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Abstract

A comparison of normal tissue and *tumor responses in
patients treated with the high energy Fermilab neutron beam
and conventional photons (Cobalt and 4 MeV x-ravs), vielded
the following parameters., For neutrons the median dose for
significant radiation injury in the irradiated tissues was 31
(+2) Gy and the median dose for local control of the tumor
was 26 (+2) Gv. The corresponding doses for photons were 90
(+4) Gy for normal tissue injury and 74 (+3) Gy for local

control of the tumor.

These figures show that the therapeutic ratio is roughly

1.2 for both neutrons and photons.

Similarly, the RBE of neutrons resiative to photons is
about the same for normal tissue tolerance and for tumor
control, Under these conditions, there 1is no demonstrable
therapeutic gain <Zfactor for neutrons relative to photons.
The overall local <control rate- was the same for both

modalities (44%).

Key words: =pidermoid carcinoma, neutrons, dose cffect

relationship, gain factor.



INTRODUCTION

The effect of neutron heam therzpvy on the response of
late stage cancer of the head and neck i3 atﬂﬁhe nresent time
the most widely studied «clinical system. Reports fro
amsterdam?, London {Hammersmith)z. Houston (TAMVEC) 3,
Edinburgh and Essen {(Z0RTC, this <onference) and Chicago
{(Fermilab, unpublished data) now total some 270 patients
treated with neutrons alone (excluding mixed “eam studies)
and 272 patients treated with photons either in concomitant
pilot studies or in randomized clinical trials. In general
the local control rate has been consistently greater with
neutrcns, although the statistical validity of this
observation remains +to he tested. There is also a marked
variation in results among the differeant centers, A
particularly striking difference was observed in the
Hammersmith series- in which a nighly significant difference
in local control has been reported. Other centers have zhown
a marginal improvement with neutrons, but the differences so
far are not statistically Significant. Furthermore, in all
reportad series the complication rate has Dbeen higher with
neutrons, <suggesting that the advantages cbserved with the
new modality might e attributed to a relatively higher
deosage level. This could occur because of uncertainties in
the RBE for late tissue damage and also to differences in

dosimetry and treatment plans among c¢enters.



In particular, »ublished reports on therapy %“2chnigque
and *“reatment olans Irom Hammersmith? show that srescribed
doses in that institution are in fact minimum tumor IJoses (in
contrast to the orotogols in the 7Jnited States which
nrescribed target absorhed dosesg) and that a high degree of
uniformity in dosage distripution 13 obtained throughcut the
target volume {without significant Lot spots). The target
volume s 3small and generally confined to the primary tumor
and any palpable nodes, "»ut does not include =2lective
irradiation of sites of potential regicnal metastases. These
constraints might be expected to be associated with better
local control and fewer local complications, but may well be
offset by a greater risk of marginal and regional rszcurrence.
It 1is significant that differences in overall survival of
pvatients treated with the +two modalities are considerably

less striking than in the case of local control rates.

Because of the discrepancies 1n the results obtained 1in
the various centers, 1t seemed appropriate to studv the dose
effect relationships for neutrons- and photons, evaluating
tumor response and normal tissue injury with hoth modalities.
During the past £ive vear experience at Fermilab, sufficient

data have accumulated for a tentative study of this nature,.



METHODS AND MATERIALS

The Fermilab Yeutron Theraoy Tacilitvy thas a fixed
horizontal beam of neutrons generated by the o2(66)Be
reaction, which i3 approvoriatelv collimated and delivered 1in
an isocentric wode to patients immoblilized 1in a sitting
nosition in a rotating chair. Skin sparing, depth dose,
dosage distributions and treatment o2lans are essentially
similar to those obtainable with 4 MeV photons. Patients
were denerally treated with target absorbed doses between 22
and 27 Gy to the primary target volume which was designed to
encompass the primary tumor with a 2 c¢m margin. The
uaninvolved neck was treated electively with about two-thirds
of this dosage. Treatment was delivered over a fairly
consistent overall time of around six weeks at two or three
fractions per week (13 to 19 fractions}. 4 tentative PBE of

about 3 was assumed.

