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From July 1979 through March 1984 the Radiation Therapy
Oncology Group conducted a randomized study comparing
fast neutron radiotherapy versus mixed beam (neutron/pho-
ton) radiotherapy versus conventional radiotherapy for pa-
tients with non-small cell carcinoma of the lung. Patients
were either medically or technically inoperabie. One hundred
two evaluable patients were placed on the study. The radiation
doses were approximately 60 Gy-equivalent on each arm.
Patients were stratified according to size of primary, histology,
Kamofsky performance status, and age distribution. Overall
local response rates as measured by serial radiographs were
the same on the three arms, and an actuarial analysis showed
no significant differences in either median or long-term sur-
vival. However, for the subgroup of patients exhibiting a
complete or partial tumor response at 6 months there was a
suggestion of improved 3-year survival on the two expen-
mental arms (mixed beam, 37%; neutrons, 25%; photons,
12%). The p value for the difference between the mixed beam
and photon curves is 0.14 (two-sided test). The incidence of
major complications was higher on the neutron and mixed
beam arms. These complications included four cases of my-
elitis which are analyzed in detail. The results are placed in
the context of other published work on the use of neutrons
in the treatment of lung cancer.
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Lung cancer is now the leading cause of cancer-re-
lated deaths for both men and women in the United
States. The American Cancer Society estimates that in
1985 there will be approximately 144,000 new cases
and 125,600 deaths due to this disease (28). Although
the numbers from different series vary somewhat, ap-
proximately 25% of cases will be of the small cell variety
for which chemotherapy with or without adjuvant ra-
diotherapy is the current treatment of choice, and ap-
proximately 75% will be of the non-small cell variety
which is the subtype of interest in this paper. While
there is no doubt that surgery is the pnmary treatment
of choice for early stage, operable, non-small cell lung
cancer, the majority of patients have disease that is
either disseminated or too advanced locally for resec-
tion at the time of presentation. While it is clearly rec-
ognized that this disease has a propensity to distant
spread, the Radiation Therapy Oncology Group
(RTOG) has demonstrated that high-dose conventional
radiotherapy can be effective in achieving control of
disease within the thorax, and this can have a favorable
impact on long-term (not median) survival (21,22).

The study the group performed (21.22) was ran-
domized in nature and compared four photon dose
fractionation schedules: (a) 40 Gy given in a “split
course” fashion, (b) 40 Gy given continuously over 4
weeks. (¢) 50 Gy given continuously over 5 weeks, and
(d) 60 Gy given continuously over 6 weeks. Patients
who received the 40 Gy dose had response rates (com-
plete and partial) of 46% for the split course and 51%
for the continuous course. The respective 2-year sur-
vival rates were 10 and 11%. Patients treated with the
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higher doses of 50 and 60 Gy had respective response

ratcs of 66 and 61% with a 2-year survival rate of 18%
on both arms. The site of first failure was intrathoracic
in 51% of paticnts receiving 40 Gy. 42% of paticnts
receiving 50 Gy, and 35% of patients receiving 60 Gy.
While these differences relating to local control were
statistically significant in favor of the higher radiation

doscs (c.g.. 40 Gy vs. S0 + 60 Gy). therc was no sig- -

nificant difference in median survival, which ranged
from 37 wecks for the 40 Gy split course treatment to
47 weeks for the 60 Gy continuous course treatment.
Hence. one is fed to note two important points: (a)
higher doses of radiation can improve local control
within the thorax, and (b) in evaluating the effect of a
local form of therapy it is important to look at “long-
term™ survival rather than median survival which is
dominated by distant failures. Stimply escalating the
radiation dose still further without modifying either
the field geometry or the type of radiation used is not
the answer since the incidence of complications graded
as “severe™ or greater approximately doubled in going
from 50 to 60 Gy (22). While trying to improve local
control might seem to be a “low-yield” approach to
the treatment of inoperable lung cancer, it must be
recognized that the magnitude of the problem is such
that simply increasing the long-term survival by ap-
proximately 10% would have the same impact in terms
of the number of lives saved as totally eliminating
deaths from some of the less common tumors such as
bladder cancer or esophageal cancer (28).

Fast neutron radiotherapy is currently under active
clinical investigation for many different tumor systems.
This paper reports the first randomized study (RTOG
79-07) testing the efficacy of this type of radiation for
non-small cell lung cancer. The interest in this “new™
radiation modality relates to how its radiobiological
properties differ from those of megavoltage photons
used in conventional radiotherapy (9,32). Fast neutrons
interact directly with the atomic nuclei to produce
massive, charged particles that create 10-100 more
ionizations per unit path length than do the secondary
electrons produced by high energy photons. It is this
greater energy deposition along the secondary particle
path that gives rise to the important radiobiological
properties of fast neutrons.

