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ABSTRACT

A formula describing the percentage depth dose curve for ®Co y beams is
theoretically developed. The formula only needs a few data determined by measuring
directly in water phantom and can be used to calculate the whole set of percentage
depth dose (PDD) and tissuse air ratios (TAR) for the wide range of SSD (from 20cm to
100cm), field size (from 4cmX 4cm to 20cm X 20cm) and depth (from d.. to 30cm). The
data calculated by the formula fits very well to the data currently used in clinics with
the maximum error less than 1% and probable error of about 0.1%,-0.3%,,. Using this
formula can overcome the time-exhausting work in measurement of PDD and TAR.
Keywords: PDD SSD TAR SAD STD Dose Field

| . THEORETICAL DESCRIPTION

1. Basic form of percentage depth dose formula

The absorbed dose IXd,a) equals to the sum of primary radiation dose ID(d,0) and
the scattered dose D.(d,a).

D(d,a) = D(d,0) + Dy(d,a) 1

where d is the depth in the phantom, a the side length of the square radiation ﬁeld.l
It is well know that the primary radiation dose is:

IX(d,0) = D(d.,0)[(f+.dn)/(f+ D) exp [-4 (d— du)] (2)
then we assume the scattered dose is following:
D,(d,a) = By .d exp (B .d) D(d,0) 3)
Substituting Eq(2) and Eq(3) in Eq(1), we obtain
D(d,a) = D(d.,0)[(f+ d)/(f+ D)) exp [-4 (d—d.)]X[1+ B d exp (Bt )] (4)
Putting B,= D(d,, 0)/(d.,a) into Eq(4), then Eq(4) becomes’
D(d,a) = BIXd.,0)[(f+d.)/(f+d]* exp [-u (d—d.)] X [1+ Byt .d exp (Bt d)] (5)

This is the central axis depth dose formula. Then percentage depth dose formula is
P(d,e)= D(d,a)/IXd.,a). So the PDD formula is



[

No.4 Zhou Zhixiao: Theoretical description of percentage depth dose curve 205

P(d,a) = B,[(f+dn)/(f+d) exp [-p (d—d)] X [1+ Byt .d exp(Batt o] (6)

where P(d,a) is the percentage depth dose of a cm of square field and d cm of depth, B,
B,, B, awaiting decision constants, # linear absorbed coefficent, d. the depth of the
maximal dose, f source-surface distance, g , average linear absorbed coefficient,
# ,=1/4 , 7 is an average free length in the matter, in which a large number of
photons get through. Its definition is the medium thickness in which photons path
through, after that the number of the photons is reduced e times.)
2. Percentage depth dose formula for *Co

Based on a great amount of current data in Ref.[1] and experimental data for *Co,

we deduce a specific form of the percentage depth dose formula for ®Co as follow,

P(fd,a) = P(100,d,10)+ P, (fd,a) + P(f.d) (D
P(100,d,10) = B,[(f+ d.)/(f+ )I* exp [-1 (d—d.)]

X [1+ By .d exp(But )] (8)
P(fd,a)=[f/100)"" """ [1-F(a)] - [5/a’] - exp (dn/d)"”

X [(d~ d,)/d]sin[(d"*-10"")/d.] 9)

P(f,d) = B;[(100-/)/100][(d — d.)/d]’sin[1.57 + (20~d)/(12 + d..)] (10)

o= op (d—d)]" sin{1.57 X [(d — d..)/20]"*} | F(a) (11)

Ka)=-exp [A, In (a/10)] (see Ref[2]) (12)

U o.=1/4 =1)(d; -d.) (13)

where P(f,d,a) is the percentage depth dose about f cm of source surface distance and d
em of depth and @ cm of square field for ®Co, (D{d) in Tabs.1-5), P(100,d,10) the
percentage depth dose about 100 cm of source surface distance and d cm of depth and
10 cm of square field, P.(f,d,a) a rectify term about different radiation fields, P{f.d) a
rectify term about different source surface distance, F(a) the rectify coefficient of
different radiation fields, d; the depth in that P(100,d,, 10)=0.3679, B,, A, awaiting

decision constant.
According to ICRU report, we take f=100cm, a =10cm as reference radiation field,

then based on some experimental data of the reference radiation field we can get
aforementioned awaiting decision constants (see 1l), and given F(10)=1, the Eq(7) can
be simplified as

