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Since mammography was proposed as a screening method for
the early detection of breast cancer in the late sixties /B/ it
became object to countless investigations dealing with the
dosimetric aspects of this examlnation /1, 3, 7, 9, 11, 14, 16,
23, 26/. However, dosimetric aspects appeared In a different
problematic context and in different ranking among other
physical or medical cons iderations thus giving a rise to a
confusing variety of

— terms or concepts in which dose is expressed

- methods how to evaluate dose

~ published dose values.

There are mainly three fields in which dosimetric
considerations and measurements play an essential part:
1) Optimisation of mammographic procedures

2} Quality control

J) Assessment of risk related dose to patients

Optimisation of technical and physical parameters in mammography

Aim of these attempts which generally occur on laberatory or
research level is either to increase the detectablility of the
most important dlagnostic details (microcalclfications, small
masses, engorged ducts and thickened skin) at reasonable or
acceptable dose levels or to reduce the dose to patient without
deterioration of image quality or to achieve both Improvements
to a certain degree. The most crucial parameters in this
context are:

— anode material

~ filtration

- tube voltage

— properties of the image detectors

- sengitivity

~ sharpness

contrast

~- poise
— geometric conditions
- cassette materials

— anti-scatter grids.

The-1ist of these parameters is rather the same like with
other X-ray examinations. But each of these parameters gains a
higher importance because of the low radiation energies used in
mammography, the comparatively high doses to patients and the
high demand for detectabl!ilty of very smal] details and details

of rather poor contrast.



Quality control

In the course of quality control programs /1/ and fleld
studies /7, 15, 20, 26/ on a large scale
- radlatlion cutput and reproducibllity
~ radiation quality
- performance of automatic exposure units
were examined by dosimetric methods and image parameters |like
- average optical density

- contrast

resolution

detectability of test detalls

were correlated to dose values. To find out about them and to
put an end to the most frequent technical failures for
unnecessary high exposures and poor images In daily mammography
all these measurements or tests must be performed under routine
conditions and at as many facilities as possible. This,
however, needs to make a compromise between dosimetric

precision and easy handling and low-cost of the dosimetrie

devices used.

Assessment of risk related dose to patients

Because mammography Is proposed not only for symptomatic
patients, but also as a screening method, there s a strong
need for recommendations concerning the frequency, the age at
which screening should start and the selection of those woman
who should undergo screening mammography. The knowledge of

risk related dose values which are typical for the various

mammographic techniques Is therefore essential as a basis for
risk — benefit estimations. Such dose values drop Into advices
on the radiographic techniques and in the proposals for dose
limits which should not be exceeded. So, for example, the
Health Council of the Federal Republic of Germany limits the

breast dose for one mammogram to 5 mGy.

Dosimetric instrumentation
lonlsation dosemeters

The most suitable systems for preclise dose measurements
free In air or in phantoms are plane-parallel soft X-ray
chambers with thin entrance windows and small collecting
volumes (fig. 1). They are sensitive enough to produce
measurable signals durlng a single exposure and, on the other
side do not suffer from saturation losses. Because of their
small dimensions in direction of the beam they allow for
correct measurements of surface doses and depth doses. The
energy dependence In the energy range considered is negligible,
thus exact knowledge of radlation quality, for the purpose of
dose measurement, |s not necessary. In addition with X-rays
from molybdenum anodes flltered by molybdenum the radiation
quality Is highly determined by the characteristic K-radiation
of molybdenum and the voltage-dependent contribution from the
Bremsstrahlung is by far less than with other diagnostic
radiatlion quatities (fig. 2). The situation is different when
tungsten anodes are used or molybdenum anodes together with
aluminum filters (fig. 3), but the energy independence of the

ionisatlon chamber will not be affected by this.
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However, a geometric effect with these chambers must be
consldered: The collecting volume is embedded in a bulky
chamber body. When such a chamber was callbrated free in air
agalnst a free air chamber {like It happened or stil] happens
In Primary Standard Laboratories) a certain amount of radiation
scattered by the chamber body into the collecting volume
contributed to the dosemeter reading and was included into the
callbration Factor. Now, when the chamber s used within a
phantom the contribution from the phantom materlal substituted
by the chamber body wiil be missing and so the measurement will
undervalue the real dose within the phantom. An effact which
has to be corrected for, at least in precise measurements

because it can reach 6X and more {tab. ).