Although this was not a randomized study, <=ligibility
criteria and treatment techniqués generally followed the
current national »rotocol (RTOG 76-10), except that total
target absorbed doses varied more widely than the limits
prescribed by ©orotocol. For c~ompariscn an essentially
similar group of vatients from the same referring centers who

had been treated by ophotons {as the control arm in a
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randomized study) were similarly zanalvzed. 3Since this is not
3 controlled randomized ztudv, =he two arms TJav 1ot be
strictly comparable. The majoritvy of patients receiving
neutrons alone [(as distinct from mixed beam) elected to have
neutron theranv for personal or logistic reasons, though all
patients in both arms had T3 to T4 lasions with or without
cervical nodes. Tt is possible, =2f course, that the neutron
group included some patients with more advanced disease who
wvere referred for this medality without randomization because
of physician preference, in the opelief that ovrognosis with

conventional therapy might be poor.

During the period under review, 43 evaluable patients
had been treated with neutrons and 73 with conventiconal low
LET techniques {photons and =lectrons). Results were
evaluated at a minimum of two vears after completion of
treatment. The results were expressed In terms cf nersistent
tumer control within the target volume and the appearance of
significant late effects attributable to the radiation. It
is necessary to emphasize that  this is a first tentative
evaluation. Differencesgs in size, stage, site of origin and
patient performance status have not been taken into account.
The neutron group may well represent more advanced disease
and include a number of post-surgical recurrences.

Turthermere, all doses analvzed are the given target absorbed

doses. Since tumor control depends largely on minimum target



volume dose and complications are likely %o <correlates hest
with maximum Gtissue Jdoses, a more Jetailad Adosimetric
analvsis may lezad to different conclusions. 31 comprehensive
report on this series of patients, %ogether with data on a
variety of mixed beam and "boost" procedures, 211 analvzed in
terms of local control, survival and compiications for tumors
of various stages and specified sites of origin, 1is in the

course of preparation

RESULTS

Of the 73 patients treated with photons, 32 remain free
of tumor within the target volume vielding a local control
rate of 44% (+6%). Of 43 patients treated with neutronsg there
were 18 local <controls, 2 control rate of 43% (+7%). There
were also 4 significant complications in the 2hoton series,

and 3 in the neutron group.

Results of the dose =ffect analysis for the neutron
treated patients are shown in Table 1 and the corresponding
analysis for the vphoton controls in Table 2. Probit analysis
of the four dose effect functions (tumor and normal tissue,
ohotons and neutrong) yielded the following oparameters: for
neutrons the median dose for significant radiation injury in

the irradiated tissues was 31 (+2) Gy and the median dose for



local zcontrol of the tumor was 25 (+Z2) Gv. With photons the

median dose for normal tissue injurv was 20 (+4) 3y and  for
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local <ontrol 2f the tumor 7 igure 1 zhows the
data points with their associated standard deviations and the
dose =2ffect Functicns ased on the derived paramet=rs in the

probit eguation. Dosage i1s expressed in terms of the target

absorbed dose,

Figure 2 shows the computed conditional orobability of
uncomplicated control as a function of target absorbed dose.
The probability of uncomplicated control 1is given by the
formula:

PUC = Pt (l~Pn)
where P represents the probability of local control and Pn

t
the probability of significant normal tissue damage at the
dose 1n gquestion. It will be noted from Figure 2 (line Db)
that a well dJefined owntimal Etarget absorbed dose axists
(approximately 27 Gy} where the probability of uncomplicated
control with neutrons i3 maximal. At this dose the estimated
probability of uncomplicated controel is about 45%. Similarly

with photeons the optimal target absorbed dose is arcund 78 Gy

with a similar probability of uncomplicated cure.



DISCUSSION

The median doses Ior the four contingencies computed by
orobit analysis (or the nosition of the four lines in Figure

1) show that the =zherapeutic ratio {(ratioc of the median dese

for normal +zissue injury to the median dose Zor tumor
control) is 1.20 (+.17) for neutrons and 1.21 (+.16) for
vhotons which are not significantly different. Similarly,

the RBE of neutrons relative to photons Sor normal =Zissue
tolerance was 2.9 (+.2) and for tumor control 2.9 (+.3),
which are virtually identical. The therapeutic gain factor
of neutrons relative to photons (ratic of RBEs) under thesge

conditions does not differ significantly from unity.

