality and field
size are 0.43 % and 0.58 %, respectively. The com-
bined standard uncertainty arising from these two in-
fluences is 0.72 %. It is important to note that the val-
ues for standard uncertainty presented in this paper are
valid only for these specific chambers and must be es-
timated for each chamber type separately.

CONCLUSIONS

The response of instruments used for ionizing
radiation measurements in clinical practice often
shows a more or less significant dependence on vari-
ous influence quantities, among which are radiation
energy and field size. A significant error might arise if
the instruments are used in clinical practice in condi-
tions different from reference conditions during cali-
bration without appropriate corrections. In order to
perform corrections, several conditions must be met:
actual conditions during clinical use must be known, a
calibration factor for reference conditions must be
known and applied and correction factors for influ-
ence quantities obtained and applied from graphs or
tables. Ifitis not possible to perform corrections, these
effects must be taken into account by expanding the
measurement uncertainty budget.

In the two examples, it is shown that Py , can be
underestimated as much as 16 % and Pg; 2 % when
commercially available instrumentation is used with-
out applying appropriate corrections.
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Munowm 3. XKNBAHOBWh, Hukona Jb. KP2KAHOBUh,
Hophe P. TASAPEBUhL, Aprupo I BO3UAPH, ITanaruora A. KOHCTAHTUHOY

YTULAJ BEJINYUHE IIO/bA U KBAJIUTETA 3PAYEIBA
HA OJ3UB KAII-METPA N ONT-KOMOPE

IIpom3Boy KepMe W TOBPIIMHE W TPOM3BOX KepMe W JYXUHE Cy BaskKHE CICIHjaTHe
NO3UMETPH]jCKE BEIMUUHE KOje Ce KOPUCTE Y AUjarHOCTUUKO] paguosaoruju. OBe BeauuuHe Mepe ce moMohy
CIeLjalHUX THIIOBA JAO3MMETapa KOju Ce eTaJOHHpajy y CTaHAapAHAM KBaJUTETHMa 3padckha
yCIIOCTaB/LEHUM Yy JabopaTopujaMa 3a €TAIOHHpame. Y KIMHUYKO] MPAKCH YCIOBU Cy PA3IUIUTH Off
yCIOBa TOKOM €TaJIOHWpama, YKIbYUyjyhu KBaJIWTEeT 3padera W BEJIMUUHY 10Jba. Y OBOM pPajy Cy
IpoydYaBaHe EHEPreTcKa 3aBUCHOCT M 3aBUCHOCT Off BEJIMYMHE 110Jba 3a 06a Tuna go3umeTtapa. [1o jeman
nosumeTap o6e Bpcre je ucnutaH. KATI-mMeTap je moka3ao 3HauajHy 3aBUCHOCT O3MBa W Of] CHEPruje
3pavera i Of] BENIMIMHE T10Jba, TOK je 3aBUCHOCT ofi3uBa LI T-komope MHOTO Mame m3paxkeHa. [Ipenmoxena
Cy IBa HauyWHA Jla ce y3My y OO3WMp HaBelcHE paszinKke m3Mehy KIMHUYKUX yCIOBa W YCIOBA TOKOM
eTaJIOHUpamka. YKOJIUKO je KIMHUYKHU CHOIl OKapaKTEepHUCaH U aKo je Mo3HaTa eHepreTcKa 3aBUCHOCT U
3aBHCHOCT Off BEJIMYMHE IMOJba 32 [O3UMETAp, ONTUMATHO pEIICHE je Aa ce Ha Meperma NMPUMEHHU
KOpEeKIMOHU (PakTop. Y TOM ciiydajy, moBehame MepHE HECUTYPHOCTH j€ MUHUMATHO. AKO HE TIOCTOjH
IOBOJBHO TIOflaTaka Jia ce KOpEKUWja NPUMEHH, JPYro pelieke je jaa ce mpommpu OyyeT MepHe
HECHT'YPHOCTH.

Kwyune peuu: ipou3soo kepme u ilospuilHe, dpou3goo Kepme u OyxicuHe, eHep2eiticka 3a8UCHOCIL,
B8EAUUUHA TO/bA, O0IUMETUPU]A, METTPOAOZUJA, OUJAZHOCTHUUKA PAOUOA0ZU]A,
elansoHuparbe