In general, one can think of two classes of radio-
biological damage mechanisms-—“indirect” and “di-
rect” (9). The indirect mechanism is mediated by free
" radicals that are produced in the cellular cytoplasm
and then diffuse to the DNA or other key target areas

and create damage. This is the primary mechanism by-

which low linear energy transfer (LET) photon or elec-
tron radiation kills cells. [t is most effective when the
cells are well oxygenated which gives rise to long free
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radical lifctimes. The oxygen aiso acts to stabilize the
free radical damage. With increasing LET there is a
higher probability that the ionization products interact
dircctly with the DNA or other key target moleculcs.

_ Thus. high' LET radiation is better able to kill hypoxic

cells. For fast neutrons in the energy range used clin-
ically, the oxygen cnhancement ratio is approximately
1.6 compared with 2.5-3.0 for conventional photon
radiation. This could be important for large tumors
where there are ofien areas of necrosis surrounded by
cells in a hypoxic state. Such a situation may occur for
lung cancers which often exhibit cavitary areas duc to
tumor necrosis. Tumor reoxygenation during a pro-
tracted course of radiotherapy can in principle over-
come this problem but the situation in clinical practice
is variable. Furthermore, the type of radiation damage
caused by neutron radiation is less readily repaired by
tumor cells. There are at least two aspects to this: (a)
a reduced ability to repair sublethal damage, which is
manifested by a reduction of the shoulders on cell sur-
vival curves (9,32) and (b) a reduced ability to repair
potentially lethal damage (10), which could be impor-
tant for cells in a non-cycling or Gy phase. Finally,
there is less variation in radiosensitivity across the cell
cycle than with conventional photon irradiation (8).
While these effects are well documented in the labo-
ratory, their importance for any given tumor system
can be determined only through clinical trials.

The present tnal was ambitious in that it had two
experimental arms as well as a standard control arm.
One experimental arm consisted of neutron radiation
alone and the other was a ““mixed beam”™ arm which
consisted of giving two neutron treatments and three
photon treatments per week in doses of approximately
equal biological effect. This paper is a final report on
the results of this study using local control and survival
as major endpoints. With any new modality 1t is im-
portant to document the toxicity to normal tissues,
and so a special section on treatment-related morbidity
is included. There were several toxicity problems as-
sociated with delivering the neutron radiation which
were in part due to the rather primitive treatment fa-
cilities used in the trials but were also in part due to
the unique radiobiological properties of the neutron
beams. The present work will be placed in the context
of other reported neutron treatment results for lung
cancer and the implications for future studies discussed.

MATERIALS AND METHODS

This study was open from July 1979 threugh March
1984 and accrued a total of 113 patients. Tnitially it
was intended to accrue 240 evaluable patients, but
when some of the new, high-energy neutron treatment



facilities became operatiorial, it was decided to close .

almost all of the existing studies that utilized the neu-
tron generators based at physics facilities in order to
keep the two patient groups separate. A second problem
was that the study reported herein did not allow for
planned chemotherapy as part of the treatment, and
“advances in this modality made it difficulf to accrue
patients who were not going to receive chemotherapy
as part of their overall plan of medical management.
Of the 113 patients, two had their treatment cancelled
and nine were discovered to be ineligible (five with
pleural effusions, two with small cell histology, one with
a pancreatic primary, and one with an age greater than
80 years). This paper reports the results of treatment
on the remaining 102 patients who were truly protocol
eligible and on whom there are sufficient data available
for analysis.

To be eligible for the study, patients had to have
histologically proven non-small cell carcinoma of the
lung (squamous, adeno, or large cell undifferentiated).
A class V smear of the sputum for one of these histol-
ogies was acceptable in lieu of a positive biopsy. The
patients could not have had prior radiation therapy to
the tissue volume to be treated. There could be no
evidence of distant metastases (although positive
supraclavicular nodes were acceptable) and no major
resection of the primary or involved nodes. The tumor
volume had to be measurable in at least two dimensions
on chest x-ray examination, and there could be no
pleural effusion present at the time of entry onto the
study. Patients also had to be <80 years old and have
a Karnofsky performance status > 50. Patients were
not placed on the study who had such severe underlying
lung disease that they were judged not capable of tol-
erating the expected loss of pulmonary function with
definitive radiation therapy. There could be no pnor,
planned. or anticipated chemotherapy although it was
allowed after a documented treatment failure. In-
formed consent was given by all patients entered onto
the study.

The mandatory pretreatment evaluation consisted
of a history and physical examination, complete biood
count, blood chemistry studies including liver function
tests. chest x-ray films (PA and lateral). and a bone
scan. A liver scan was required if any of the liver func-
tion tests were abnormal, and a radionucleotide or
computed tomographic (CT) scan of the brain was re-
quired if there was any clinical suggestion of central
nervous system metastases. Although not required by
the protocol. the majority of patients also had CT scans
ot the thorax both for further evaluation of their tumor
and for radiation therapy treatment planning,

Patients were staged according to the RTOG mod-
iication of the American Joint Commuttee for Cancer
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Staging and End Results Reporting system which is
given in abbreviated form in Table 1. Patients had to

