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INTRODUCTION
Tota! body irradiation (TBI: 1000 rad, single dose)
preceded by agressive chemotherapy and followed by
wone marrow (ransplantation, is 2 treabment for acute

; leukemia. Most of the previous experience with this
i modality has been with Co-60 irradiation.™

Our center does rot have a suitable cobalt-60 irradia-
o however, we go have a 10 MV linear accelerator®,
which can produce an adequate beam size for TBI of
aduits (diagonal fuli-width-half-maximum of 180 cm at
170 em Source-Surface Distance (S5D)). To establish
the suitability of 10 MY X-rays for TBI, we set th

following dosimetric requirements: 1} dose untformity

" mid-depth; 3} a superficial

«5% ta + 10%: 2) dose rate of 5 to 10 rad per minute at
dose equal to or greater than
%% of the midiine dose; and 4) a detailed dosimetry
iecord for each patient. Each of these requirements will
e discussed i turn.

Accuracy of dose determinaiion

1000 rad is the dose called for by the treatment
otocol at our institution. The radiation serves a dual
Purpose: it is an adjunct io the chemotherapy in eradica-
ling the malignant proliferative celis of the bone marrow
f:‘i‘rsd an immune-response suppressor 1o aveid rejsction of
e engrafted donor bone marrow. 1000 rad approaches
%Fubiished values® of doses that may resuit in death from
ime gastrointestinal (GI) radiation syndrome. There
e, it is important that the planned dose not be exgeeded

T ———

in the region of the G tract. In certain nen-critical areas,

such as the extremities, dose errors on the high side may
not be consequential. Lung complications are a problem
in hone marrow transplantation programs; however, dose
limits for the jung are not yet establisbed. We set a lirnit

of +10% of 1000 red for dose accuracy and dose unifor-
nity, with the goal to be +5%.

Dose rate

Prose rates of about 5 rad/min jcading to a total dose of
1000 rad have been demonstrated to be well tolerated in
matients with regard both 10 immediste GF symptoms
such as nausea, vorniting, diarrhea and to delayed effects,
cuch as death from acute Gl syndrome.' Higher dose
rates are generally not considered to be weil tolerated.
However, Kim er al® discuss the biclogical equivalence of
a lower dose with a higher dose rate (750 rad at 26
rad /min}, We choose to limit the midline dose rate io less

than 7 rad per minufe.

Superficial dose

Since leukemic infiltrates may be found in the skin, it
is desirable that the superficial dose (the dose to the first
few millimeters of tissue} satisfy the same requirements

of total dose as other locations, With 10 MY photons, the

skin sparing effect (the superficial dose is 10-50% of the
it dose.
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dmax dosed i not gvercome by increased
Consideration must be given to increasing the superficial
dose by means such as bolus applied to the skin,
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Dasimerry record

In order to accumulate meaningful clinical data,
dosimetric record must establish dose delivery and dose
uniformity for each patient, It is important to be able to
correlate dose with observed morbidity (including recur-
rence of leukemia}. Others have reported on the use of
thermoluminescent dosimstry (TLD) in the rectum
and/or axillae to monitor dose' We feel that 2 non-
invasive dosimetric technigue is indicated; therefore, we
employ a system of externally applied TLD at multiple
anatomic points to monitor dose accuracy and uniformi-
ty. The TLD system will be described in a ater section.

a

METTHOES AND MATERIALS
Preliminary measuremenis
The following measurements were taken in preparation
for the TBI program (all involve 2 130 em sguare feld at
370 cm 55D A 55D of 370 em was chosen because this
permitted by the construction of the
I

was the maximum pe
room; 370 om S5 is approximasely 70 om from the wal
of the room roward which the beam 15 directed):

a) Central axis and off-axis depth doses at 370 cm
55 Data were taken using a 40 x 40 x 40 om
water-filled radiation field analyzer®. The resulis and the
noints along the feld diagonal at which measurements
were made are shown in Figure 1.

b} Beam intensity profile at dm

sy

f=N

a1 370 cm 55 was

measured using a 0.6 co air lonization chamber at depth 2
30 % 30 cm polystyrene phanioms.
¥
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cm o in oa 30
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LComparable resubis wer

2 obis TLED with 7 om

ined using

Ha red on a plywood beard. Since our
that symmetry 18 maintained within

by the linear accelerator’s beam steering and dosimstric
systent, we averaged the results for either side of central
axis, as shown in Figure 2.