P(100,d,10) = B.[(f+ dw)/(f+ d)I* exp {4 .[u o{d—d )"

X sin[0.7428 (d—d.)"“l(d—d,)} - [1+ Bt .d exp (But ,d)] (14)
The Eq(i4) is the percentage depth dose formula under the condition of f=100 cm,

a=10cm.



206 NUCLEAR SCIENCE AND TECHNIQUES Vol.2
3. Percentage depth dose formula of source target distance for *Co
The source target distance (STD)= f;=f+d, so,
f=fh-d (15)
Table 1
PDD of different fields in f= 100cm Y :£0.16%
a(cm) 4 5 [ 7 8
dcm) De De A De Dc yAN De D¢ A De Dc A De De A
0.5 100.0 100.0 0 100.0 100.0 0 100.0 100.0 0 100.0 100.0 (] 100.0 100.0 0
1 97.2 972 0 976 978 02 978 982 04 98.1 984 0.3 98.3 985 0.2
2 91.5 91.7 0.2 92.3 9238 0.5 928 935 0.7 934 939 05 93.7 942 056
3 86.0 86.1 0.1 87.0 875 05 87.7 883 0.6 684 889 05 86.9 894 0.5
4 80.5 805 0 817 821 0.4 82.7 83.1 0.4 835 838 03 841 844 03
5 75.2 751 -0.1 766 76.7 0.1 776 719 0.3 786 787 0.1 79.3 793 0
6 700 699 -0.1 715 71.6 0.1 72.7 928 0.1 73.7 73.7 0 744 74.4 0
7 65.1 649 -02 665 667 02 677 679 02 68.8 689 0.1 69.7 69.7 0
8 60.3 602 -0.1 618 620 02 63.0 632 0.2 641 643 02 65.0 65.1 0.1
10 516 517 01 530 534 04 543 547 04 554 558 04 564 6567 03
12 440 443 03 454 459 05 466 471 05 478 483 0.5 48.8 49.2 04
14 37.7 380 03 360 394 04 402 406 04 413 417 04 423 427 0.4
16 324 325 0.1 336 338 02 346 349 03 35.6 36.0 04 36.6 369 03
18 278 279 0.1 28.8 290 0.2 299 300 0.1 30.9 31.1 0.2 31.8 320 02
20 238 239 0.1 249 249 0 25.8 25.8 0 26.8 26.8 0 276  271.7 0.1
22 20.4 206 0.2 21.3 214 0.1 22.2 223 0.1 23.1 232 01 238 240 0.2
24 174 177 0.3 183 184 0.1 19.1 192 01 199 200 0.1 296 298 0.2
26 14.9 153 0.4 158 158 0 165 166 0.1 17.3 173 0 18.0 18.1 0.1
28 128 132 04 136 137 0.1 142 143 01 149 150 0.1 155 15.7 0.2
3 1.1 1.4 03 117 118 01 123 124 01 129 130 01 134 137 03
? +0.15 9 +0.20 % +0.24 9% +£0.20 9% +0.19 9%
Fa 0.9367 0.9518 0.9642 " 0.9749 0.9842
a(cm) 10 12 15 20
dlcm) De De A De Dc A De Dec A De Dc A
0.5 100.0 100.0 0 100.0 100.0 0 100.0 100.0 (] 100.0 100.0 0
1 98.7 98.7 0 98.7 988 01 988 939 0.1 989 989 0
2 943 9.7 0.4 946 950 04 948 953 05 95.1 955 0.4
3 89.7 90.1 0.4 90.2 906 04 906 91.0 04 911 915 04
4 85.0 853 03 857 859 02 862 865 03 8.9 873 04
5 80.4 804 (] 81.2 81.2 0 819 82¢ 0.1 828 830 0.2
6 75.7 756 0.1 767 7656 02 715 775 0 786 787 0.1
7 71.0 71.0 0 721 720 0.1 732 1731 0.1 746 745 0.1
8 66,5 66.5 0 677 676 01 690 689 -01 706 705 0.1
10 58.1 583 0.2 594 595 0.1 609 610 0.1 62.9 629 0
12 50.5 509 04 519 522 03 53.6 53.8 0.2 556.7 559 0.2
14 44.1 443 0.2 45.6  45.7 0.1 472 474 0.2 49.6 49.6 0
16 383 386 0.3 39.9 400 0.1 472 474 0.2 496 49.6 0
18 33.4 336 0.2 349 349 (] 368 367 -01 331 39.0 -0.1
20 29.2 29.2 0 307 305 -02 325 323 02 348 346 02
22 253 244 041 26.7  26.7 0 286 284 02 309 307 02
24 22.1 222 0.1 235 234 0.1 251 251 0 275 272 03
26 19.3 193 0 206 205 0.1 221 221 (] 243 242 0.1
28 16.9 169 0 18.1 180 01 196 195 -01 215 215 0
30 146 148 0.2 15.7 158 0.1 171 173 0.2 19.1 192 0.1
» +0.15% "+0.13% +0.14% +0.15%,
Fa 1.0000 1.0131 1.0294 1.0507