Table 1: Correction factors kap when free air calibrated
chambers are ysed within phantoms /5/

Tube | Total filtration | Half | kap
voltage | t value | ]
KV | Be Al | layer M 23344 (PTW) M 23342 (PTwW)
: mn m l mmA | 1 NE 2536 i NE 2532
| | [ |
15 | 1.5 + 0.0 | 0.07 | 1.00 ] 1.00
20 | 1.5 + 0.15 I 0.11 | 1.01 | 1.01
30 | 1.5 + 0.50 1 0.36 | 1.04 | 1.03
40 | 1.5 + 0.80 | 0.1} 1.06% I 1.05
50 { 1.5 + 1.0 | 0.94 | 1.075 | 1.06
70 | 4.0 I 2.8 | 1.10 | }1.07%
100 | 4.5 i .4 1. 105 | 1.08
i | | |

The determination of absorbed dose In a phantom follows
then the relation:

Dp =M fc . kap . tpa (1
D : Absorbed dose In phantom material

M : Instrument-reading (carr. f. air density)

f_ : Calibratlon factor {air kerma / reading)

k__: Correction factor (tab. 1)
t

{"en/’)phantom / (uen/p)alr (tab. 2)

Jable 2: values t a to convert alr kerma into absorbed
dose In phantom /5/

Tube | Total filtration | Half | tpa
voltage | { value |
Kv | Be Al | layer | (water)

! mm mm | mma} |

| |

I {
10 | 1.8 0.03 | 1.054
15 | 1.5 + 0.05 0.07 | 1.048
20 I 1.5 + 0.15% 0.1 | 1.04)
3o | 1.5 + 0.50 0.36 | 1.028
40 | 1.5 + 1.80 0.7 | 1.022
50 | 1.5 + 1.0 0.94% | 1.019
70 | 4.0 2.8 | 1.019
100 I 4.5 I b4 | 1.029

{ | |

When a chamber is used which was calibrated within a
phantom and in terms of absorbed dose to water, relation (1}
changes into:

Dp =M e fo o tpw * Bp/By (2)

Dp : Absorbed dose in phantom material

M Instrument-reading (corr. f. alr density)

fc : Calibration factor (absorbed dose to water / reading)
tow: (Ken/Plphantom / (Men/P)water {tab. 3)

Bp/By: Backscatter ratlo between phantom material and
water. The values are very close to unity.
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Table 3: Values for ¢ w to convert absorbed dose In water
into absorbed dose in tissue /5/

Tube | Total filtration | Half | tow
voltage | | value | {
KV | Be Al | tayer | skin | muscle | fat
| mn mm | mmAl | ( |
1 | | | I
I | i ! |
10 | 1.5 | 0.03 | 0.885 | ©0.995 | 0.565
15 | 1.5 + 0.05 I 0.07 | 0.888 | 1.005 | 0.563
20 | 1.5 + 0.15 | 0.17 | 0.890 § 1.01 | 0.561
30 | 1.5 + 0.50 | 0.36 | 0.896 | 1.025 | 0.56D
40 | 1.5 + 0.80 F 0.71 1 0.899 | .03 | 0.562
50 | 1.5 + 1.0 { 0.94 | 0.900 | 1.035 | 0.565
70 | k.0 | 2.8 | 0.912 ] 1.04 | 0.59%
100 | 4.5 | 4.4 | 0922 | 1.086 | 0.635
| 1 | | {

If in case a chamber with an older calibratlion in terms
of exposure is available, absorbed dose to phantom material
follows the relation:

D =M« fc . kap . H/e s t

P (3)

pa

Dp : Absorbed dose In phantom material

M : Instrument reading

fc : Calibration factor (exposure / reading)
H/e: 8.69 mGy/R

that (n,,7P)

pa / (“en/p)alr (tab. 2)

phantom

There ars only few situations in dosimetry In mammography
where the demand for accuracy compels the strict application of
correction factors, most of them close to unity. These are for
example the measurement of surface and depth dose In materials
Intended for use as breast phantom or data assessment for dosa

calculations., 8ut it should be practised for the sake of a

better understanding of the dosimetric procedures and to avoid
unnecessary errors during the first steps of dosimetric activi-

ties, as the callbratlion of TL-dosemeters for field studies.