2} Central axis depth dose in the build-up region {0 1o
3 em) was measured by means of a 0.3 ¢ thin window air
1onization chamber? and by TLD ribbon, both 1 a 30
30 x 30 cm polystyrene phantom. Figure 3 shows lhe
resuits of the measurements. For evaluation, the relative
dose using & and 16 single layers of hospital blanket was
measurad.

Radiation dose uniformity
Measurements of midline dose were undertaken using

a humancid phantom** and TLD. A comparison of
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Fig. 3. Central axis depth doses in the build-up region for 130
om square field, 370 cm 850, 10 MV w-rays.

predictions based on calculations of output factor and
depth dose was made with measurements.

n & O 0. FiNnLEy ef ol

697
santom {the point closest 1o the midiine was wsed),
we placed TL.D ribbons in gelatin capsules in the ssctions
| through 34, The results are shown in Figure 4. Fhe
range of deviations from unity in parts per hundred of the
ratic of the predicted and the measured midline dose was
~11 te +5, while the mean of the absolute value of the
deviation was 4.1 lstandzrd deviation (8.0} = 2.6]. We
conclude that it is possible 1o use our measurements of
depth doses and off axis factors to predict dose along the
midiine of the mid-sagittal plane to within =5%.

Dose uniformity in & transverse plane for AP-FA
irradiation was evaluated in two sections using TLD. No
bolus was used to bring up the superficial doss in this
series of measurements.

Sections 13 (ghest with lungs) and 32 (pelvis} were
used. Section 13 is at the fevel of the bifurcation of the
bronchi. The 5.0 of 26 points was 4% of the mean. For
12 points in lung tissue, the S.D. was 3% of mean and for
14 points in non-lung tissue, the S.B. was 1% of mean.
The ratio of lung to non-lung tissue doses was 1.07. For
Section 32, the uniformity of 48 points showed 2 5.0 of
4%, Two points at a depth of approximately 8.5 cm below
the anterior surface were 0% below the averape dose,

ine
- Two points on the lateral surface at a depth of approxi-
i predicted dose ofi-axis midline  OPF » DD (oap) mately 5 cm and [ cm were 14% and 5% above the mean
X . A A =TT e s v ) o cmectivel
0w central axis midline dose DD {ca) dose, respectively.
f‘;’”‘r Where GPF is the off-axis output factor {Figure 2}
FA and DD is the fractional depth dose on the ceniral axis Conclusions from measurements
l’].[" {ea) or on a parallel axis passing through the off-axis A, Need for beam-tissue compensation. Figure 4
b point (Figure 1} Using the pre-drilied dosimeter holes in reveals that measured doses are from 22 to 30% higher
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than the midline dose on the central axis which is in the
region of the pelvis. The region of high dose is in the
upper mediastinum. upper lung and neck. Acute doses of
130G rad in these areas moyt tikely would lead to unac-
ceptable morbidity. Therefore a compensating filter is
necessary to reduce the non-uniformity (o an acceptable
level,

8. Superficial dose-bolus. By summing the entrance
and exit dose and comparing with the midline dose for
AP-PA treatment, it can be shown that the superficial
dose varies from 26% to 31% lower than the midiine dose
for patient thicknesses of from £ to 10 cmi. At the depthof
0.5 em, the doses are 12% to 13% lower than the midline
dose; at a depth of 1.0 ¢m the doses are approximately 8%
lower than the midline dose. To insure that any infiltrates
of tumeor cells intg the superficial layers of skin receive a
dose within 10% of the midline dose of 1600 rad, we must
add bolus material to the patient equivalent t0 0.8 ¢ of
tissue. Our approach has been to use hospital blankets,
which the patients 1olerate very well and appreciate in the
cool treatment roem. As shown in Figure 3, 16 single
layers of blanket are equivalent to approximately 0.8 e,
Rather than covering the face with blankets, we place a
0.6 cm transparent lucite sheet in front of the patient’s
face during AP irradiation.