Subsituting Eq(15) in the Eq(7), the Eq(7) can be rewritten as
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’

P(fr,d,a) = B,[(fr— d + dn)/ " exp [t (d— du)]

X [1+ Byt od exp (Bt od)] + Pulfr.d,a)+ Pdfr,d) (16)
where P(fodia) = [ — 100 24" [1-Fla)](5/a)
X exp (du/d)[(d - d)/dlsin[(d"-2.154)/d,] an
PAfoid,@) = BI(100-f; + 100}t~ d,)/d]"
X sin[1.57 + (20-d)/(12 + d.,)] (18)

The Eq(16) is a percentage depth dose formula of source target distance.

It is clear, from Eq(16), that the source surface distance is different at different
depth when applying source target distance treaiment, then the dose rate at d. point
must be different when applying different depth treatment. It should be changed as

follow

DXfride) = DXforde) X [(fs + o) (i — d -+ d)]? (19)

where D(fT,d) is the absorbed dose rate at d, point when f=STD=SAD, D(ﬁ,,d) the
absorbed dose rate at d, point when f,=SSD=DAD, SAD source axis distance.

I .THE CONSTANTS

1) # , As mentioned above, we take f=100cm, a=10cm as a reference field, then,
based on the experimental central dose curve, the depth, d;, at that point the dose is

reduced e times, can be obtained. then we can get u , as follow

uo=1/4 =1)(d, —dy) (20)

2) B,, B, B, After u ., is decided, still based on above experimental central dose
curve, we take three measured data (for example,‘ d=d,.,,- 7 cm or 20 cm) and may
substitute percentage depth dose value of selected three depth in Eq(14). Then we
solute Eq(14) and can get the values of B,, Bl and B..

3)B; Using u ., B,, B, and B,, we can easily get B, by following calculating

B, = P(100,7,10)-P(80,7,10) (21)
where P(100,7,10) is calculating value of Eq(14) in f=100cm, d=T7cm and a=10cm;
P(80,7,10) calculating value of Eq(14) in f=80cm, d=Tcm and a=10cm.

4) A, Firstly measure P(100,7,10) and P(100,7,20) and then calculate F(10) and
F(20) in the following equations, '
F(10) = P(100,7,10)/P(100,7,10) = 1 (22)
F(20) = P(100,7,20)/P(100,7,10) (23)

where P(100,7,10) is percentage depth dose measured in f=100cm, d="7cm and a=10cm,;
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P(100,7,20) percentage depth dose measured in f=100cm, d="7cm and a=20cm.

