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ABSTRACT

Presented here 1is an investigation to establish
physical rationale for the acceptance by physicians of a new

form of blocking device for radiotherapy.

The focus of the investigation is on the percent dosage
obtained in the penumbral regions created by 6 mm and 9 mm
stepped-edge blocks, relative to a straight edge, when

exposed to 1.25 and 18 MeV photons.
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INTRODUCTION

Due to the sensitivity of healthy tissue to radiation,
the healthy bone and soft tissue of a cancer patient
receiving radiation treatments, is physically blocked while
in the field of propagation. The risks to healthy tissue
from a given dose of radiation are higher among children
than adults due to an increased sensitivity in persons of
younger years. Since there are approximately 10E+9 cells in
a cubic millimeter of tissue, to minimize radiation exposure
damage, great care 1is taken not only in the blocking
mechanism but also in the positioning of the patient for

each treatment session.

The ability to accurately position a patient for each
treatment 1is very important. This becomes particularly
vital when therapy 1is prescribed for cancerous areas
adjacent to critical, healthy tissue. However, given that a
patient is never in exactly the same spot for each
treatment, along with movement by the patient during
treatments, perfectly accurate positioning of the block is
difficult. Consequently, there is an uncertainty associated
with the spatial distribution of the absorbed dose in the
penumbra (edge). The probability associated with its
location is assumed to be described by a gaussian

distribution.
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Several options regarding blocks have been explored and
used 1in radiation oncology practice. One type of block irc
made of lead glass [1,2]. However, these are fragile and
difficult to make for each patient. Durability may be
attained with the wuse of shields made of 1lead acrylic
£1,2,31. Lead acrylic blocks are also hard to make; yet
they reduce surface dose of an unblocked Co60 source by 20 -
25 percent C[C11. Opaque filters have the disadvantage of
interfering with light localization of the treatment field
C13. Bailey and his associates investigated the use of
shields molded from lead sheets lined with a thin layer of
wax and determined this effective for the treatment of
superficial lesions [4]. What is desired is a total block

mechanism.

Currently the overwhelming system used in radiotherapy
clinics 1is a block made of a low meltina point lead alloy

[5-10] which has a transmission rate of 1.5 - 3 percent [2].

The production of these lead blocks personalized for
each patient, involves several steps. Initially the
radiotherapist must map out the desired dimensions of the
blocked regions on an xX-ray simulator film. Styrofoam is
then cut with a hot wire device to form the mold in which
the molton alloy is then cast. Once the block has cooled it
may then be inspected for voids or defects and repaired
accordingly [7,8]1. The thickness of the block is determined
by the intensity of the source to be used. Increasing

intensities require thicker blocks, however consideration
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must be given to the weight of the resultant block.

A few of the drawbacks tc this method of construction
are time, health hazards to the machinists, and cost. The
time involved from design to treatment setup 1is about twc
days. Once the treatments have begun, if a repair or
modification must be done to the block, as dictated by the
radiation oncologist or medical physicist, therapy may be
interrupted for up to three days. This is the «crirtical
drawback which encourages this investigation into a new

blocking technique and its physical rationale.

The construction technicians may periodically be given
lab tests to monitor their toxicity levels, because of the
alloys used. Safeguards must be taken against the constant
danger of inhalation of metallic dust or vapors, ingestion,

skin absorption of the alloy, etc. ([73.

Another problem with this current system is the cost.
The price of materials, equipment, and labor must be figured

into the costly expense of radiation treatments.

The ideal conseguence of any shielding technigue
employed, is to provide 100 percent irradiated dosage within
the tumor boundries while eliminating exposure to the normal
tissue. However, ([figure 13 a plot of dosage vs. field

distance illustrates that this is not the result [£12,153.
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as a penumbra has a

This physical phenomenon known
width defined by the distance between the 90 percent and 10

percent isodose lines [5,13] and 1is always experimentally

measured. The penumbra can be thought of as the edage

response function.

Some of the factors influencing the penumbra are the

the distance from the source to the end of

source diameter,

the block, the distance from the block to the shielded

tissue of interest in the patient, and the thickness of the

Johns and

overlying tissue in the blocked regions [14,15].