C. Dose uniformity. The measurements in the trans-
verse sections of the phantom show that the dose
uniformity is adequate at all depths {provided bolus is
used for superficial depths). The agreement between
predicted and measured mid-depth doses on and off the
central axis as shown in Figure 4, show that the combina-
tion of off~axis output facters and oif-axis depth doses
can provide the basis for the design of a compensating
fifter to produce adequale mid-depth dose uniformity.
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Beam filter design— Pation: measurenens gnd
computations

The pravious sections have shown that measuremen;
of the patient’s anterior-posterior thickness gt Varing
points along the cranial-cauda axis, coupled wi
medsurements of beam intensity profile and fractiony
depth dose, can be used 1o caleulate the midline dog
without compensation at those peints relative o th
midline doss ai the central axis of the beam, The COMmpy.
tations reveal the amouni of attenuaiion required in 4
beam iniensity filter to produce a uniform midline doge,

We bring the patient to the department abaut ong
week before the scheduled TRI to ohtain measuremenyy
required for the filier design. This visit also Serves as an
introduction to the procedure, the equipment, and the
personnel. The procedure is explained in detail, The
treatment is simulated while the patient is on a padded
gurney located against the east wall of the accelerator
treatment room. The collimator jaws are opened 1o the
fullest extent and the collimator is rotated 30 that the
diagongl of the field is parallel to the fioor and eoincident
with the mid-saggital piane of the patient. The guraey is
adjusted (o give an SSD to the peivic area of 370 cm and
the patient is adjusted so that ail areas of the body are ng
tess than 10 t0 20 om from the edges of the light field.
The upper portions of the body are usually flat {SS8D
within 4 cm of 370 cm}); however, the knees must be
flexed somewhat to bring the bedy within the light feld.
Marks are placed on the patiest at the beam center and
at several other points. The anterior-posterior thicknesses
at these points are measured and recorded, along with the
distances of the points from the central axis.

These parameters are used for beam filter design and
the marks are used o reposition the patient as reguired

Table . Physical data and beam parameters for a patieat {UPN 13)

Fractional Off-axis Pesired
Bistance from Half-thickness depth-dose factor transmission,
Fosition beam center +0.8 ¢ B OAF T
Central axis
(pelvis) 0 13 833 1.00 1.06
Umbilicus Bem ™ 0.8 84 1.02 975
Kiphoid process Iem N 1.3 828 1.05 964
Suprasternal notch 49 em N 7.8 90 1.10 843
Base of chin dlem N (6.3) .93 113 795
Center forehead T5¢em N 16.3 813 b.14 599
Top of head 78 cm N (10.3) 800 [.13 524
Mid-thigh tdem S 8.3 875 1.0t 945
Kress 3Zem S 6.8 525 1.05 860
Mid-calf 48 cm 8 8.3 83 1.08 . 831
i id-foot 73omsS 4.3 97 (! T76
Tip of feet 26 com 8 {4.3) 87 50 4§37

l

MNotes: 0.8 cm is added to midline de pih to account for the 16 lave
i ¥

Tl

ihicknesses used for regions where thich

kness s changing rapidly. Fractional depth dose measurements are either central 2

rs of biankets covering the patient, Mumbers in parentic

oif-axis values as aporopriate, normalized te ihe depil of maximum dose {approximately 2 em),
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Table 2. Beam filter design: Patient {UPN F5) 370 0m S50, 65 om SDD

Calculated
- Distance from Demagnified Dresired® Nao.** of Arbitrary T
Position central axis distance transmission thicknesses Jjudgement
Central axis
{pelvis) 4] 0 106 0 G
Umbificus 2em N 2.3 ¢cm 875 6.5 0
Xiphoid Gem N SZcm 860 0.8 0
Suprasternal notch 4% om N 8.6 em 843 32 2
Base of chin
{upper neck) &l em N 10,7 cm 795 4.3 3
Center of forehead T5em N 13.1 cm 899 2 i
Top of head TEem N 13.6em 924 1.5 ]
Jid-thigh Hem § 14 cm 945 1.1 i
Kuees 2em § 5.6 ¢cm R 28 2
Mid-calf 48em S 8.4 cm 831 3.5 3
Mid-foot Tiem S 12.8 em 76 4.8 3
Tip of feet Boem 8 5.0 cm 957 0.3 0

*See Table ©.

