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SUMMARY

Depth and scattered doses in Mix-D phantoms were
measured for various exposure parameters for most
radiographic and fluoroscopic examinations used for
the ABCC-JNIH Adult Health Study participants,
Results are presented in the form of percent dose
tables. These data were useful in estimating from
surface doses, the doses to these subjects’ critical
organs, such as the active bone marrow and gonads,
and for determining doses to sites other than those
at which ionization chambers were located in a
phantom human. The results of this study are being
used in estimating radiography and fluoroscopy
doses of participants in the Adult Health Study.

INTRODUCTION

Bone marrow and gonadal doses during diagnostic
radiological procedures are usually determined with
ionization chambers and thermoluminescent dosimeters
Depth dose and
scattered dose data are necessary in order to e stimate

in phantom human materials.

critical organ doses from surface or input doses.
Liuzzi et al,! using depth dose data, have calculated
bone marrow dose from incident surface doses
obtained by X-ray films. Takeshita et al2 confirmed
that doses calculated by a method similar to that of
Liuzzi et al approximated those obtained with
ionization chambers inside a phantom human.

There are few reports»? of depth dose data for
diagnostic X-rays, compared to®those for therapeutic
X-rays, probably because of the relatively recent
attention to reduction of patient exposure doses
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during diagnostic X-ray procedures. Johns et al3
published detailed depth dose data, but theirs are
mainly applicable to fluoroscopic examinations with
relatively small field sizes and short focal spot-

skin distances.

In the present study, using Mix-D phantoms and
ionization chambers, depth doses and scattered
doses were measured for exposure parameters used
in radiographic and fluoroscopic examinations of
participants in the ABCC-JNIH Adult Health
Study (AHS).? The resulting data are being used in
calculating their bone marrow and gonad doses.®-?

MATERIALS AND METHOD

X-ray Apparatus. A General Electric radiography-
fluoroscopy unit, 130kVp, 500mA with full-wave

rectification was used to irradiate the phantoms.

Dosimetric  Apparatus. Memorial ionization
chambers1%1l were used with a Baldwin-Farmer,
type RB, electrometer.

Phantom. A plain Mix-D block-shaped phantom,
measuring 30x50x20cm was used. Memorial
ionization chambers were housed in recepracles
made of Mix-D material, 3, 10, and 15cm from the
superior surface of the phantom (Figure 1). The
arrangement for depth dose and scattered dose

measurements is shown in Figure 2.
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TABLE 1 HALF-VALUE LAYERS OF X-RAYS IN THE PRESENT STUDY
AT FOCUS-DOSIMETER DISTANCE (FDD): 100 ¢m, FIELD DIAMETER 10em AT 100 cm

#1 KBEFCIHTLZXEOME, #E-

Tt 5 BF TR 7

AELATRTIEEE ( FDD ) : 100 em

100 em @ i 7 10cm

Tube Voltage

Half-value Layers by Added Filtration (mmAl)
0.5 0 2.0

(kVp)
50 1.35 1.60 1.90
60 1.60 1.80 2.25
70 1.80 2.05 2.55
80 2.05 2.35 2.95
90 2.30 2.65 3.20
100 2.45 2.85 3.70
130 3.05 3.65 4.80

The half-value layers (HVL) of X-rays by tube
voltage and added filtration are shown in Table 1.
Depth doses and scattered doses were measured
according to the exposure parameters shown in

Table 2.

A variable collimator was used to describe field
sizes closely simulating the actual X-ray exposures.
The resulting exposure fields were verified by

F it WEES £ OIME RN X o il F ( HVL )
BT, EiEE R X URGELAR I FE 2 IR M R
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Figure 1 Mix-D phantom and Mix-D receptacles for Memorial ionization chambers.
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Figure 2 Experimental arrangement for depth dose and scattered dose measurements
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TABLE 2 EXPOSURE PARAMETERS FOR DEPTH DOSE AND SCATTERED DOSE MEASUREMENTS
#2 REHRE B L O BELSEE O 2 o 0 RS

A. Depth Dose  A: FE&bg it
FsD Field Size Tube Voltages Added Filtration Depth
(cm) {em) (kVp) {mmAl) {em)
45 10 %10, 15 x15 50, 70, 90 0.5, 1.0, 2.0 ST
80 10 %10, 20 x20, 30 x30 50, 70, 90 0.5, 1.0, 2.0 5, 10, 15
180 10 10, 20 x20, 30 x30 50, 70, 90, 0.5, 1.0, 2.0 5, 10, 15
B. Scattered Dose B : firfilsfit
Added ki
FSD - Field Size Tube Voltage Filtration Depth Distance
{cm) {em) (kVp) (mmAl} (cm) {em)
45 10 %10, 15 x15 60, 80, 100 1.0 5, 10, 15, PENSTIE G
80 10 x10, 20 %20, 30 x30 60, 80, 100 1.0 00 15 2ty NG =g
180 10 %10, 20 =20, 30 =30 &0, 80, 100 1.0 5, 10, 15, P

* Distance from beam edge at incident surface.

means of X-ray film in light-tight envelopes on the
phantom surfaces. Since tube voltages higher than
100kVp were frequently used in routine chest
radiography, 1? dose data of 130kVp were included
for 180cm focus (X-ray tube anode focal spot)

-surface distance (FSD).