We may substitute the values of F(10) and F(20) in Eq(12). Then we solute Eq(12)
and can get the value of A,.

5) Other constants Using the current data from Ref.[1] for ®*Co, we get these
tonstants: pu ,=0.06258, B,=0.9893, B,=0.3457, B,=0.0410, B,=0.021, A,=0.07136.

Then, by substituting these constants in concerned formula, we can get any
clinical treatment dose in the range of SSD field and depth as described above. We
must recalculate these constants if measured data are different from the current data.

. RESULTS

We give some tables (Tab.1-5) here to show calculated data comparing with
current or experimental data. In these tables, D, is the measured values of PDD, D. is
the calculated values of PDD (P(f, d, a) X 100), A\ is the difference between calculated
and measured (A=D.— D,), v is the probable error,

7.=0.6745 [(Z 1 AD/(n— k)] (24)
where n is the number of compared values, & the number of awaitting decision
constants. Table 1 is PDD of different fields in f=100cm, P{100,d)=0 in Eq(7) because
f=100cm, Table 2 PDD of different fields in a=10cm, P.(f,d,10)=0 in Eq(7) because

F(10)=1, Table 3 PDD of different fields in STD=100cm, Table 4 Calculated Dl(a)
compared with measured D.(a) of appropriate SSD, Table 5 Calculated data compared

Table 2
PDD of different SSD in a=10cm ’ y :£0.15%
f(cm) 20 30 40 50 60

dcm) De De

A De D¢ A De De A
0.5 100.0 100.0 1000 1000 O 100.0 1000 O 100.0 1000 O
95.0 95.0 96.5 96.5 972 973 01 977 978 01 980 981 0.1
846 848 02 884 87 03 904 908 04 917 921 04 925 930 05
753 1754 01 809 814 03 838 841 03 897 861 04 870 874 04
671 670 -01 737 1738 01 775 776 0.1 799 801 02 815 818
599 595 -04 672 671 -01 715 715 0 743 743 0 762 763 0.1
534 529 05 612 609 03 658 657 -01 689 688 01 710 710 0
476 471 05 566 563 03 604 603 -01 637 636 -01 660 66.0 0
8 426 420 06 505 502 -03 554 554 0 58.8 588 0 61.2 613 0.1
10 341 337 04 417 415 -02 466 46.6 0 499 501 02 524 527 03
12 275 2712 03 345 344 -01 391 393 02 424 427 03 449 462 03
14 224 221 -03 287 286 -01 331 331 0 36.2 364 02 386 388 0.2
16 185 182 03 241 239 0.2 28.0 28.0 0 309 310 -01 331 333 02
18 153 150 03 202 201 01 237 237 0 264 265 0.1 284 286 02
20 127 125 -02 171 169 02 203 202 -01 227 227 0 246 24.6 0

100.0 100.0

o o>

De Dc A De Dec
0
0

~I D Tt WD -

22 144 143 01 172 172 0 194 194 0 21,1 21.2 01
24 122 121 -0.1 148 147 -01 167 167 0 182 183 0.1
26 104 103 -01 126 125 01 144 143 01 158 158 0
28 8.9 87 -02 109 107 -02 124 123 -01 137 136 -0.1
30 7.6 74 02 93 91 02 106 106 0 1.7 11.7 0
y +0.25 9% +014 % +0.11 % +013 % 015 %