- be either technically or medically inoperable to be en-
tered onto the study. Paucnts were registered and ran-

domized by calling RTOG. hwdquarters. The ran-
domizatiori was stratified according to tumor histology,
size of primary tumor (0-3, >3-6, or >6 cm), and the --
neutron treatment facility, The following neutron
treatment facilities participated in the study: the Uni-
versity of Washington in Seattle, WA (SEATTLE); the
Great Lakes Neutron Therapy Association (GLANTA)
in Cleveland, OH; the Texas A & M variable energy
cyclotron facility in College Station, TX (TAMVEC)
operated by M. D. Anderson Hospital; and The Fermi
National Accelerator Laboratory (FERMI) in Batavia,
IL. The neutron beams from these facilities were all
somewhat different in terms of their relative biological
effectiveness (RBE) compared with megavoltage pho-
ton irradiation. Table 2 summarizes the reactions used
to produce the various neutron beams and the RBEs
used in this particular protocol to scale their neutron
doses with respect to each other and to convert the
doses to an approximate “photon Gy equivalent.” In

TABLE 1. TMN staging system used in this and other
RTOG lung cancer studies*®

T stage
To - No evidence of primary tumor.
T, Tumor less than 3.0 cm in greatest diameter,
surrounded by lung or visceral pleura and with no
invasion proximal to a lobar bronchus.

T2 Tumor greater than 3.0 cm in greatest diameter that
is located within the pulmonary parenchyma or
any size tumor extending to the hilum at
bronchoscopy. Tumor not within 2 cm ot the
carina. Any associated atelectasis must involve
less than an entire lung, and there can be no
pleural eftusion.

T, A tumor that is extrapulmonary but localized
intrathoracically. It inciudes tumors that invade
through the visceral pleura, cancers within 2 cm
of the carina, or lesions with a pleural effusion
having a negative cytology.

T, Any tumor involving the chest wall, the great
vessels, the heart or esophagus. Superior vena
cava obstruction with any size lesion. Pleural
effusion with positive cytoiogy.

N stage
No No nodatl involverment.
N, involvement ot the hilar or peribronchial nodes.
N, Involvement of the mediastinal nodes.
N3 Involvement ot the supraciavicular nodes or scalene

nodes.

* This is a slightly modified version of the staging system rec-
ommended by the American Joint Committee for Cancer Stagmg
and End Results Reporting.

Am S Clin Oncol (CCT). Vol v No 31986
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TABLE 2. Participating neutron treatment facilities, re-
actions used to produce the neutron beams, and RBE
factors used to approximately scale the neutron
doses with respect to each other and to
equivalent photon doses

Facility® Reaction ABE
SEATTLE 22Mevd>Be _ . - 33
GLANTA 25 MeV ¢->Be 33
TAMVEC 50 MeV d->Be 3.1
FERMI 66 MeV p->Be 30

RBE, relative biological effectiveness.
* See text for full identification of each facility.

all cases the gamma ray contaminant is included in
the measured neutron dose, i.e., Gy,,.

Patients were randomized to receive one of three
treatment arms. The control arm consisted of 60 Gy
in 30 fractions over 6-7 weeks, which corresponded to
the arm giving the best local control in a previous
RTOG randomized study (21,22). One experimental
arm consisted of neutron radiation alone to a dose of
18 Gy;,., (SEATTLE dose) in 12-24 fractions over 6-
7 weeks. The vanation in number of fractions was al-
lowed both because of limitations on the available
treatment time at some of the facilities and also because
the radiobiological properties of fast neutrons would
argue that number of fractions was not an important
treatment parameter compared with total dose and
overall treatment time. The other experimental arm
utilized “mixed beam™ irradiation which consisted of
two neutron treatments and three photon treatments
per week in daily doses of approximately equal bio-
logical effectiveness to a dose of 60 Gy-equivalent using
the RBEs specified in Table 2. This arm was included
because some laboratory data (19,25) suggested an en-
hanced therapeutic ratio for this form of treatment over
neutrons alone. Also, it was thought that given the
poorly penetrating beams from the SEATTLE and
GLANTA facilities, this form of treatment might offer
some of the benefits of neutron irradiation without the
anticipated side effects. This study is the first direct
randomized comparison of neutrons alone versus
mixed beam irradiation in a clinical trial.

Table 3 shows the pretreatment characteristics for
the evaluable patients on each arm of the study. There
was a somewhat larger number of advanced (T3 and

"T,) lesions on the neutron arm as well as more ad-

vanced nodal disease (N, and N3), but these differences
were not statistically significant.

Shrinking field techniques or judicious placement
of field blocks were used to simultaneously deliver the
specified tumor dose and to keep the spinal cord dose
to the limits specified in the protocol. For the photon
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arm this was 45 Gy, for the ncutron arm 12 Gy,
(SEATTLE dosc). and for the mixed becam arm 45 Gy-
equivalent using the RBE factors specified in Table 2.
Tumor doses were calculated at midplane without tis-
sue inhomogencity corrections for (AP-PA) ficlds. but
lung transmission correction factors were utilized when
tateral or oblique boost fields were used. The dose
across the target volume could not vary by more than
+10%, and the daily fraction size was 2.0 Gy + 10%
photon or 0.6 Gy,, + 10% (SEATTLE) for the neutron
dose. The effective energy of any photon beams used
in the study had to be greater than | MeV, and high
energy electrons were not allowed. Each port was
treated daily. On the mixed beam and neutron arms
it was permissible to treat the supraclavicular regions
with photons provided that no gross disease was present.
If gross disease was present, then the region had to be
treated with the modality specified by the randomiza-
tion arm.