¥*Number of thickness of 0.11 cm lead sheet = [In TI/[—0.48] = Q.11

tSee text.

duving the treatment session. Table 1 shows the physical
data and beam parameters for a typical patient, Unigue
Patient Numaber {UFN) 15, a male 18 years of age, who
reported his beight to be 165 cm. From Tabie |, one can
sec that atienuations of up to 20% or more are required in
relatively thin portions of the anatomy such as the neck

and feet.

s,

Beam filter construction

it is well established that tissue compensator design is
strongly a function of treatment depth and field size: for
that rezson, universal compensation to achieve uniform
dose at afl depths and 2ll regions of the radiation feld is
not sirictly achievable. At the beginning of cur tota body
irradiation program, we chose a naive approach to

Fig. 5. Patient in position for anterior-posterior radiation.
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compensation that scems (o yield acceptable resufis. We
obtained a supply of sheet Jead with a nominal thickness
of G.11 c¢m, which vam}y can be culto shape with ordinary
scissors. Using a measured linear attenuation coefficient
of 048 cm™! one can show that each added thicknesses of
lead results in approximately a 5% reduction in mtmsh‘»
Using the points and transmission values in Table | as a
guide, we construct the beam filter on a piastic tray,
which fits into the blocking trav helder at a4 source-
to-tray distance (SDD) of 63 ¢m. Dimensions on the
patient’s surface are demagnified by the ratic 65/370 in
constructing the filter. Table 2 shows the results of
calonlations for beam filter design for the anatomic
posttions shown in Table 1. The final column in Table 213
the result of our experience with the initial patients in the
program that there was overcompensation in the regions
above the mid-mediastinum and below the knees. For
those regions we arbitrarily reduce the calculated number
of thicknesses by 1 for values of 3 or 4; in the region of the
calf and below we use no more than 3 thicknesses of lead
so that any errors are in the direction of higher rather

June 1980, Yolume 6, Number 6

than lower dose. The width of the strips is 10 cm. The

¢y
are assembled along the diagonal of a sohd lucite biw.v,,
tray using double-stick adhesive tape.

Caleulating monitor units setting

The number of monitor units 1o deliver o midline do,
of 1600 rad is caleulated from the measured dmax omm:;
of the linear accelerator at 370 cm SSD with the fijie:
tray in place, using the fractional depth dose for ipe
patient’s mid-thickness on the central axis of the beam
As an example, for patient UPN 15, the computation
Was:

J)UO rad
Monit its for 1000 rad =
Monitor units for ra (0.0786 -y mu) \D g%)
3237 mu

wiere 0.0786 rad/mu is the dmax culput of the machine
at 370 cm SSD and §.835 s the fractional depth dose of
11.3 c¢cm. The output rate of the linear accelerator iy
adjusted to 106G monitor units per minute, so the midline