Solld state dosemeters

Thin layers of CafF, LIF, CaSou or LiBhD7 can also be
used with some 1imitations for dose measurements in mammography
/14, 16, 22, 26/. The Increasing energy dependence toward very
tow energies (flg. &) is caused by the poor tissue- or air
equivalence of the dosemeter material. Problems might arise
From that, when output or surface dose measurements are per-
formed with radlation from tungsten anodes and the values of
tube voltage and filtration are not sufficlently known (half
value layer range 0.3 — 1 mmAl). In the depth of the phantom
or on the exit surface the radlation quality (half value layer
range some mmAl) tends to lle in the flat part of the response
curve. With radiation from molybdenum anodes filtered by
molybdenum the problem does not arlse, because of the domi-
nating contribution from the characteristic K-radlation from
molybdenum the radlation quality Is restricted to a very narrow
range (half value layer range 0.3 -~ 0.4 mmAl) Independently
from tube voltage. Errors also can result from a pronounced
directional dependence. So the dosemeter should always be
calibrated under conditions as close as possible to those where
the dosemeters are used. Large variations of sensitivity even
within the same charge of probes demand for an individual

callbration of each dosemeter. Poor reproducibility, fading,
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Inconstancies of the reading equipment which cannot always be
avoided lead to generally higher cross errors with TL-dosemeter
measurements. But thus drawback is compensated by their high
utility In Field studias, quality control programs and

on-patient measurements.

Phantoms

The most crucial dosimetric problem in mammography is the
selection of a suitable phantom material and the design of a
phantom which is similar to an average breast with regard to
thickness, density and elementary composition. In the range of
the very low photon energies used in mammography there is a
strong dependence of absorption and scattering from the density
and atomic number of the material irradiated. Large
differences in dose will be observed when different phantom
materia[s are used. The situation is still more complicated by
the fact that in a collective of patients there Is not only a
wide range of object thickness (thlickness of the compressed
breast), but also a large variation iIn composition of the
breast out of parenchymal tlissue, connective tissue and fatty
tissue. So for the same object thickness changes in entrance
dose by a factor of 3 - & can be observed. This is shown In
fig. 5 where entrance doses from a collective of 213 patients
are plotted against object thickness and fitted by an expo-
nential curve /19/. Such distributions depend on the age of
the patients torming the collective and other authors might

find out different distributions. Figs., 6 - 8 demonstrate how
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other materials proposed for dosimetric breast phantoms agree
with a real patient collect|ve /19/. There is no ideal
material avallable which allows for the simulation of breast
tissue by a homogeneous phantom over the whole range of object
thickness., This renders the davelopment of a standard breast
phantom so diffcult and makes understandable why there axists
such a confusing variety of proposals for breast phantoms.
However, as It follows from tig. 7 the curve for a rather
simple material like Perspex {Lucite) cuts the fltting curve of
the patient collective at medium object thickness. Since
Perspex is easlly available, has good reproducibility in its
composition and causes no problems in handling and machining it
can be proposed as a standard phantom for a medium sized breast

for Quallity Control and optimisation of mammographic techniques.

Determination of dose to patient

Entrance dose as it was employed In the figures above is a
rather poor descriptor of dose to patient, But it is easlly
measurable and widely used in context with Quality Control,
field studies and optimisation of mammographlc techniques. By
measuring entrance dose ane can demonstrate trends, detect
failures or describe the impact of technical Improvements.
However, in terms of entrance dose the consequences for dose to
patient might be severely over- or underest imated and finally
it cannot be consldered as a risk related dose at all, Dose to
patient is best characterised by average breast dose Drn or by

average glandular dose Dg /12, 13, 23/. While Dm includes
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also the scarcely radlation sensitive skin and adipose tissue,

Dg considers only the glandular tissue which is more Dm = DE[I—explnua)] / (a e u) ()
vulnerable to radiation cancerogenesis. The use of average or:
organ doses values as it }s also practised in other radiation Dg - ‘i:be exp(~ux)dx / (a - 2 f)
protection fields, is In consistency with the assumption of a
linear dose - effect relation. The determlnation of D or a: thickness of phantom or breast
m u! ln(DE/Da)/a
Dg is facilitated by the following facts: f: thickness of skin and adipose tissue

- The object is rather homogeneous and can simply be modeled Dg = Dg [exp(-uf)-exp(-n{a-f)1 / (u(a-2)) {5)
by a plane-parallet phantom (fig. 9).

The error Introduced by assuming the values for f can be

- Fieldsizes are small and their inflyence on organ dose |s estimated from Fig. 11 where Dg for a phantom ot § ¢m
negligible because of the low photon energles. thickness Is calcuylated for varyling values of ¢,