RESULTS

Examples of depth dose curves in the phantom are
shown in Figure 3. The intensity of the direct beam
was logarithmically atrenuated with increasing
depths, regardle ss of tube voltage or added filtration.
The percent depth dose data obtained in this study
are shown .in Table 3. Surface doses were 100%.
Theoretically, the magnitude of X-ray dose as a
function of depth increases with increasing FSD,
field size, added filtration, and tube voltage. Such
correlations are apparent in the table. Using these
data, depth doses for other exposure parameters

can be calculated by interpolation and extrapolation.

The attenuation of scattered radiation was measured
according to distance from beam margin. The results
obtained are shown in Figure 4 and Table 4. The
data in Table 4 were normalized to surface doses
The scattered
distances shown are those at the incident surface.

at the centers of the exposure fields.

Depending on beam divergence, some of the chambers
at various depths were inside the beam and are
indicated in the table.
of scattered doses from those plotted linearly by

Relatively wide deviations
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Figure 3 Curves illustrating atlenuation of the 8
direct beam in a Mix-D phantom
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distance from beam margin were observed because
of relatively small scattered radiation — particularly

for ionization chambers located far from the
beam margin.
DISCUSSION
Compared with other ionization chambers, the

energy dependence of the Memorial chamber is very
small in the energy range of diagnostic X-rays, 10,11
The energy of incident X-rays changes by depth and
scattering distance. According to the changes in
effective half-value layer by depth as reported by
Epp and Weiss,!3 and the response changes of the
Memorial chamber by photon euergy,w’”the resultant
error is estimated to have been less than 5%.

Depth dose data reported by a number of authors
have been summarized by the Hospital Physicists
Association. 14 Among these, however, only the
data of Johns et al} which included exposure
with FSD's of 15 to 30cm and field
sizes of 0 to 100cm? are comparable to those
obtained in study. Assuming X-rays
attenuated according to the inverse square law, for
comparison,

Parameters

our are

the dara of the present study were
calculated for exposure parameters similar to those

FSD 80 cm E
Field 20 x 20 cm
Added Filtration 1.0 mmAl

| ] |

5 10 15
DEPTH (cm)

R IT AR S O HMEIC R L T, BTy B L
AR, ARV s D EFALSAL. B2
Hlligh MR ZAFCH 2BMR T ERAKRED o2

£ =

2 X O AL X — DR T Memorial B8O
TALF RSO EBER L TRy T s
LI R X O T L F 1, xR ORI
Lo THEALT S, Epp 5 LU WeissP It ko THES h
TWVa, WEILL2HBEMEOER, SEFEFT 4
V¥ —12k% Memorial EEEHOBEREOER"" 2L
THLAMEE, SBUTFEHEFEsATL 3.

ECOMEEIILE->THEEATV 3 FESRBOER T
Hospital Physicists Association (5 BiEEH S 12
LoTEHEShTHE. Y Zhemats, SEEOEE L
T E 2401t FSD15—30emT, FEEEF 0 — 100 em 2
OWHEFEEEL D Johns 52 D F—5DETHL. XEO
M ARREE O 2 EHNIZRE - THIBS 4 % S (RE L 72188,
Johns 6 DI AR L BB RFTEs A KB KSR
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FSD 80 cm

Field 20 x 20 cm

Added Filtration 1.0 mmAl
Depth: 5 cm

1.0

100 kVp

Figure 4 Curves illustrating the attenuation of
scattered radiation by distance from

beam margin in a Mix-D phantom
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80 kV
,_E, P
w N
w
o]
a}
0.1 60 kVp

L ]
0.01 | 1 1 Lo |

0 2 4 6 8

DISTANCE FROM BEAM MARGIN (cm)

of Johns et al. One example of these comparisons
is shown in Table 5. In general, there was good
agreement between our data and theirs.

Scartered doses are presented as percent of surface
dose at the center of the exposure field. Percent of
dose at zero distance, or beam margin, can be
calculated by extrapolation according to attenuation
curve for scattered radiation. However, the dose
near the beam margin, within the beam, is greater
than the dose extrapolated at zero scattered distance,
because of a sharp decrease in dose near the beam
|‘n|a.rgin.6 The present dose tables are therefore
a more useful method of calculating scattered
radiation doses.