Table 3. Clintcal results
Unigue Type of Umgue Type of
pattent acute Cutcome patient acute Ouicome
number leukemia Age {yrs) of BMT {3/79) number ieukemia Age (yrs) of BMT (3/79}
i AMMOL 29 Died day +61 with 18 ALL 8 Died day +38 with
recurrent leukemia recurrent leukemia
3 AMMGL 18 Phed day +252 with 19 AML 39 Alive and in CR 14
GYHD and CMVY . months p. BMT
paeumeoenia 22 AML . 54 Died day + 26 with
4 AME 51 Died day + 61 with acute respiratory
recurrent leukemia fallure
5 AWML 34 Died day + 34 with 23 AUL 29 Alive and tn CR 10
recurrent leukemia months p. BMT
& AMOL 28 Alive and in CR 27 24 ALL 14 Alive and in CR 9
months p, BMT months p. BMT
9 ALL 29 Alive and in CR 23 25 AMMOL 20 Died day + 10 with
months p. BMT hepatic failure
10 ALL 7 Died day +65 with 26 ALL 21 Diied day + 51 with
recurrent leukemia GVHD and CMY
Il APL 30 Alive and in CR 23 pneumonia
months p. BMT 27 AML 235 Alive and in CR7
13 APL 33 Died day + 78 with months p. BMT
GVHD and MYV 28 AML 32 Died day + 15 with
preumonia acute cardiac
14 ALL 17 Died day + 138 with failure
recurrent leukemia 29 ALL 20 Aliveand in CR &
13 ALL 17 Alive and in CR I8 months p. BMT
months p. BMT 31 AML 32 Alive and in CR 4
i6 AML 36 Alive and in CR 16 months p. BMT
months p. BMT 3z AMMOL 15 Alive and in CRJ
17 AUL 23 Dyed day +61 with months p. BMT
GVHD and CMV
prewmonia o
AML = Acute myeloblastic leukemia. TR = Complete remission,
AMMOL = Acute myelomonocytic lenkemia, MY tywmfugu] VIrus.
AMOL = Acute monsblastc leukemia. GVHD = Gralt vs host disease.
ALL = Acute lymphoblastic leukemia. Mote: Missing numbers (w‘:uxm UPN 2. who died P'”' ®
APL = Acute promyelocylic leukemia. BMT). are patients with diseases other than acute leukemi

= Acuie undifferantiated leukemia.

AUL
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sace rale 15 approximately 7 rad per minute for a tvpical
mtient and the total irradiation time is in the order of
14 minuies.

patient dosimeiry

in order to verify the correctness of the beam filter
wnstruction and to provide a data base for evaluation of
;e freatment regime, we measure the dose at several
qaatomic locations for the complete treatment using
TLD. TLD material with tissue-equivalent build-up are
maced on the anterior surface of the patient at the chosen
wcations. The first 230 rad of the planned 1000 rad
midline dose 1s delivered in the anterior-posterior direc-
tion while the patient is reclining on his /her side {Figure
§y. After 250 rad has been administered, the patient is
wrned, leaving the dosimeters in position, and an addi-
onal 250 rad s administered in the posterior-anterior
direction.

At the end of the first 500 rad total midline dose, the
dosimeters are removed and replaced with fresh TLD.
trradiation continues for an additional calculated 250 rad
in the PA direction, while the dosimeters are readout and
sompared with 2 set of dosimeters exposed to 500 rad

70

under calibration conditions. Since patient UFM 26, the
procedure hss been modified so that the initial set of
TLD are readout following the administration of a pre-
calcalated 230 rad midline dose (125 rad AP followed by
i25 rad PA). The purpose of the change was to provide
an earlier adjustment 1o the monitor units or compensat-
ing filier. In approximately 50% of the patients treated, a
change is made as a result of the TLD measurements.
The most common changes are the addition or deletion of
the filter material in the region of the upper mediastinum
or the forehead. The TLE doses measured in the proce-
dure described above are actually a combination of
entrance and exit doses and not a direct measurement of
mid-line dose. Flowever, using depth dose data, one can
show that the midline dose is approximately 3% higher
than the sum of the dmax (AP) and exit (PA} doses
recorded by TLD on the anferior surface for typical
patient thicknesses {8-30 cm).

RESULTS

Between May 1976 and December 1978, 26 patients
with acufe leukemia were entered Into our bone marrow
transplantation (BMT} program. 25 were actually trans-

