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Introduction

Morbidity and mortality of breast cancer in Japan have
recently shown increasing trends'’. Mammography is employed
for mass screening of breast cancer due to its excellent diag-
nostic performance in the early detection of this disease?.

The purpose of mammography is to visualize lesions within
the breast, preferably using a minimal radiation dose. How-
ever, breast tissues display an extremely small difference in
X-ray absorption, and the glandular tissues within the breast
are quite sensitive to radiation-induced carcinogenesis. The
use of lower X-ray tube voltage to improve contrast gener-
ally leads to a higher radiation dose to the patient. An actual
survey is needed to assess the mammography procedure,

Previous investigations into image quality and exposure dose
conducted according to American College of Radiology (ACR)
accreditation phantoms® > do not represent the actual clini-
cal scenario. Studies of compressed breast thickness have re-
vealed substantial differences from overseas data®: "', There
have been practically no investigations based on the copious
data produced by mammography procedures in Japanese
women. Breast composition and exposure conditions exert sub-
stantial effects on image quality and exposure dose®’. Ascer-
taining the relationships between these important factors is
fundamental to optimizing mammography procedures.

We have provided estimates of radiation quality [half-value
layer (HVL)or effective energy], exposure dose (mean glan-
dular dose), and breast glandular fraction (glandularity) for
routine mammography in the clinical situation. In addition,
we have analyzed the relationships between three factors and
both compressed breast thickness and age.

Methods

(1) Principles
Radiation quality
Radiation quality determined by the X-ray spectrum sig-
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nificantly affects image quality. The Institute of Physics and
Engineering in Medicine (IPEM)has recently released a Spec-
trum Processor that facilitates theoretical calculation of X-
ray spectra, X-ray output, and aluminum-equivalent HVL?.
The Spectrum Processor uses the following equation to cal-
culate X-ray output (air kerma, K,;) from the photon fluence
of energy E, ®(E),

i

K, = :""'CD[E)-E-#L(@dE evererenensessseseenens(1)
s p

where w, (E)/ p is the mass energy transfer coefficient of air
for photon energy E. HVL calculated by the Spectrum Pro-
cessor is converted to the effective energy value by power
approximation in the X-ray energy range 10-30 keV. HVL
or effective energy values are convenient and quantitative
expressions of radiation quality. Furthermore, X-ray spectra
in diagnostics and mammography can be computed using

radiation data and the material of filters (absorbers)used'”.

Mean glandular dose

As breast cancer almost always arises in glandular tissue,
the average absorbed dose to glandular tissue, the mean glan-
dular dose (MGD, given as D, in calculations), is the preferred
indicator of mammography radiation risk'’:'*'. The factors
influencing MGD are primarily the image receptor, radiation
quality, breast thickness, and breast glandular tissue content.
Since mammography is typically performed using an auto-
matic exposure control (AEC) system, calculation of MGD is
based on the assumption that the optical density of the im-
age obtained is constant for radiation quality, breast thick-
ness, and glandularity'®. MGD can be determined using Kair
of incident X-rays and conversion factor D,y according to the

following equation:
Dy =Ky Dy weeeeeeesesssssssssissistasssisss (2)

where D,y is calculated by a Monte Carlo simulation using a
mathematical phantom, and represents MGD relative to K,
of incident X-rays or surface absorbed dose. The mathematical
phantom typically consists of mixed layers composed of glan-
dular breast and adipose tissue, surround by a 5 mm skin-
adipose layer'¥, The conversion factors are shown for different
target/filter combinations, and for discrete value of tube volt-
age, glandularity in the mixed layer, compressed breast thick-
ness, and HVL of incident X-rays.

Glandularity

The breast content representing glandularity is a factor
influencing radiation quality and glandular dose. Glandularity
is also important in order to estimate carcinogenic risk. As it
cannot be directly measured, mean glandularity within the

breast is estimated by multiple regression analysis. When AEC-
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controlled mammography equipment is used to obtain images
with phantoms of known thickness and glandularity for each
clinical exposure of phantom thickness, target/filter combi-
nations, tube voltage, and the milliampere-seconds (mAs)
required for imaging are recorded. Next, the relationship
between mAs, compressed breast thickness, and glandularity
for each target/filter combination and tube voltage are required.
Presumption of glandularity is performed using multiple re-
gression analysis, with glandularity g designated as the tar-
get variable and phantom thickness x; and mAs value x; as
independent variables. The multiple regression model is given

by:
=

where «; represents the partial regression coefficient and 3
is a constant, with each determined by a least-squares tech-

nique.