The Adrian Report,!? estimated that, on the average,
22% of the bone marrow dose from medical X-ray
was due to exposure of the marrow outside the
direct X-ray beam. Antoku and Milton 7 reported that
5% of the mean active bone marrow dose in postero-
anterior chest radiography was due to exposure of the
marrow outside the direct beam. These differences
are most likely due to variarions in beam sizes.
The relative contribution of scattered radiation to
the total dose therefore cannot be ignored, parti-
cularly for examinations using small field sizes as
in fluoroscopy.

BestBEL ChBET -2 ZOLHEERS LRT. &
Wiz, ABEGHE Johns 50RHEOMIE, Lo
A H 5 NI

BeE R, TSI O PO A Rl RO H o E
ELTRENTV A, MEAIET 3 72 TR0 &
wam by 4y AL, BUEL SR 9T R AR & 2k T SR

STHEPETA2z:HFTEA. UL, BETLEMTLE

%Jut ] %ﬁ! RE, BELEEEEOMATTIMTCE > THS
A1 7= f it & Jk"“‘f:J- bl g b= 3 E}Til A f5fih i o) SRk
BRIIAMEBRL SO THSE.Y E-T, AWK
ToEmE R, BEEREY IR T S Rio A A H ik
THA.

Adrian ZHEZOME BT, Y EHAXHICL L HHH
B0 P E22% AU AE X S0 B o SRR R 5
LHEE L T A, LS LU Milten 12,7 1FIE A m A EE
XM s o TR SRR o 5 % A7 EHE itk o 5
AR CEEL TOAEEELTVWA. T h 5 DRI,
FELBHROKEEODEILLLEZLDEELNS. fE-
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TABLE 3 PERCENT DEPTH DOSE IN THE DIRECT BEAM BY FSD, FIELD SIZE, ADDED
FILTRATION AND KVP

B - KIS MEERE (FSD ), W4T, {FMMaHs kU kVp
B L e A 0D R B A AL 1 G 3

#3

Percent Depth Dose

Added

Added Percent Depth Dose
FSD Field Size  Filtration kVp FSD Field Size Filtration kVp —
{em)  (cm) {mmAl) 5em  l0em  15em (em) (em) {mmAl) 5cm 10em 15cm
45 10 x 10 0.5 50 22.3 4.47 1.15 180 10 x 10 0.5 50 26.2 6.44 1.79
70 206 8.04  2.90 : 70 338  10.8  3.84
90 34.3 11.7 4,14 90 TR 12.5 4.88
1.0 50 240 529 1.34 1.0 50 28.2 7.23 211
T0 31.2 9.48 3.02 70 34.5 12.9 4,26
a0 36.9 13.1 4.04 an 39.4 12.6 5.60
2.0 50 281 757 1.98 2.0 50 33.5 951  3.80
70 32.9 10.8 3.55 70 35.3 11.6 4.31
a0 37.2 13.6 4.98 a0 37.8 13.9 5.11
15 x 16 0.5 50 25.3 5.82 1.60 20 x 20 0.5 50 28.6 8.03 227
70 31,7 10.2 3.35 70 37.4 13.0 5.09
a0 34.7 13.7 4.49 a0 41.2 14.9 bt
1.0 50 25.9 6.37 1.76 1.0 50 29.1 8.71 2.40
70 33.5 10.9 3.85 70 39.5 15.8 6.32
40 36.3 13.0 4.97 90 42.8 18.2 T
2.0 50 282 7.32 223 2.0 50 30.9 930  3.08
70 3b.2 12.2 4.41 70 39.1 16.8 6.69
90 39.2 15.9 6.35 a0 43.2 18.8 8.14
80 10 % 10 0.5 50 241 581 154 30 x 30 0.5 50 29.9 9.26  2.56
70 31.8 9.82 3.17 70 40.2 16.4 6.50
90 3b.7 12.1 4.29 90 44.1 19.4 8.70
1.0 50 24.5 594 148 130 48.2 26.1 12.4
70 324 9.87 3.29 1.0 50 31.2 9.50  2.79
90 35.8 126 4.63 70 43.9 20.0 8.03
2.0 50 26.1 6.72 1.7 a0 45.1 20.2 9.16
T0 33.6 11.2 3.87 130 51.8 26.3 13.8
90 385 153 675 2.0 50 33.2 10.9 3.41
20 = 20 0.5 50 26.5 28 &1 70 44.6 20.1 8.30
70 374 14,0 5.05 90 46.0 22.3 10.2
90 40.5 16.5 7.38 130 52.4 27.0 13.9
1.0 50 29.5 7.35 245
70 37.8 13.9 5,22
90 41.4 Tl T.85
2.0 50 32.6 9.69 3.19
70 38.2 15.2 5.11
90 42,7  20.3 8.24
30 x 30 0.5 50 26.6 6.61 1,78
70 36.5 13.1 5.10
90 426 17.2 7.29
1.0 b0 30.2 8.70  3.00
70 37.8 13.0 5.20
90 43.6 18.7 8.19
2.0 50 32.5 10.6 3.44
70 39.6 14.6 5.84
90 45.0 20.4 8.81