Cunningham [15]3 illustrate a penumbra due to the collimator

as shown in figure 2.
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The geometric penumbra width may be quantified by the

equation :

P=8=xx (F - FC) / FC

where S is the source diameter, FC is the distance from the

source to the collimator, and F is the distance from the

source to the receiver [151.

This is an investigation into the spatial distribution
of the absorbed penumbral dose obtained with utilization of
lead alloy shields; simulating a bloxel (block element)
matrix system. This study will assist in establishing the

rationale for an automated bloxel.design for the future (See

figure 3).

(an}
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If the continuous edge can be thought ot as a stepped
edge with step dimensions of zero, then this study mav be
termed one of establishing maximum radiologically-acceptable

bloxel size.

The purpose of this investigation 1is to 1lay the
groundwork for a digitally-controlled bloxel system which
could provide the physician with dynamic control over
personally-designed blocks for each cancer patient.
Firmware could be designed and provided in the future to
allow the physician to digitally manipulate desired block
dimensions in real time, and hence immediately provide the
best group bloxel fit. This could then be stored in memory
making it easily accessible for the patient’s subsequent
radiotherapy sessions. This system would be universally
applicable to all patients, as reproducible as the currently
established blocking techniques, and would be cost
effective. Further investigation into it’'s desian,
prototype manufacture, and testing can be initiated only

after these preliminary studies are completed.
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STATEMENT OF WORK
1. Block Design and Fabrication

1.1 The bloxel, (block element) block models were cast
by machinists at the University of Rochester Cancer Center

into styrofoam molds, which were cut by a hot wire device.

1.1.1 The blocks are composed of a lead alloy, Lipowitz

metal:
13.3 % tin
50.0 % bismuth
26.7 % lead
10.0 % cadmium

with a density of 9.4 g/cm-cubed at 20°C. €73

1.1.2 The stepped edge sizes are 3, 6, 9, 12, and 15 mm

in image size at 100 cm from the source. The blocks are 10
cm thick and have a transmission rate of:
0.5 % - 0.6 % for a Co-60 source,

and

2 - 3% for an 18 MV source. [7]
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2. Film Type and Specifications

2.1 Kodak XVZ2 Rapid Process film was wused because of
its current use at the University of kochester Cancer Center

for film dosimetry.

2.2 Development was initially to be done on a JOBO
temperature-controlled processor purchased by the University
of Rochester Cancer' Center. Modifications were made to
permit processing to both the inner and outer emulsion
layers. When the process was determined to be under control
the processor broke down. Time constraints nececssitated the

use of the Cancer Center's X-Omat

2.3 Sensitometric strips were wused to test the
reproducibility of the University of Rochester Cancer
Center’s X-Omat. The results between samples, tor a
particular step, were found to be within 0.04 density units

for a given day.

2.3.1 Development was done with a Kodak GBX developer
at 95° F for 55 seconds in a Kodak RP X-Omat processor.

Fixing was done with Kodak GBX fix.
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3. Film Irradiation and Calibration (See tigure 4)

3.1 Calibration curves (or H&D curves), were
constructed from exposures to 1.25 and 18 MeV rhotcns. The
calibration curves enable dose to be matched to

corresponding densities subsequently obtained on fiim. The
exposure rate of the scurces are calibrated with icn chanrer
standards which give the absorbed dose rate; traceable to

the National Bureau of Standards.
(s

7, <; , —

‘ £B

S8D

SFD

film

10cm

é6cm

_—

EXPOSURE SETUP Fig.4
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3.1.1 All exposed film samples were develcred on a
particular day to avoid day to day variations in the X-Omat
processing. However, the calibration film samples and the
block edge exposure sample were not processed on the same
day. To account for day to day variations exposures were
made on the straight line portion of calibration curves and

the deviation used as a multiplicative factor.

3.1.2 Exposure energies of 1.25 and 18 Mev were chosen

due to their prevalent use in radiotherapv.

3.1.2.1 Picker Corp. CB-80, a Co-60 source with 1.17

and 1.33 Mev monoenergetic photons (1.25 MeV mean energy)

where:
source diameter = 2 cm.,
and source to film distance = 124.5 cm.
3.1.2.2 Therac-20, a medical electron linear

accelerator with an 18 MV Dbremsstrahlung spectrum (mean
energy, 7.6 MeV) where:
source diameter = 0.3 cm.,

and source to film distance = 124.5 cm.