(2) Experimental methods

The procedure for calculating radiation quality penetrat-
ing the breast (HVLdetector), MGD, and glandularity g is
shown in Fig. 1. We calculated effective energy and K, of
incident X-rays to the breast using the Spectrum Processor
from the target/filter combination (T/F), compressed breast
thickness (1), tube voltage (kV), and mAs values obtained from
mammography examination. Here, we used the target angle
for the mammography equipment, because the X-ray spec-
trum changes according to target angle”. Calculated K,;,/mAs
was corrected by an inverse square correction of distance in
proportion to compressed breast thickness. In addition, the
Kair of incident X-rays was calculated from clinical mammog-
raphy data for each mammogram.

Next, mAs for each target/filter combination and tube voltage
were recorded for phantom thicknesses from 2 cm to 7 cm in
1 cm intervals using a planar phantom (SZ-49, Kyoto Kagaku
Co., Kyoto) with glandularity 0%, planar phantoms with
glandularity 30% and 70% (12A, Eastek Co., Tokyo), and a
planar phantom with 50% glandularity (BR-12, Nuclear As-
sociates, NY). We performed empirical multiple regression
analysis using the following equation to calculate g for each
target/filter combination and tube voltage:

!n(f;As] +b,- ;D(TAS)+c£vfn(mA.€)+%+ﬁ )

where ¢ is compressed breast thickness, and ag, by, ¢,, and d,

g=a,

represents the partial regression coefficients derived from
recorded data. Using this equation, the coefficient of deter-
mination and multiple correlation coefficient were 230.98.
Sobol and Wu approximation for Mo/Mo and Mo/Rh'¥’and
Boone’s reported values for W/Rh'®were used to calculate

the Dy from the g obtained for each mammogram.

37



438 Radiation Quality and Doses in Mammography

o —
-

g

Fig. 1 lllustration of the procedure for calculating radiation quality,
mean glandular dose, and glandularity using the target/filter
combination (7/F), compressed breast thickness (1), tube voltage
(kV), and mAs(mAs)values for each mammography.

The effective energy penetrating the breast (keVerecror) With
regard to radiation quality of exit X-rays was calculated us-
ing empirical multiple regression analysis and the following

equation for each target/filter combination and tube voltage:

keV

detector

3 2, .
=@t by ey ttdy, g+ ni(5)

where aiev, brev, Crev, and dy.v represent the partial regression
coefficients derived from recorded data. Using this equation,
coefficient of determination and multiple correlation coeffi-
cient were 230.98. In addition, MGD was calculated by mul-
tiplying K, of incident X-rays with D,y from equation 2 for
each mammogram.

The mammography data used were those obtained from Japa-
nese women by the Cancer Institute Hospital in the 3-month
period between December 1998 and January 1999. In this
report, the ranges adopted were 25 kV to 32 kV for Mo/Mo,
28 kV to 32 kV for Mo/Rh, and 30 kV to 36 kV for W/Rh.
Data for 5,064 exposures in a total of 1,266 patients were used.
Two projections of craniocaudal (CC)and mediolateral oblique
(MLO)were obtained for each breast. The mean age of pa-
tients was 51 years, which similar to the mean age consid-
ered in other studies® ', Details of the mammography data

acquired are provided in the paper by Fujisaki et al”’.

Results and Discussion

Table 1 shows the mean values of compressed breast thick-
ness, tube voltage, mAs, radiation quality of incident and exit
X-rays, mean glandularity, and MGD for different target/fil-
ter combinations. The target/filter combination selected was
Mo/Mo for 83.5% of cases, Mo/Rh for 15.4% of cases, and
W/Rh for 1.1% of cases. The mean compressed breast thick-
ness and MGD in Japanese were significantly lower than reported
values in predominantly Europeans and Americans'”"'*’. Only

38

321(6.3%)of the 5064 cases received MGD >3 mGy/mam-
mogram. The data reveals that increases in MGD were sup-
pressed by radiation technologists who performed mammog-
raphy procedures selecting higher radiation quality appropriate
to breast thickness. It is paradoxical that higher glandularity
breasts need higher radiation quality, however, the glandularity
is difficult to predict from shape of breast in mammography.
In this report we have investigated only one of the many
mammography sites in Japan, and therefore the results may
not be typical. In the future, estimation of data from a larger

number of different sites is desirable.