The neutron facilities all utilized a fixed, horizontal
beam, and so patients received their neutron treatments
in a sitting or a standing position as far as the AP-PA
fields were concerned. The lateral fields were generally
treated in the same manner, but occasionally the pa-
tient was supine. Fixed collimators with external iron
or tungsten blocks were used to shape the fields. The
photon fields were all treated with the patient in the
usual supine position.

Simulation films for treatment planning purposes
were required as were computer isodose calculations
for the central axis for both the initial and any boost
fields. These were submitted to RTOG headquarters
for central review. The specific design of the treatment
portals was left to the discretion of the radiotherapist
provided that the following criteria were met. The target
volume for the lung primary had to include the radio-
graphically visible tumor plus a 2 cm margin. For ex-
tensive lesions complicated by atelectasis or pneumo-
nitis, the entire lung could be treated. The target vol-
ume for the lymph nodes had to include the superior
mediastinum (above the carina), the ipsilateral hilum,
and the inferior mediastinum (to at least 5 cm below
the carina). For lower lobe lesions the inferior me-
diastinum had to be treated to the level of the dia-
phragm. The supraclavicular region had to be treated
for either upper iobe primaries or if there were positive
nodes in the upper mediastinum. Based upon previous
RTOG studies (22), it was recognized that it was im-
portant to treat the contralateral hilum, but this could
not always be accomplished without treating an un-

. acceptable amount of normal lung (given the rather

primitive field shaping techniques available at the neu-
tron facilities). Treating the contralateral hilum was
thus “encouraged” but left to the discretion of the ra-
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TABLE 3. Distribution of patient and tumor characteristics by treaiment option.

Photons Neutrons Mixed beam
Cmractnrisﬁc n % n - % - ) i . %
Histology ‘ - A -
Squamous cell - 18 - 462 ‘16~ - 55.2 14 41.2
Adenocarcinoma 8 - 205 5 17.2 : 7 20.6
Large cell 13 33.3 8 27.6 13. - 38.2°
Size of primary : T : - o
0-3cm. 6 15.4 2 6.9 4 11.8
>3-6 cm 19 48.7 12 41.4 16 471
>6 cm 14 359 15 51.7 14 41.2
Karmofsky status ) :
<80 5 12.8 5 17.2 8 235
80 10 25.6 9 31.0 13 38.2
90 14 359 12 41.4 8 23.5
100 10 25.6 3 103 5 14.7
T-stage
To . 0 0.0 0 0.0 1 2.9
T, 7 17.9 1 34 2 59
T2 14 359 9 31.0 17 50.0
Ta " 282 11 379 9 26.5
Te 7 179 8 27.6 5 14.7
N-stage
No 14 359 10 345 9 265
N, 10 25.6 2 6.9 10 29.4
N, 14 359 14 48.3 14 41.2
N, 1 26 3 10.3 1 29
Disease stage ‘
i 4 103 1 34 1 29
] 10 25.6 S5 17.2 13 38.2
H] 17 436 13 448 14 41.2
v 8 20.5 10 345 6 17.6
Sex .
Male 31 79.5 23 79.3 30 88.2
Female 8 205 6 20.7 4 118
Age
Mean 59 yr 63 yr 62 yr
<50 9 231 3 103 5 147
50-70 26 66.7 22 75.9 21 61.8
>70 4 103 4 13.8 8 235

diotherapist. It is safe to assume that this was carded
out more frequently for the photon fields than for the
neutron fields.

Patients were followed every 2 months following
completion of treatment for the first year, every 4
months for the second year, every 6 months for the
third year, and annually thercafter. Chest x-ray films
were required at each follow-up and blood chemistry
studies were required every 4 months during the first
year and at cach follow-up visit thereafter. Pulmonary
function tests were optional as were CT scans for fol-
low-up evaluations of the tumor response. Bronchos-
copv and/or biopsies were used to establish local re-
currence or distant failure whenever possible.

Prior to analyzing this study. two of us (T.W.G. and

001b296

G.E.L.) reviewed the beam films, isodose calculations,
and treatment records for all of the patients on this
study. Based upon this review, it was felt that 75 pa-
tients were treated within strict protocol guidelines,
nine patients were treated with minor deviations from
the protocol guidelines. 10 patients were treated with
major deviations from the protocol guidehnes, (nine
due to too low radiation doses either because of neutron
generator malfunction or having the treatment stopped
because of a rapidly deteriorating condition). and six
patients died during treatment. Treatment records were
incomplete on two additional patients, and adherence
1o protocol could not be evaluated. To avoid problems
with inadvertent bias due to patient exclusion, the data
analysis will be carried out for the entire group of 102

Am J Clin Oncol (CCT), Vol ¥ Na 11946
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“patients. The impact of adherence 10 protocol on local/
regional control and survival will be the subject of an-

other manuscript. At the time of this analysis the av-

erage follow-up time (measured with regard to entry
on the study) was 40 months.