4. Block Exposures

4.1 Exposures made with both the stepped edge blocks
and the straight edge block were made with each of the

previously mentioned sources (See section 3). A depth of 10
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cm. in water equivalent plastic was chosen to simulate

clinical-patient condition. This depth represents the

average dosage depth in a patient.

4.1.1 Co-60 source:
source diameter = 2.cm.,

source to block distance = 64.5 cm.,

source to film distance 100 cm.

HWater equivalent plastic:
10 cm. on top of the film,

6 cm. beneath the film.

Radiation field size:

10 x 10 cm.

4.1.2 18 MeV source:

source diameter = 0.3 cm.,

]
e}
'S
o
0
=

source to block distance

source to film distance = 100 cm.

Water equivalent plastic:
10 cm. on top of the film,

6 cm. beneath the film.

Radiation field size:

10 x 10 cm.



Page 14

S. Densitometry

5.1 Edge scans were made of each of the film samples on

an Ansco Model-4 Microdensitometer.

5.1.1 The straight edge exposures were scanned

perpendicular to the edge.

5.1.2 To examine the effect of a discontinuous edge
relative to a straight edge, microdensitometer scans were
made perpendicular to a theoretical straight edge for the 6

nmm. and 9 mm. (image size) block models.

$.1.2.1 Three types of scans were made on the bloxel

model blocks.

Scan types:

1 - Scans made through the the "peak" that was placed

on the central axis; extending through the open field edge.

2 - Scans made through the point half way between the

peak and the trough.

3 - Scans made through the trough of a period.

A reference line was drawn on each film sample parallel
to the imaginary straight line adjoining the peaks of the
cycle, to enable the spatial matching of the wvarious scan

types. See figure 5.
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MICRODENSITOMETRY SCAN TYPES .
CRODE S Fig.5

6. Penumbral Dose Evaluation

6.1 The density curves obtained from each ot the
microdensitometer scans were used to relate net density
(density minus base plus fog), to percent absorbed dosage,

by means of a calibration curve. (Section 3)

6.1.1 The percent absorbed dose data is shown with the
bloxel model data relative to the same data acquired with

the straight edge block.
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RESULTS

Figures 6 & 7:

Calibration curves for the Co-60 and 18 MeV sources
respectively. The curves relate Net Density (Density
obtained on film - base plus fog of 0.15) to Absorbed Dose

(in rads).
Figures 11,12,15,&16:

Percent Dosage is shown relative to distance along the
film. This is done each of the two sources for the e€mm and
9mm block sizes. The curves shown represent each of the
three scan types (see figure 5), relative the the straight

edge scan of the same source.
Figures 9,10,13,&14:

Percent Dosage is shown relative to Distance along the
film. This is done for each source and the averaged 6mm and

9mm block sizes.



page 17

9314

(SPDJy ase(]
021 00l 08 09 Ot CZ

| _ _ _ _ _

B I I

l

(324N0S - ©2) ALISNIQ LINSA 3S0Q

¢
30
'l
9°1

S
oM ol N

o

Ayisuaq joN



page 18

L3814

(SPDJ; 3SC(

OZL

00l 08 09 0¥ Go

|

_ _ _ _ _

(30YN0S—ASW 1) ALISNIQ 13N SA 3S0Q

@ = |
- a o

N

w

=+
(N I e

oo

Mo

o o
(A

Ayisuaq yap



page 1¢

8314

3903 L1HOIWVYLS

(Ww) s2uo)si]

oL 021 0O0L Ne 09 ot o7 3
! [ _ _ [ I I 0

\llllll.\!llll\.
~\, ..\t.lt\.\ lll!.-o
." -.s
/ _\ _ O_N”
. |
-'/ ~~
.,. ~
./ _
-
\ | — Ot
\ _
/ * d
,./ ‘_ X
\ x ] G @ \.l.“
™ \ @
\ =
\ / =t
\ ! _ -, ™
. \ \- n‘ U \4-.
N
/I D
i ~
~ \. E
N )
/ h\ » -
ool ®

3903 LHOWYLS — 324NCS 09 - ¢l

- et



pPage 2¢

6314

{LIW) s0UD}sI)