Fa 1.0000 1.0000 1.0000 1.0000 1.0000
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Table 2
(Continued) 1 7:£0.15%
: 1

a(cm) 70 80 90 100

d(cm) De Dec A De Dec A De De A De Dec A
0.5 100.0 100.0 0 100.0 100.0 0 100.0 100.0 0 100.0 100.0 [¢]
1 98.2 983 0.1 98.4 98.5 0.1 98,5 98.6 0.1 98.7 987 0
2 93.1 93.6 0.5 93.6 94.1 0.5 94.0 94.4 0.4 94.3 94.7 0.4
3 88.0 88.4 0.4 88.7 89.1 0.4 89.3 89.6 0.3 89.7 90.1 0.4
4 82.8 83.0 0.2 83.7 83.9 0.2 84.4 84.7 0.3 85.0 85.3 0.3
5 7.7 71.7 0 78.8 78.8 0 7917 79.7 0 80.4 80.4 0
6 72,7 72.6 -0.1 73.9 73.9 0 74.9 74.9 0 75.7 75.6 -0.1
7 67.7 67.7 0 69.1 69.1 0 70.2 70.1 -0.1 710 710 0
8 63.0 63.1 0.1 64.4 64.5 0.1 65.6 65.7 0.1 66.5 66.5
10 54.3 54.6 0.3 55.8  56.1 0.3 570 573 0.3 58.1 58.3 0.2
12 46.8 47.2 0.4 48.3 48.7 0.4 49.5 499 0.4 50.5 50.9 0.4
14 40.4 40.7 0.3 41.9 42.1 0.2 4.31 43.4 0.3 44.1 44.3 0.2
16 348 351 0.3 36.2 36.5 0.3 374 37.7 0.3 38.3 38.6 0.3
18 30.1 30.3 0.2 31.4 31.0 0.2 32.5 32.7 0.2 33.4 33.6 0.2
20 26.1 26.2 0.1 27.3 274 0.1 28.3 28.4 0.1 202 292 0
22 22.4 22.6 0.2 236 23.7 0.1 24.5 24.7 0.2 25.3 25.4 0.1
24 19.5 19.6 0.1 20.5 20.6 0.1 214 21.5 vl 221 22.2 0.1
26 16.9 16.9 0 17.8 17.9 0.1 18.6 18.7 C.o 19.3 19.3 0
28 14.7 14.7 0 15.5 15.5 0 16.3 16.3 0 16.9 16.9 0
30 12.6 12.7 0.1 13.4 13.5 0.1 14.0 14.2 0.2 14.6 14.8 0.2
k2 +0.17%, +0.16% +0.16%, +0.15%,
Fa 1.0000 1.0000 1.0000

with measured data.

1.0000

The measured data is from ALCYON 11, Cobalt. We use NE-2570(A) dosemeter

with 0.6ml ionization chamber and water phantom. Because the measured data from

the machine is different from the current data, all constants have to be decided as
follow: i,=0.06515, B,=0.9885, B,=0.3557, B,=0.0571, B,=0.021, A,=0.7136.

PDD of different fields in STD=100cm

Table 3

diecm)\ @ (cm)4 5 6 7 8 10 12 15 20 f(em) Dx(d.)/D, (d.)
05 1000 1000 1000 100.0 100.0 1:00.0 100.0 100.0 100.0 995 1.0100
1 972 978 982 984 985 987 988 989 989 99 1.0202
2 91.6 92.7 93.4 93.9 94.2 94.7 95.0 95.2 95.5 98 1.0410
3 859 873 882 888 893 900 904 908 914 97 1.0625
4 803 819 829 836 841 850 857 863  87.0 9 1.0846
5 748 1764 775 784 794 801 808 816 826 95 1.1075
6 6905 7.2 724 733 740 752 761 710 17182 04 1.1310
7 644 661 673 683 691 704 714 725 739 93 1.1553
8 59.6 613 626 636 644 658 669 682  69.7 92 1.1805
9 551 568 581 591 600 615 626 640 657 91 1.2064
10 50.9 525 538 549 558 573 585  60.0 618 90 1.2332
1 470 485 498 509 518 534 546 562 581 89 1.2609
12 433 448 460 47.1 481 497 510 526  54.6 88 1.2896
13 399 413 425 436 446 462 475 491 512 87 1.3192
14 367 381 39.3 404 413 429 442 459 480 86 1.3499
15 338 3.1 363 373 383 398 412 429 450 85 1.3817
Fa 09367 09518 0.9642 0.9749 0.9842 1.0000 1.0131 1.0294 1.0507