Survival and local control rates are analyzed using
the Kaplan-Meir (13) method with times being mea-
sured from the initiation of therapy. A-subanalysis of
-the survival of patients who were treatment responders
at 6 months is performed and those patients categorized
according to tumor response prior to that time (2).
Differences between survival curves are compared using
the chi-square (log rank) test with two-sided alternatives
(17.23).

TREATMENT RESULTS

The major goals of this study were to compare the °

methods of treatment in the three arms by evaluating
the tumor response rate and survival. The evaluation
of treatment related toxicity was a secondary endpoint,
but because of its importance in future protocol design,
a separate section of the manuscript will be devoted to
this topic.

The response of the tumor was determined by serial
chest roentgenograms and/or CT scans of the thorax.
A complete response (CR) was defined as the disap-
pearance of all previously measurable tumor. A partial
response was defined as the reduction by at least 50%
of the product of the largest perpendicular diameters
of the primary lesion and any other indicator lesions
in the treatment volume. In an attempt to avoid prob-
lems with radiation fibrosis, the maximum tumor re-
sponse was evaluated after completing therapy. Once
radiation fibrosis had developed, one cou)d evaluate
progression but generally could not otherwise deter-
mine the significance of what was occurring in the
treatment volume. The maximum complete and partial
response rates for the three arms of the study are shown
in Table 4. Although the photon arm appeared to show
the highest CR rate, this may have been due to the
increased fibrosis that occurred on the two experimen-
tal arms. In spite of our best efforts to distinguish this

TABLE 4. Maximum complete and partial response
- rates for the three study arms

Mixed beam

Neutrons Photons
Complete o - s 2
response 24% ’ 29% . 44%
Partial - . .
response - 3% - 24%- 15% -
Overall : : -
response - 55% _ 83% 59%

Am J Clin Oncol (CCT), Vol. 9. No. 3, 1986

00162971 -

100

. ——— PHOTONS
\ sseerserimes NEUTRONS
' —cmoaeee MIXED BEAM
]
75 4 H
'
'
- :
s
3
S
< 501
S
&
25
o} \

6 2 18 24 30 36

Months from start of treatment
FIG. 1. Actuarnal survival curves for the three treatment
arms with the time measured from initiation of therapy. The
photon arm is shown as the solid line, the neutron arm as
the dotted line, and the mixed beam arm as the dashed
fine. Median survival is 7.5 months on the photon am, 8.1
months on the mixed bearn arm, and 6.9 months on the
neutron arm.

from residual tumor, we may not have been completely
successful. The overall response rate (complete plus
partial) is the same on all three arms and is essentially
the same as noted for the 60 Gy arm on a previous
RTOG photon study (19,20).

Actuarial survival curves for the three arms are
shown in Fig. [. The median survival is 7.5 months
for the photon arm, 8.1 months for the mixed beam
arm, and 6.9 months for the neutron arm. These dif-
ferences are not statistically significant. As can be seen
from the figure, there appeared to be a divergence in
the curves at intermediate follow-up times of 18-24
months, but the curves have essentially converged at
still longer times. Three-year survival is 8% on the pho-
ton arm, 16% on the mixed beam arm, and 5% on the
neutron arm. Again, these differences are not statisti-
cally significant.

Fig. 2 shows a comparison of the complete and par-
tial responders (““best™ response), combining patients
from all three arms. As expected, the group of patients
who achieved-a complete local tumor response did sig-
nificantly better with a median survival of 20.1 months
compared with 9.2 months for those patients achieving
only a partial tumor résponse. Viewed in one way, this
says that aggressive local treatment is worthwhile since
a complete local response means improved survival.
However, this may also represent the selection of a less
aggressive group of tumors or patients with other char-
acteristics correlating with improved survival (2,29).
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Percent survivol

Months from start of treatment

FIG. 2. Actuarial curves showing survival as a function of
maximum local tumor response. The solid curve represents
the subgroup of complete responders, and the dashed
curve represents the subgroup of partial responders. Me-
dian survival is 20.1 months for the complete responders
and 9.2 months for the partial responders. Patients from
all three treatment arms have been combined in the plots.

1n order to eliminate possible bias introduced by the
variable time to response, Fig. 3 shows the survival as
a function of treatment option for the subgroup of pa-
tients exhibiting a complete tumor response at 6
months from the initiation of treatment. Both median
and 3-year survival rates are noticeably better on the
mixed beam arm. Compared to the photon patients,
the differences for these parameters are marginally sig-
nificant.at the p = 0.14 level (two-sided log rank test).
However, the overall difference between the mixed
beam and photon curves is significant only at the p
= 0.18 level (two-sided log rank test).