C¥ L

oZlL 0GL 0%

)

|

3003 LHOIWALS — 304005 AW &

3903 L1HOIWVYLS

4

7 3

0%

/3

&Y

-~
>

abp

(I

———



page 2

o134

(Luw) souo)sIg

Ol

QZl 00l og 9 Ot ¥ 0

-

!

| | ! _ _ I
~ ..... './ \l‘ﬁu‘.\.tulu‘ <
W\ »\
—.u/ .\ —
Y,
.,,
.f/ %
,../ r_ -]
, ]
1 ——— J
/ \ }.~
—— \w*
i 4
b, 1
..rf. ~._ Q —_—
'/, U
N, J
S X
° . WS h.:\

A2018 WKW 9 — 304N0S 09 -a3

€4 3dAL NVIS
2% 3dAL NS
T# 3dAL NVIS
3903 LHOIWVYLS

3d

sbpsogg Juadd

———



page 22

1814

(Luw) souD}sSI]
OrlL  OZL DOl

A0018 NI

g

'

— 3J4N0% ASW

2

_

€% 3dAl NUIS

2% 3dAL NJIS °

T# 3dAL NYIS
3903 1HOIVYLS

aboso(] yusdiad



page 23

AR-IE

\ EE,.. S0uD}SI

Crl  OZl GOl 0g C9 OF O, 0
I 1 [ [ _ [ I
~ A\&\hﬁ\r;-l
//. h._ ]

..../ .ss
/_. | B
\ 1
\ |
\ _
1_/.
//, m —
AN f
~N. S

(39v43AY) 2078 WW 9 — 304N0S 09-0)

3903 1HO9IVYLS

0
0c
Ct
n
14
C9 o
<D
-
o~
=y —
Cq S
“nN
5
uwl
coL ®

————————



page 24

AN-IF

3933 L1HYIWVYLS

™~ i
\ 7
\ !
J _\ ] 0. .M»
, \
| 4 ot
, Ay
WU
_ -1 04 3
_. i
)
— N q
f/ \‘. ﬁL = .ﬁ“
) . ..D
N // .[\\.\ r.m.ﬂu

001

~

(3D9Y3AY) 0019 W 9 — 3DdN0S ABW 51



page 25

p1-814

(LUwl) 30u0)sSI]

€% 3dAl NWOS
2% 3dAL NYIS
T# 3dAl NWIS
3903 LH9IWYLS

orL G2l 0oL 0 09 0t  OZ 0
I S— | ._ =
N s
\ f
\ {i - 0%
, \m_.
Vy ~_.
e - Ot
1|
| x
! - 09 =
. L
~__u. =
J B R
.% .
P (O8]
= hJ1ﬂ!\\s _Uﬁvr T

20718 WIW € — 3J4N0S ARWE|



page 26

GI'3!4

(L) &DUD}SK

E# 3dAL NWIS
Z# 3dAL NW3IS
T# 3dAL NWIS
39403 1HOIVYLS

orL  OZL COlL O& 09 OF 0o 0 .
— \U«ﬂisi14nu %
_ — | _ [
_”.,_ f
N : -
_’ ~\.\ ] .\. &
) f
, Q | —| Ot
F ) B
| __
, i Y
_’ ‘ e JH
Y . 1 WY 3
_/ I <0
h 3
\ 4 ~
% u*. — 0% mﬂ
\ o
_//,. /. r\.\u
Uz// th.\n.\\ ™ T Cu.lg—v
= A.L;.L.—‘ '

AS018 WM & — 3J24MN0S

A3

m.

|



page 27

91'314

t———————

3903 1HYIWVYLS

(LJw) sauo)si(g
o+l 02l 00l 08 09 0¥ 4 0

I I I I | _ I O
1/ \\'I\\l
N I
\ i ~ 02
/ |
j
,_ Otr
_/
./ m%
_/._ — O@ w
\ 'y
\ -
/ Pom ot
\ - 08 &
/., ) 0
,;// \“. ..w
N S .
0oL ©

(39v43AY) 32078 WA 6 — 324N0S 09-09

~



page 28

L1814

(LILLY) 20UD)SI]

3933 1HDIVYLS

OFlL COdl 001! 09 Ot v 0
| 1 | =
// ‘._\.Y._
/ \
|
| / —
|
| i
_~
__
~ —
i
.l..\\_V\