Radiation quality

Fig. 2 shows the mean effective energy of incident X-rays
and mean incident K,; for each target/filter combination as a
function of compressed breast thickness. The effective energy
of incident X-rays and incident K,;, were classified in 5 mm
intervals, and mean values and 95% confidence limits were
calculated. Mean incident K,;, increased with compressed breast
thickness, dependent on the target/filter combination. The
incident K,;, necessary for exposing a compressed breast thick-
ness of 60 mm was estimated to be about 90% for Mo/Rh and
about 31% for W/Rh, compared to Mo/Mo. Mean effective
energy of incident X-rays for exposing a compressed breast
thickness of 60 mm was estimated to be 15.5£0.1 keV
(mean+SD) for Mo/Mo, 16.3+0.1 keV for Mo/Rh, and
18.3+0.2 keV for W/Rh, and was almost completely inde-
pendent of compressed breast thickness. The effective energy
of incident X-rays demonstrates almost no variation accord-
ing to compressed breast thickness, suggesting that changes
in the incident X-ray spectrum are slight, even when tube
voltage is altered. Accordingly, selection of the target/filter
combination by the radiation technologist may be more sig-
nificant than the X-ray tube voltage chosen.

Fig. 3 shows the mean effective energy of exit X-rays for
each target/filter combination as a function of compressed
breast thickness and age. The effective energy of exit X-rays
was classified in each interval, and the mean values and 95
% confidence limits were calculated. Mean effective energy
of exit X-rays increased with compressed breast thickness,
dependent on the target/filter combination. The effective energy
of exit X-rays for exposing a compressed breast thickness of
60 mm was estimated to be 19.420.5 keV (mean+SD)for Mo/
Mo, 20.1+0.1 keV for Mo/Rh, and 21.7%+0.5 keV for W/Rh.
The effective energy of exit X-rays varies according to com-
pressed breast thickness suggests that the low-energy com-
ponent of the X-ray spectrum is absorbed. Mean effective
energy of exit X-rays was almost independent of age. Although
Matsumoto et al.”’ and Fujisaki et al.” reported that compressed

breast thickness was dependent on age with a minimum around
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Table 1
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Mean values of data obtained in this research for compressed breast thickness, tube

voltage, mAs value, radiation quality of incident X-rays, glandularity, MGD, and ra-
diation quality of penetrating X-rays. Target/filter combinations are represented as
parameters. Data were obtained from 5064 exposures.

Factor (unit) Mo/Mo Mo/Rh W/Rh Total
Compressed breast
thickness: t(mm) 41.7 49.5 70.0 43.3
Tube voltage; kV (kV) 28.3 29.5 33.0 28.5
mAs (mAs) 46.4 53.1 88.6 47.9
Kair (MGy) 10.9 11.9 9.9 11.0
HVLair (mmAl) 0.33 0.40 0.57 0.34
keVar(keV) 15.1 16.2 18.3 15.3
Glandularity; g (%) 411 22.6 13.7 38.0
MGD:; Dy (mGy) 1.91 2.30 2.05 1.97
HVLgetsctor (MmMAI) 0.56 0.68 0.97 0.58
keVastector (keV) 18.2 19.5 22.2 18.4
Number of exposures /women 4228 780 56 5064
20 30
® Mo/Mo © Mo/Mo
_ ©Mo/Rh o R R S 'g} © Mo/Rh
32 181 AWRh S AW/Rh
2= @ 20
S @ E
28 g
gX 16 o—{:——O’—’O‘O’O'Q_O_’O T
= T .- !
o @ | om0 =
£33 ¢ % T
o € S
S5 14 =
(v
@
=
12 4 1 i 1 L 1 L 1 0 L 1 " L " L L ] i L L
20 30 40 50 60 70 80 20 30 40 50 60 70 80
Compressed breast thickness (mm) Compressed breast thickness (mm)
(a) (b)

Fig. 2 Mean effective energy (a)of incident X-rays and mean incident air kerma(b)for each target/filter combination as a function of
compressed breast thickness. Each axis label represents the mid-point of 5 mm intervals. Error bars indicate 95% confidence limits.