TREATM ENT-RELATED MORBIDITY

Treatment-related complications were graded ac-
cording to the joint RTOG/EORTC scoring scheme
for each organ system. The.overall summation of the
radiotherapeutic related toxicities graded severe or
greater was 5.4% for the photon arm. 14.7% for the
mixed beam arm. and 30.9% for the neutron arm. This

shows a clear progression with increasing percent of
the total dose delivered with neutrons. A summary of

the types and grade of radiation complications that
occurred is shown in Table 5. The numbers in paren-

001b2498

theses indicate “fatal” complications. The incidence -
of subcutaneous fibrosis was clearly higher on the neu-

" tron arm. This may relate to the relatively poor depth

dose characteristics of the beams from the SEATTLE
and GLANTA facilities where the majority of the eval-
uable= patients were ‘treated (SEATTLE 75 and
GLANTA 34 patients). The one cds¢ of multiple rib
fractures in the treatment fiéld likely was also due to
this. The cases of myelitis all occurred on the experi-
mental arms. While the myelitis was perhaps not im-
mediately fatal, two of the myelitis cases on the neutron
arm died within a few months of the development of
symptoms and had no evidence of progressing tumor.
They were thus scored as “fatal” by the study chairman.

It is instructive to review more closely the myelitis
cases. The treatment details for these cases are sum-
marized in Table 6. The patients were all treated using
a “shrinking field” technique, with the initial “large”
field having an AP-PA configuration that included both
the mediastinum and the pnmary tumor. The dose to
the cord was calculated for the central axis plane and
is given as the first number in the second column. Then
an “off<cord” boost was performed and the scattered
dose to the cord given as the second number in the
second column. Beam films were reviewed by the study
chairman and indicated that no error in field geometry
occurred—that is, the cord was not inadvertently
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FIG. 3. Actuarial curves showing patient survival as a
tunction of treatment option for the subgroup of patients
exhibiting a complete or partial tumor response at 6 months
after initiation of therapy. The median survival is 20.8
months on the photon arm, 13.4 months on the neutron
arm, and 30.2 months on the mixed beam arm. The survival
at 3 years i1s approximately 12% on the photon arm, 25%
on the neutron arm, and 37% on the mixed beam arm.
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TABLE 5. Summary of radiotherapeutic complications
graded severe, life-threatening, or fatal according
to the joint RTOG/EORTC scoring scheme

Complication Photons Mixed beam Neutrons
Suboma}\eous

fibrosis .
Pneumonitis 1

o . - 1.(1)

Pulmonary
fibrosis 1

Rib fractures
Myefitis

1.(1) 2
—_ 1
12

— 1

* Figures in parentheses indicate the number of fatal complica-
tions for each type of event.

treated in the boost fields. The summed dose to cord
is also given in column 2 of the table. The length of
cord irradiated in each field is given in column 3 of
the table. Based upon neurological examinations, the
level of the cord injury was within the central portion
of the cord segment adjacent to the neutron boost,
which means that the central axis doses are truly rep-
resentative of the doses received by the damaged cord.
The time to development of symptoms after completion
of radiotherapy, the time to death after development
of symptoms, and the cause of death are also given in
the table. Case 34 (treated with mixed beam irradiation)
is still alive. Radiation myelitis was diagnosed after an
exhaustive evaluation that included myelograms, CT
scans with metrizamide contrast, and cerebrospinal
fluid analysis to rule out cord compression due to tu-
mor. An autopsy was performed on case 69 which

G. E. LARAMORE ET AL.

. showed necrosis of the cord with Wallerian degenera-

-~

tion of the corticospinal tracts distal to the lesion and
degeneration of the gracia fasciculi rostral to the lesion.
The cause of death in this case was local tumor pro-
gression within the lhora.x.

Figure 4 shows a scattergram presentation of the
spinal cord doses of the neutron-treated patients who
lived 6 months or longer. The cases developing a my-
elitis are shown as Ms and the cases not developing a
myelitis are shown as closed circles. There do not ap-
pear to be any obvious differences between the doses
to the cord received by those patients who developed
spinal cord injury and those who did not. Hence, this
appears to be a true statistical effect relating to the sus-
ceptibility of the spinal cord to neutron radiation in-
jury.

Figure 5 is an actuarial plot that shows the risk factor
for developing a myelitis as a function of time for the
patients treated on the neutron and mixed beam arms.
This method of analysis scales the risk according to
the decreasing number of patients present at the longer
follow-up times. Note that at 18 months the risk factors
are quite high, being ~40% for the neutron arm and
~10% for the mixed beam arm. The number of cases
that would have developed a myelitis on this study
might have been substantially greater than four if there
had been better long-term survival.