TABLE 4 SCATTERED DOSE AS PERCENT OF SURFACE DOSE AT FIELD CENTER, BY DISTANCE FROM BEAM MARGIN
Added Filtration: 1.0 mmAl

£4 BESBOBEFELBIIS S BEARCAT 5 EHR: MILLEAS 5 OMMES  HIEBHE: 1.0 m Al

i in( istance from Beam Margin (cm)*
Distance from Beam Margin {cm)* Distance from gin |

FSD Field Size Depth

i FSD Field Size Depth \Vp
{em) {cm) (em) kVp 2 4 6 8 {em) {cm) {cm) 2 4 6 S
5 60 : 2.69 : L8
45 10 x 10 5 60 6.50 310 157 0.73 S Gl ’ 80 Zﬁg 3,11 ig g:j
B0 766 383 1.99 0.98 100 4092 291 174 1.02
100 855 452 234 1.34 10 60 221 128 058 0.35
10 60 277 154 089 052 80 261 175 095 0.64
80 369 226 134 0.8 100 2.86  1.90 115 0.71
100 466 289 174 1.02 15 60 093 058 0.35  0.22
15 60 118 072 047 0.29 80 1.27 086 055 0.38
80 1.88 114 078  0.49 100 1.39 099 068 (.44
100 228 157 1.08 0.64 20 x 20 5 60 7.44 395 244 151
15 x 15 5 60 7.16 327 178 0.88% 80 750 436 2.82 1.68
80  8.03 383 205 1.24 100 7.64  4.64 3.05 1.83
100 9.38 453 268 1.49 10 60" g2, ‘a9 .28 0.70
10 60 [3.36] 1.68 1.14 0.58 8 450 2.9 1.68  0.95
80 [4.30] 249 142 098 100 4.37 3.3 2,30 1.37
100 [5.83] 292 197 1.26 15 60 163 105 0.81 058
15 60 (1.30) 0.88 060 0.35 - 80 297 1.55 1.05 0.77
80 (2.38) 1.33 083 .®&65 100 2552 1.83 .74 1.21
100 (3.31) 1.69 121 0.86 30 x30 5 60 802 442 279 174
80 10U X 10 B 60 5.85 256 1.37 (.53

80 886 500 327 2.09
100 923 545 376 232
10 60 384 244 162 1.0
80 541 338 223 145
100 567 3.80 260 1.77
15 60 198 1.30 093 0.58
80 3.00 200 141 1.00
100 353 247 170 1.28

80 6.62 297  1.29  0.69

100 7.46 3.40 160 0.89

10 60 2.62 140 0.85  0.37
80 3.44 1.93 090 0.54

100 4.07 225 124 0.5

15 60 1.02 0.63 0.35 0.22
80 1.52 0.98 057 0.36

100 1.91 1.25 0,78 0.50

20 = 20 5 60 7.96 3.94 1,97 1.32
80 8.70 497 250 1.70

100 10.1 554 290 215

10 60 4,08 212 126 0.87

80 5.27 3.7 1.82 1.34

100 6.25 3.83 216 1.79

15 60 [2.13] .12 0.74 0.52
80 [3.09] 1.80 1.19 0.85

100 [3.88] 277 154 1.19

30 x 30 5 60  8.03 4.08 229 1.22
80 §.93 497 273 1.51

100 10.1 554  3.18 2.38

10 60  [4.93] 238 144 0.87
80 [6.34]1 309 201 1.24

100 [7.29]1 4.08 265 1.70

15 60 (2.27) 1.23 o085 0.52
80 (3.32) 1.88 1.31 0.86

100 (4.25) 245 171 1.21

* Scattered distance at incident surface:

{ ) Inside the beam, [ ] Penumbra of the beam.
AR B DAL () BRI, () B,
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TABLE 5 COMPARISON OF DEPTH DOSES OF JOHNS ET AL *AND THOSE OF THE PRESENT STUDY
FSD: 30 cm, FIELD SIZE 100 em *

#5 Johns 5 OFEMHES L AWED Z h & 0B
MRri - FERARESE . 30cm, HAGFEF: 100 om 2

Percent Depth Dose

Depth —_
(em) Johns et al Present Study
HVL, 2.0 mmAl HVL, 2.05 mmAl
] 100 100
1 80.4 78.0
2 61.4 59.9
3 46.8 46.1
4 36.0 36.0
5 28.3 28.2
6 22.2 22.0
7 17.6 16.8
8 14.0 13.3
11.1 10.6
10 8.7 8.1
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