(39%43AY) 310078 W B — 308003 ASW gl

——
4
L

(] ydaadad

2

 (

—
—~

abo:

—



Page 2¢

DISCUSSION

When a patient is placed in a
photon beam of known quality and
quantity, the photons will be alksorbed
and scattered and both the quality and
quantity of the beam will be chanaged.
To study these changes, experiments have
been performed using phantoms to replace
the patient. The phantom should be of a
material that will absorb and scatter in
the same manner as tissue. Water and
wet tissue absorb photons in the same
way, and for this reason water has been
used in many investigations. [1531

To simulate clinical conditions the exposures of
the lead blocks were done in a water equivalent phantom
at a depth of 10 cm. The depth of 10 cm was chosen
because it is the average treatment depth, or half of

the patient width.

In order to spare as much surrounding, healthy
tissue as possible, treatments should be placed far
enough apart to allow any healthy cells exposed to
radiation enough time to repair themselves. But,
spacing the treatments too far apart will allow the
cancer to continue to grow. The latter consideration
is given priority. Typically, radiotherapy sessions
are administered five times a week for six weeks;

totalling thirty sessions.
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Verification films are made during treatmenrts,
under the radiation source, and are used to veri:y
spatially where the dosage wacs absorbed. These films
are difficult to evaluate and subject to the reader’s
interpretation. The ideai technological form of
verification would be to image the receptor tissue
relative to some fixed point outside the patient;

which is impossible.

Owing to the lack of concrete verification, and
the fact that a patient is never exactly in the same
place relative to the source and the blocking device
over N treatments, there is a random sampling process
taking place. The probability distribution of this

situation is assumed to be described by a gaussian.

Absorbed dose can at best be described by a
confidence interval. Therefore, for each of the N
treatments it can be said with a certain degree of
confidence that the spatial effect of the blocking
mechanism will lie within an interval centered around

the average blocking effect.

Mean deviation defined as the product of the
standard deviation and the square root of pi divided by
two, is a term that is familiar to the physicians at
the University of Rochester Cancer Center. Clinically,
this describes the uncertainty in the position of the

shielding block relative to the prescribed treatment

30
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area in the patient. A mean deviatiorn in the range of

4 to 12 mm. 1is common in radiotherapy.(See Appendix E)

The exposures of the block models represent the
ideal situation of the block-patient orientation, in
that there 1is no patient movement and only one
exposure. The effect of movement in the patient, and
variations in patient block orientations over N
treatments would cause the block definition to become
less destinct. Therefore, the results of scan types 1,
2, and 3 (See figure 5), were averaged to show a more
realistic effect of the block edges over a series of
treatments. This averaging process takes into account
the effect of the stepped edge configuration over one
period. All of the results are shown in reference to

the penumbra obtained with the straight edge block.

The microdensitometer scans of the film samples
were made perpendicular to the straight edage. The
discontinuous edge film samples were scanned in three
different specified positions (See Appendix A). These
were made perpendicular to the theoretical straight
edge that it is being contrasted to. A reference line
was made on these samples to align the edge scan data

spatially. The reference line was made perpendicular

to the plane adjoining the peaks.
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During the straight edge scan arnZ =zzan type 1 or
the microdensitometer, the scanning was contirued past
the normal field edge penumbra. In all cases, the oren
field edge had a greater spread function than any of
the blocks. This is to be expected dus to the blocks

being closer to the receptor.

The spread function of the two sources varied
widely: which can be seen from the results. This
phenomenon can be attributed to the variation in source
sizes. The Therac 20 (18 MeV), had a source size of
0.3 cm., nearly seven times smaller than the Co-60
(Picker Corp. CB-80) source. The wider the spread
function, the more smoothing that occurs, thus a
greater loss of detail information. This is the reason
that the 6 and 9 mm block sizes are nearly
indistinguishable from the straight edge for all scan
types. Again, the spreading occurring for ail of the

scan types for the stepped edges is still much less

than the field edge penumbra.

In the expcsures made under the Therac, the detail
of the block is much more evident due to its finer
spread function of the system. This variation is shown
on the percent dosage vs distance grarhs for the Therac
(See Results). Although the jaggard edges of the 18
MeV exposures have a more pronounced effect than the
Co-60 exposures, the averaged effect of these blocks is

similar to a straight edge.

al
ta
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CONCLUSION

The author’'s conclusion is based on an averaged
block penumbral effect over N radiation treatment:s.
This average penumbra being an averaged etfect of one
period of the jaggard edge. It can be concluded from
the data that the average effect is more <clinically

realistic.