- Focus to skin distance is large compared with object The values for Dm and Dg as calcutated from equation &4
thickness. Size and shape of the irradliated volume does and 5 appear in a first step In the same unit in which the
not depend on It (with the exception of magnification dosemeter for the measursment of Dt and DA was calibrated
techniques), {exposure, air Kerma or absorbed dose in water). They must

then be converted into absorbed dose in the tissue of

= Depth dose curves follow closely exponentlal curves interest. Numerous authors proposed very different converszion
{fig. 10) /N1, 17, 18, 19, 22/. TtThis holds true especially factors, depending on which content of fatty tissue in the
for radlation from molybdenum anodes, but atso for breast they took into account /10, 11, 17/. However, this
radiation from tungsten ancdes. conslderations are misleading because the parenchymal tissue is

the tissue at risk and not the fat cells. Because of the low

So Dm or D can be calculated stralght forward from photon energies the range of secondary electrons responsible

measur 1 :
ured values of the entrance dose DE and the exit dose DA' for the energy transfer is so short {< 10 um) that an energy

a
Op = o.IBE * expl-ux)dx/a transfer from fat cells into parenchymal cell {and vice versa)

I's unprobable. So for the energy depositions in the parenchyma
a: thickness of phantom or breast

u: ln(DE/DAl/a
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only the absorption in parenchyma |s responsible and the
mass-energy-absorption-coefficients of parenchyma must be
used. These are very close to those of water and thus the

Dm and Dg can be expressed in absorbed dose in water /21/.

This method to determine risk related organ doses in
mammography, either appllied to phantoms or to patients seems to
be rather simple compared with other methods reported including
Monte Carlo calculations and the use of very sophisticated
phantom materials /3, L, 6, 24, 25/, However, the results are
not less reliable. Because the main hindrance for an exact
dosimetry, the restricted possibllities to develop a standard

phantom, exists also with the other methods.

A field study for the evaluation of dose values in mammography

Dose reduction methods |lke the use of high sensitivity
film-screen combinations Instead of non-screen film Have become
more and more common alse In Germany. To find out the effect
of this trend on the dose required for an examination a survey
was conducted. About threehundred hospitals and small clinics
In Bavaria were approached for cooperation and finally about

170 agreed to participate.

Test procedure

A simple test phantom was sent to the particlpants by

mall, It consisted out of a plastic box & cm high and 10 cm
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diameter, large encugh to completely cover the chamber area of
the automatic exposure control unlts. After filling It with
water up to an indicated height of 3.5 cm this watar layer for
the purpose of this test represents a medium sized breast as
can be seen from fig. 7 with all the restrictions mentioned
above. They had to expose it together with the film or fllim-
screen combinations commonly used at the unit. in addition the
Particpants were asked to answer a short questionnaire to
specify the conditlons of fllm exposure and processing, types

of fiims and screen and anti-scatter grids used.

The developed films and two sets of three CaSD“ TL-dose-
meters mounted on the entrance- and exit surface of the phantom
were returned for evaluation of film density and surface dose.
CaSD“ proved to be sufficliently energy-Iindependent in the
energy range of interest between 15 and 50 keV. The
TL~dosemeters were individually calibrated under test

conditions by means of a soft X-ray lonisaticn chamber.

Results

From the participants in the survey:
~ 53X used films without screens
- 36X used film-screen combinations with grid

= 11X used filim-screen combinations without grid.

Xeromammography was applled by just one faclility. 98X of
the facilities were equipped with automatlc exposure control

units and 92% with automatic film processing.
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The distributions of the measured entrance and exlt doses
are shown in fig. 12. The wide spread of values for both
entrance- and exlt-dos? and the wide overlapping of distri-
butions for image recording systems of very different speed Is
not unexpected for routine mammographic examinations. |Its
extent, however, is surprilsing in this fleld study, because the
participants exposed the same standardised phantoms and used
very similar radiation qualities. {n the case of a Mo-anode
and a Mo-fllter a change of tube voltage scarcely affects the
spectrum of the incoming radiation and enly slightly the
spectrum of the transmitted radiation through a medium sized
phantom. This indicates that, besides the differences in speed
of the various makes, the main effect on dose values results
from the optical density of the films preferred by the
participants as a result of their personal practice and

experience, and the conditions of fllm processing.

Average glandular doses were calculated from the entrance
and exit doses, assuming a 0.5 skin and aplidose tissue layer.
The results for the various Image receptor systems are listed

in table 4.

Jable 4: Average glandular doses [mGy]

| 1.Quartile | Median | 3.Quartlile
| | |
| | |
Film i 10.5 | 16 | 22
Film screen with grid | 4,2 | 6.6 | 10.1
Film screen without grid | 1.8 | 3.82 | 4.9
| | |
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Pig. 7: Tissus squivalence of
water-alcohol mixtures
719/
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Fig. 8: Tissue squivalence of
various plastics 719/
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Pig. 10: Depth dose curves in
bresst tissue. The
numbers repreagsent the

half value layer (mmAl)

Fig. 9: Siapls breast mode]
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Fig. 11: Depsndance of by from £
719/
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Fig. 12: Distributions of sntrance-

and axit doses
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