30 years and a maximum at about 60 years, the effective en-
ergy of exit X-rays in the present study was maximal in pa-
tients about 20 years and displayed little variation with age.
Effective energy of exit X-rays was shown to be affected by

not only compressed breast thickness, but also breast contents.

Mean glandular dose

Fig. 4 shows mean MGD for each target/filter combination
as a function of compressed breast thickness and age. MGD
was classified in each interval, and the mean value and 95%
confidence limits were calculated. MGD increased with com-
pressed breast thickness, dependent on the target/filter com-
bination. MGD for Mo/Mo and Mo/Rh were almost identical.
MGD (mean+SD)for exposing a compressed breast thickness
of 60 mm was 2.7%+0.5 mGy and 2.7+0.4 mGy for Mo/Mo and

Ek144E7 H25H

Mo/Rh, respectively. MGD was 1.3+0.4 mGy for W/Rh. W/
Rh therefore provided about 50% of the MGD of Mo/Mo. The
difference to MGD contributed by Mo/Rh is minimal, as shown
by the similarity of Mo/Mo and Mo/Rh values. Furthermore,
MGD was almost completely independent of age. The tendencies
of the MGD curves and effective energies of exit X-rays were
basically identical, as shown in Fig. 3. As the MGD and ef-
fective energy of exit X-rays were almost independent of age,
the effect of breast contents on MGD is illustrated.

Glandularity

Fig. 5 shows mean glandularity as a function of compressed
breast thickness and age. Glandularity was classified in each
interval, and the mean value and 95% confidence limits were

calculated. Glandularity decreased sharply with compressed

39




440

Radiation Quality and Doses in Mammography

24

* Mo/Mo
© Mo/Rh
4 W/Rh

A

no
ra

T
=

M
f=]
T

Mean effective energy
of exit X-rays (keV)

-
[e+]
T

1 6 L 1 L 1 L 1 L ] L L i
20 30 40 50 60 70 80

Compressed breast thickness (mm)

(a)

Mean effective energy
of exit X-rays (keV)
1]

(=]

24

¢ CC+MLO

no
\*]
T

—
[o2]
T

1 6 L 1 L 1 L 1 L L L L N
20 30 40 50 60 70 80

Age (y)
(b)

Fig. 3 Mean effective energy of exit X-rays for target/filter combination as a function of compressed breast thickness (a)and age(b).
Each axis label represents the mid-point of 5 mm and 5 years intervals, respectively. Error bars indicate 95% confidence limits.
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Fig. 4 Mean MGD for target/filter combination as a function of compressed breast thickness(a)and age (b). Each axis label repre-
sents the mid-point of 5 mm and 5 years intervals, respectively. Error bars indicate 95% confidence limits.

breast thickness, and decreased with advancing age. The ten-
dencies of these decreasing curves were similar to those reported
by Beckett and Kotre®’. Mean glandularity for all exposures
was 389%, as shown in Table 1. Mean glandularity has previ-
ously been reported as 43%'? and 36%? in Japanese, and as
349%2",38%?2, and 43%%¥ in predominantly Caucasian popu-
lations. Fujisaki et al.'"” and Tanaka et al.>” estimated mean
glandularity using projection images and a computed radiog-
raphy (CR)system, respectively. Mean glandularity was approxi-
mately 40%, as Rosenberg et al. noted®”’. Our results support
the need for revision of the generally accepted notion that

glandularity of the average breast is 50%.
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Conclusions

In this communication we have reported data on radiation
quality, MGD, and glandularity in Japanese routine mammog-
raphy, and analyzed the relationships with compressed breast
thickness and age. These data may prove useful in the devel-
opment of mammography systems suited to Japanese clini-
cal settings, and in the optimization of mammography pro-

cedures for Japanese women.
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