Table 4. TBI dosimetry results - 5/18/76 10 12/5/78

Mean {rad}

Unigue Pelvis, Thigh Calf of all points
patient beamn Center Mid or or (= 513/
number Drate axis forehead foot Umbilicus  Xiphoid SSN knee hung mean x 100}
1 5/18/76 1Gi8 Q23 804 NA 431 A 1099 A 855 = 12%
3 T/27776 R 322 971 NA MA NA NA MNA 961 = 4%
4 B/24/76 253 G16 G44 264 941 MNA MNA NA 944 + 2%
3 /28776 1044 570 973 1350 WA 981 NA NA 1004 = 4%
6 12/28/76 477 940 931 MA 914 1008 MNA NA 958 + 4%
9 3/01/77 1617 3306 1015 77 MNA G36 MA NA 980 x 4%
10 3724777 1602 986 87 NA H302 1037 1012k MA, 1006 = 2%
11 S/¥0/77 982 957 1042 NA NA 1138 1055k WA 1034 + 7%
13 T/V2TT 1082 1048 1024 MNA NA 1039 P22k NA 1067 + 4%
i4 g/08/77 1063 {035 984 A 872 043 96ik NA 983 z 6%
i5 /27777 Q75 963 1009 MA 934 916 1037k MNA 977 + 5%
16 E1/O1/TT 973 1035 952 NA 1090 1081 948k MNA 1013 + 6%
17 1115777 1313 976 1049 NA 877 973 1044k NA 989 + 6%
18 12/13/77 957 1008 980 NA 934 1042 NA 10621 1001 = 4%
i9 1/31/78 1021 1032 1038 1079 1014 1102 994t 11181 1650 « 4%
22 4/25/78 1033 954 1334 98% G419 1021 FO00 939L 986 + 4%
23 6/06/76 1097 1069 1096 1061 1001 1088 2561 12141 1073 = 7%
24 6/27/78 1616 902 309 1000 1063 0% 1001k NA 985 = &%
25 T/I2/78 1022 883 OG0 NA 1605 971 1010t FIESE 1015 + 8%
26 8/08/78 93] 245 938 78 871 1064 922¢ BI7L 945 + 7%
27 8/29/78 3 212 934 945 981 886 9791 MNA 931 + 3%
28 9712778 987 883~ G861 Q77 1003 340 9zt 8630 8942 = 5%
29 /37778 1008 238 886 940 870 86 899t 530¢ 633 + 3%
3t 11/28/78 1023 936 246 999 1016 Qa5 G5t 9%4c 976 & 4%
32 12/05/78 G9G 1019 846 573 B33 $78 95T glic 955 = 6%
e 25 n =25 n= 23 ne= 13 n =20 n=22 n =11 ne=7 n=23
Mezn {rad) 1002 964 . o7e 904 960 1047 Q6% 1027 984
- 8D, (rad} 40 53 69 43 64 - &9 57 135 40
% DIFF 1000 +0.5 &% ~2% - 1% 4% +1% —3% +3% —1%

MNA = datz not availabie.
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planted {UPN 2 received chemotherapy and died of
pneumonia two days prior to TBI). The various types of
acute lsukemia as weil as the patients’ ages are presented
in Table 3. TBI was preceded by administration of two
different regimens of high dose chemotherapy: the frst
ten patients received cyclophosphamide 60 mg/ke five
and four days before TBI the next sixteen patients
received cytosine arabinoside 3 mg/kg eight and three
days and cyclophosphamide 80-100 mg/kg fve days
before TBE. Bone marrow was obtained from the histo-
compatible allogeneic donors by multiple needie aspira-
tions® and transfused info the recipients between four 1o
six hours after TBI was completed. Engraftment was
confirmed in all 25 transplanted patients using variocus
genetic and clinical markers. The outcome of BMT is
described in Table 3; 12 of the 235 ransplanted patients
were alive and in comtinued unmaintzined complete
hematological remission 3, 4, 6, 7.9, 10, 14, 16, 18, 23,
25, and 27 months after BMT. More detailed clinical
information is being prepared for publication. For the 25

June 1880, Volume 6, Number 6

patients treated between 3/18/76 and 12/5/73, th
modal of value of midline dose uniformity at all anargp,
~e

cal sites was 4% (Range +2% to =1 2%). The mean dog
was 986 rad. Results are summarized in Table 4.

DESCUSSION

It has been our experience that = |0 MV linear
aceelerator is an.effective tool for delivering a satisfacty.
rily uniform dose. The 10 MV linear accelerator provideg
an inherently mare uniform dose than cobalt-60 becayse
of its higher depth doses, and the problem of skin sparipg
1s easily overcome by using a simple bolus. The dese ;a{;
from a linear .accelerator is casily controllabie and
remams constant from patient to patient, without varis.
tion attendant 10 source decay and without changes iy
irradiation geometry which would be made e compen.
sate for source decay. Simple tissue COMPpensarors are
adequate to provide dose uniformity. TLD, externally
applied, provide a non-invasive means for monitoring
radiation dose accuracy and uniformity,
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