210

NUCLEAR SCIENCE AND TECHNIQUES

Vol.2

L (2

. Table 4
Calculated DI (a) comparing with measured D.(a) of appropriate SSD
Y :+0.18%
dcm)\ a(cm) 4 5 6 7 8 10 12 15 20 flcm)
749 76.2 71.3 78.3 79.0 80.1 80.8 81.5 82.4 De
5 74.8 764 715 78.4 79.0 80.1 80.8 81.5 82.6 DI 95
0.1 0.2 0.2 0.1 0 0 0 0.1 0.2 A
50.7 52.1 53.4 54.5 55.4 57.0 58.4 59.9 61.8 De
10 50.9 52.5 53.8 54.9 55.8 57.3 58.5 60.0 61.8 DI 90
0.2 0.4 0.4 0.4 0.4 0.3 0.1 0.1 0 A
33.56 34.7 35.9 37.0 37.9 39.6 41.0 42.8 45.0 De
15 33.8 351 363 37.3 38.3 39.9 41.2 42.9 45.0 123 85
0.3 0.4 0.4 0.3 0.4 0.3 0.2 0.1 0 JAN
Table 5
Calculated data comparing with measured data
a (cm) 10 20 a (cm) 10 20
d (cm) De Dc A De Dc JAN d (cm) De De A De Dc A
0.5 100.0 100.0 0 100.0 100.0 0
1 98.5 98.5 0 98.7 98.7 0 16 36.0 35.8 -0.2 41.6 41.2 -0.4
2 93.8 94.0 0.2 94.8 94.9 0.1 18 31.1 30.9 -0.2 36.6 36.2 -0.4
3 88.9 89.0 0.1 90.1 90.5 0.4 20 27.0 26.7 -0.3 31.8 319 0.1
4 83.5 83.8 0.3 85.5 85.9 0.4 22 23.3 23.1 -0.2 27.7 28.1 0.4
5 78.7 78.6 -01 81.0 81.3 0.3 24 20.4 19.9 -0.5 23.9 24.8 0.9
- 6 73.4 73.5 0.1 76.2 76.7 0.5 26 17.7 17.3 0.4 21.0 21.9 0.9
ki 68.7 68.7 0 72.0 72.3 0.3 28 15.4 15.0 -0.4 188 19.3 0.5
8 64.3 64.1 —0.2 67.9 68.1 0.2 30 "13.0 13.0 0 17.0 17.1 0.1
10 55.8 55.5 -0.3 60/0 60.2 0.2 Y +0.18 % +0.29 %
12 484 480 04 53.0 531 0.1 Fa 1.0000 1.0507
14 41.5 41.5 0 46.9 46.8 -0.1
machine: Alcyon SSD: 80cm ?:£0.23%

1) The calculated data are compared with current data™ for ®Co and measured
data from ALCYON I in such wide range that the SSD varies from 20cm to 100cm,
field sizes vsries from 4cm X 4cm to 20cm X 20cm and depth varies from d,, to 30cm. The
maximum error among total calculation is less than 1% and the probable error is
about 0.1%-0.3%. So that, we think we can apply the formula to calculate dose of

IV. CONCLUSION

different SSD, field size and depth for clinical treatment with an error less than 19%,.

2) The formula only needs a few experimental measured numbers (only needs five
measured data), so that we can largely reduce experimental numbers. It is especially
convenient for SAD treatment or ARC therapy, we need not the Tissure-Air Ratio

table at all.

3) We shpply a superior precision formula for clinical applying computer.

REFERENCES

[1] Xi;anzhi Gu et al., Tumor radiation therapeutics (in Chinese), People Heaith Publishing House, Beijing,
1983, p.137-146.
[2] Zhixiao Zhou, Chinese Journal of Radiation Oncology Biology Physics, 3 (1989), 4:51.

% 21

p-3
Iy

‘!)‘4