There have been several papers analyzing reported
cases of myelitis induced by photon irradiation
{1,11,15,24,31). Phillips and Buschke (24), using a cut-
off time of 18 months after completing treatment and
using the Ellis (NSD) formulation, concluded that a
1,500 ret dose was probably safe for the cord. This

TABLE 6. Treatment details for cases developing radiation myelitis

Time to
Length of Time to development death after
Case cord irradiated of symptoms symptoms Cause
Study arm number Cord dose {cm) (mo)* {mo) of death
Neutrons 36 12.87 Gya, 19.5 115 5 Myelitis
0.32 Gyn, 9
13.19 Gya,
Neutrons 69 11.27 Gy, 16 95 1.5 Tumor
0.69 Gyn, 9
» 11.96 Gyn, .
Neutrons 91 10.69 18 75 4 Myelitis
2 125
1181 Gy, .-
Mixed -34 4.52 Gy,,/32.91 Gy, 16 105 NA - NA
beam . 0.31 Gy,,/0.36 Gy, 8

4.82 Gy,.,/34.91 Gy,

NA, not applicable. .
® Time after completion of treatment.
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F1G. 4. Scattergram showing the maximum radiation doses
(Gyn,) received by the spinal cord for those patients treated
on the neutron arm who lived 6 months or longer after
completing treatment. The cases uitimately developing a
myelitis are shown as M’s and the cases not developing a
myelitis are shown as closed circles.

corresponds to approximately 47 Gy/25 fractions/5
weeks. They also implicitly recognized the dangers in
using the Ellis formula for neural tissue and warned
against *‘non-standard” treatment regimes for fields
involving the cord. Holdorff (1 1) emphasized the vari-
able nature of the latency period for cord damage and
noted that most cases of a complete myelitis were fatal
within 6-12 months of their onset. This is in keeping
with our experience. This author established an NSD
of 1,530 ret for the development of an incomplete
myelitis of the thoracic cord which corresponds to ap-
proximately 48.7 Gy/25 fractions/5 weeks. Lambert
(15) showed a tolerance curve for the thoracic spine
that establishes 49 Gy/24 fractions/5 weeks as a “safe”
dose. These numbers are all remarkably similar. There
also appears to be a consensus that the tolerance of the
cervical cord is somewhat higher than that of the tho-
racic cord, being of the order of 50-55 Gy/25-28 frac-
tions/5-5.5 weeks.

The neutron dose established for the spinal cord in
this study was based upon both animal model data
(3.7.30.33) and clinical data from previous neutron pi-
lot studies involving irradiation of the cervical cord
(16,20). Bradlev et al. (3) compared the effects of neu-
tron and photon radiation on rabbit spinal cord using
the neutron beam from the MANTA facility (35 McV
d->Be reaction). They found that paraplegia occurred
only after neutron doses >25.2 Gy, or photon doses
2 67.2 Gy corresponding to an RBE for spinal cord
imjury of approximately 2.7. Geraci et al. (7) tested the
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effect of the SEATTLE beam on mouse spinal cord
and found that the latent period for injury correlated
strongly with the dose given. They found six cases of
injury after doses of 9 Gy,,, in mice living longer than -
a year, but as they used single fractions in their study,
they concluded that this corresponded to an RBE of
approximately '1.75. Zook et al. (33) tested the beam .
from the MANTA facility on dog spinal cords using a
fractionation scheme of four treatments per week for
5 weeks, which corresponded reasonably well with the
scheme used clinically. They found that a high inci-
dence of myelitis occurred only after neutron doses of
226.25 Gy,, and photon doses = 78.78 Gy corre-
sponding to an RBE of approximately 3.0. Also, they
did not observe any myelitis events at doses of 11.67
or 17.5 Gy,, . Stephens et al. (30) studied Rhesus mon-
keys using the beam from the TAMVEC facility using
a fractionation scheme of nine treatments over 29 days.
They only found injuries at doses = 14.25 Gy,, and
did not find any definite injuries even for photon doses
as high as 59.4 Gy.

Prior to beginning this study, the only data on neu-
tron induced myelitis in humans related to the cervical
cord. Laramore et al. (16) reported on five cases that
occurred in patients with oropharyngeal primaries who
received approximately 15 Gyy,, to the cord in 20 frac-
tions over 5 weeks at the SEATTLE facility but noted
that patients with primaries in other head and neck
sites who received similar cord doses did not exhibit
such problems. Omitz et al. (20) reported on two cases
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FIG. 5. Actuarial curves showing the risk of developing a
myelitis as a function of time after initiating treatment for
the neutron and mixed beam patients treated on this pro-
tocol. The calculations take into account the decreasing
number of patients at risk for the longer follow-up times.
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who received 15.43 Gy, in 28 fractions over 7 weeks
at the MANTA facility.

Given these clinical and laboratory data, it was
thought that limiting the dosc to the thoracic cord in
this study to 12 Gy, was safc. Only casc 36 had a dosc
that somewhat exceeded this (including the scatiered
component from the boost field). However, it must be
noted that subsequent work by Hornsey et al. (12) using
the beam from a 16 MeV d->Be reaction (HAM-
MERSMITH) determined that the RBE for spinal cord
injury was approximately 4.5-~5.0 (relative to *'Co for
the treatment scheme used in this protocol). When this
was learned, the allowable dose to the cord was reduced
to 10 Gy,,, and-no further injuries occurred.