The data from the 9mm block exposures under the 18
Mev source, (unaveraged), have a spread between scan
type one and scan type three, in the order of three
millimeters. This is a spread that is well within the
range of the interval defined by the 95% and 99%
confidence interval 1limits, for average clinical mean
deviation values (See Appendix B). This spread of
three millimeters represents an exposure with no
patient movement and only one sample rather than the
average effect of N treatments. The data shows the
average penumbra is less than or equivalent to the
field edge penumbra thusz gupporting the hypothesis of
the feasibility of a digitally-controlled bloxel,

(block element) system.

Therefore, in conclusion, a digitally-controlled
bloxel system would in the long run be cost efficient,
guick, reproducible, and most importantly, and

encourage physicians to block healthy tissue that



Faoe 34

perhaps would have been overlooked. The exact size
that would be operationally optimal should be
investigated further by physicists, physicians, and

mechanical engineers.
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APPENDIX A

Co-60 Calibration Curve:

- Co-60 source calibratedr at 29.66 rad/min on

January 13, 1984 at 80 cm.,
(source used 59 days later).
- Co-60 half life = 5.271 years.

- Decay factor:

exp((-1n 2 / 5.271) x (59 / 365)) = 0.9797

- Tissue to air ratio (at a depth of 0.5 cm.) =

1.035
- Exposed at 124.5 cm.

Dosage:

(.9797)(29.66)(1.035)((80/124.5)~ 2) = 12.4 rad/min

Therac 20 (18 MeV) Calibration Curve:

- 100 Monitor unitS/minute

- 1 Monitor unit = 1 Rad (approximately) at Dmax =

3.5 cm.

- Tray transmission = 0.97
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- Dose at 100 cm. = 100 rad (source calibration)

- Tissue to air ratio at a depth of 5 cm. for a

10 x 10 cm field = .997

Dosage:

(0.937 x 0.97 x 100 (rad/min)) / ((100 / 124.5)2) = 149.9 rad / min
Block Exposures with Co-60 Source
- 80 days after calibration of source at 29.66
rad/min at 80 cm. from source.

- Decay factor:

exp((-1n 2 / 5.271) x (80 / 100)) = 0.97

- Tissue to air ratio at depth = 10 cm. for a 10

x 10 cm. field 100 cm. from source = .709
- Source to block distance = 64.5 cm.
- Source to film distance = 100 cm.

Dosage:

(0.97)(.709)((80 / 10012)(29.66 rad/min) = 13.1 rad/min

Block Exposures with Therac 20 (18 Mev)

- Tissue to air ration at depth = 10 cm., for a 10

x 10 cm. field at 100 cm. from source = .894
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- 100 Monitor units/minute

- Transmission of tray = .97

Dosage:

dose = 100 (rad/min) / ((0.97)(0.894) = 115 rad/min.

Microdensitometer Scans

- Eyepiece = 5X

Objective lens = 5X

Aperture = 1.5 mm diameter

- Scan rate = 10 mm/min.

Chart speed = 50.6 mm/min.

Scan specification

9
&
—
318]
e—

scan separation

Fig-19
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Table 1 - 95% and 99% Confidence Interval
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(Sample size = 30)

mean deviation = 4 mm.

standard deviation = 5.01

95% Confidence Interval : -1.79 <

99% Confidence Interval : -2.33 (

mean deviation = 8 mm.
standard deviation = 10.02
95% Confidence Interval: -3.58

99% Confidence Interval: -4.66

mean deviation = 12 mm.
standard deviation = 15.04
95% Confidence Interval: -5.38

99% Confidence Interval: -7.00

x|

¢ 5.38

¢ 7.00
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APPENDIX C

Calculations utilized for Table 1 (Appendix B):

Sample size = 30

Z = (X-M)/ (N/VS

Where:
‘ X = Sample Average
N = Sample Size
S = Sample Standard Deviation
and:
A = Mean Deviation
A = 8SVm/2
Z(alpha = 0.05) = 1.96
Z(alpha = 0.01) = 2.55
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