From this analvsis it must bhe concluaded that neutrons
are unlikely to offer 3 significant zdvantage {in terms of
Ture  rate) in the management »f Tate stage :pidermoid
carcinomas of the head and neck. The cptimal dose with
either modality cculd yvield a local contrcl rate of about
60%, with a 25% risk of significaﬁt radiationn injury, and an
estimated probability of uncomplicated control of no more
than 45%. It is unlikely that any adjustment of dosage would

improve these results substantially.
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An interesting consegquence of this analysis 1s the
potential for improving results by more detailed attention to
treatment planning so as to achieve aniformity of dosage
distrinution throughcut the target volume. Tines a and ¢ in
Figure 2 represent the comparison cetween tumor response and
normal tissue injury when the former is evaluated in terms of
minimum tumor dose {that 1s assuming absolute uniformity
throughout the ‘target volume)}. Under these conditions the
optimal dose is lower and the probability of uancomplicated
control substantially higher than that cobtained with the less
uniform distribution. This result is a direct consequence of
the very steep dose response functions observed. Whether a
significantly better outcome would result from improved
uniformity of dosage in the target volume, and whether this
would bhe better achieved with neutrons than with photons or
other low LET radiations (electrons or protons), remains to

ne determined,

These conclusions apply to epidermoid carcinoma of the
upper respiratory and alimentary tract. They may also be
true for epidermoid cancers in other situations such as the

uterine cervizx.

Non-epidermoid carcinomas have been excluded £from this
analysis although several such cases, including

adenccarcincomas, adenocystic fumeors and cylindromas were
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treated. It 1s noteworthy +hat most of these were well
controlled by nzutrons in the same dosage range ({(Kurup et
al., unpublished data) and would thave dJdemonstratad a
zignificant superiority of neutrons nad they been included in
the series. The implications are that while the advantages
of neutrons for epidermoid cancer are marginal at best,
neutrons may afford a real advantage in the treatment of

adenocarcinomas and other radioresistant tumors.
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Table 1

Meutrons

Rates
Dose (Gy Patients Controls Compl. %3 Cure % Compl. %
< 19 2 0 0
17({+11) 0
20 - 21 10 2 0
22 - 23 6 3 1
50 (+13) 21(+11)
24 - 25 8 4 2
26 - 27 16 8 5
53(+12) 29 (+12)
> 28 1 1 0
TOTAL 43 18 3 43 (+7) 19(+6)

Medians Control 26(+2)Gy; Complications 31(+2)Gy.
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Table 2
Photons
Rates
Dose (Gy) Patients <Controls Compl, %3 Cure 3 Conpl.
<62 5 D 0
0 0
63 — 67 3 0 0
68 - 72 42 19 1 45(+8) 2(+2)
73 - 71 15 8 2
57 (+10) 13(+7)
>78 3 5 1
TOTAL 73 32 4 44 (+6) 5 (+3)

Medians Control 74 (+3)Gy; Complications 90 (+4)Gy
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LEGEND

Figure 1: Four dose effect functions for tumor control and
complications with neutrons and photons. The error bars shown
are standard errors for the grouped data from Tables 1 and 2.
The curves represent the function fitted tc the data using
the vrobit method. Because of the small numbers involved
there 1s some uncertainty in regard to the complication rate

for photons (shown as a broken line).

Figure 2: Calculated probabilities of uncomplicated control
and optimal doses for neutrons and photons derived <from the
four functions shown in Figure 1 {lines b and d). These two
functions relate to target absorbed doses as indicated in the
Tables. Both modalities “~vield a maximum oprobability of
uncomplicated control of the order of 40%. Lines a and c
represent an idealized situation relating to a prescribed
minimum tumor dose, assuming absolute uniformity throughout
the target volume. 1In this insﬁance there would be a wider
separation between the dose effect functions in Figure 1
leading to a nigher probability of uncomplicated control,

slightly in excess of 50%, for both modalities.
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