All of the myelitis injuries that occurred in this study
were in patients treated at the SEATTLE facility who
received their radiation treatment in 0.67 Gy,, daily
doses on a 4-day-a-week basis. Thus, they constitute a
- uniform data base. If one assumes that the threshold
dose for photon irradiation to the thoracic cord is 50-
55 Gy in conventional fractionation schedules, then
the RBE for spinal cord damage is in the range of 4-
4.6 for the particular neutron fractionation schedule
used in this study. Using this RBE, the mixed beam
patient (also treated at the SEATTLE facility) had a
dose to the cord of 54-57 Gy-equivalent. The conclu-
sions reported here are specific for low energy neutron
beams produced by d->Be reactions, and it is expected
that the RBEs for spinal cord damage from the new
clinical facilities using a high energy p->Be reaction
will be somewhat lower. This is in keeping with the
FERMI experience (4) where an extensive review
showed no problems for cord doses in the range of 13-
14 Gy,,.

DISCUSSION

This study was l[aunched with the hope that fast neu-
tron radiotherapy would provide a means of improving
local control for patients with inoperable non-small
cell lung cancer, and that this in turn would improve
“long-term” survival. Earlier neutron pilot studies
seemed to support this view. Eichhorn et al. (6) com-
pared a group of patients treated with a neutron/photon
combination to a similar group treated with photons
alone and, based upon a detailed analysis of surgical
and autopsy specimens, found a substantially higher
fraction with sterilized tumor in the neutron/photon

group. Moreover, delivering a higher pertion of the:

-total dose with neutrons seerned to correlate with in-

creased tumor sterilization. An updated work (5) con-

firmed this with autopsies on 149/429 photon-treated
patients showing a local control rate of 33%, autopsies
on 75/93 patients receiving 20% of their total dose with
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neutrons showing a local control rate of 48%. and a
topsies on 49/65 patients recciving 37% of their tot.
dosc with ncutrons showing a tumor stenilization ru

of 57%. Schnabel et al. (27) reported on a randomiz.

study comparing 116 paticnts treated with either ¢

rative doses of photon rradiation or with neutron r.
diation from a d-T generator. This was not a “‘cleas

study because many patients had received prior surge:
and/or chemotherapy. They did note no difference b
tween the treatment groups in terms of tumor contr

survival at | year (37%), or severity of pulmonary *
brosis. A small series of patients has been treated .
the NIRS facility in Chiba, Japan. The report by S.
wada et al. (26) discusses 18 patients with Pancoa

tumors trecated with fast neutrons and five patients wit
similar tumors treated with conventional photon i

radiation. The mean survival was 11.5 months for tl

neutron-treated group compared with 4.2 months f:
the photon-treated group. There were no long-tern
survivors in the photon group, but four patients in th
neutron group lived 2-4 years.

The present study did not show any improvemen
in the local tumor response rate for the neutron an.
mixed beam arms. There was also no improvement i
either median or “long-term™ survival. However, i
the subgroup of patients who exhibited a complete ¢
partial tumor response at 6 months, there appeared 1
be an improvement in long-term (i.e., 3-year) surviv:
for the mixed beam group. This difference was at tl
marginally significant level (p = 0.14) and its clinic:
implication is uncertain.

Previous studies (21) show the dependence of su
vival on T-stage, N-stage, and size of lesion; therefor.
with the relatively small number of patients in our s
ries, it is not possible to make a detailed compansc
with previous works. However, the overall survival a.
pears 1o be comparable with the previous RTOG ph
ton experience. At 2 years, survival for our study rang.
from a high of approximately 25% for the mixed beai
arm to a low of approximately 8% for the neutron arn
These numbers are comparable to the 2-year surviv:
rate of 18% noted for the previous RTOG photon grou
that received 60 Gy.

The treatment-related complications were higher o
the experimental arms, and this was discussed in deta-
in the previous section. The problem of spinal cor.
tolerance is of particular concern since, when treatin
the mediastinal nodes, one generally uses AP-PA field
that also include the spine. In the case of photon ir
radiation, 45 Gy out of a “‘usual” dose of 60 Gy ca
be given in this manner, leaving the other 15 Gy tot
delivered through boost fields that pass through norm:
lung tissue. This latter dose is safe and usually will nc
cause pulmonary complications in the absence of pric
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chemotherapy. In the case of neutron irradiation, cur-
rent protocols limit the spinal cord dose to 8-8.5 Gy,,
out of a planned total dose of approximately 20 Gy,,,.
It is not possible to deliver 12 Gy, through normal
lung without causing significant fibrosis which can
mean that the field geometry is somewhat compro-
~mised. Adequate chemotherapy to treat areas of mi-
croscopic disease may be the solution to-this, and the
synergism of various chemotherapeutic regimes with
fast neutron radiotherapy is currently under active in-
vestigation. However, caution must be exercised if the
regimes contain agents such as bleomycin or mito-
mycin-C that have their own inherent pulmonary tox-
icity. Current plans are to establish the tolerance neu-
tron dose for normal tissues of the thorax using the
higher energy neutron beams from the new treatment
facilities and then 10 re-examine the question of a new
randomized study comparing neutron and photon ir-
radiation for non-small cell lung cancer. €
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