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and flatness monitor indication (FMI) are defined as

8 8
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Here, i, j and k denote identification of 8 fan and concentric separated areas, respectively. my,
M and M, are output signals from each separated area. In the profile monitor, the centre and
symmetry are indicated by the length of the thick vector, PMI(Iy : x, y) and the shape formed
with 8 thin vectors, (ms); - 7, shown in figure 2. The beam approaches a centre position of
the profile monitor as the length of the thick vector shortens. Similarly, in the flatness monitor,
the symmetry and flatness of the dose profile are indicated by the length of the thick vector,
FMI(Is : x, y), and the value of FMI().

2.2. Measurement of relationship between the incident beam conditions and
uniformity of the dose distribution

The dose distribution optimized in an irradiation field of 200 mm ¢ by the dual-ring double-
scattering method is formed by the following equations (Takada 2002):

F(r) = fimer(r) + Souter(7),

90
Fomer() = 1.80 x 1077 - exp(—8.90 x 1077 - r%) f k-exp(—1.89 x 107 . k%)
0

i
X U exp(1.78 x 107 - r - k - cos 8) dB] dk, 3)
0

oo
 fouter () = 1.06 x 1078 exp(=5.22 x 107*-7%) | k-exp(—6.22 x 107% - k%)
90

e
X U exp(1.04 x 1072 -7 - k - c0s 8) de} dk.
0.

Here, finnedr) and foue(r) denote the dose distribution components by the inner and outer
rings of the second scatter, respectively, and r denotes the distance from the centre of the
beam axis. Table 1 shows the conditions of the first and second scatters at each beam energy
of 150 MeV, 190 MeV and 235 MeV. To obtain a dose distribution with a high degree of
uniformity in the irradiation field, stability of the beam incidence position at the dual-ring
scafter is very important.

The depth and lateral dose distribution for beam energies of 150, 190, 235 MeV, each
SOBP, and FD in the field size of 200 mm are measured by changing the incident beam
condition in the irradiation equipment. The measurement of the dose distribution is performed
using a three-dimensional (3D) water phantom and an ionization chamber with a sensitive
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Figure 3. Picture of 3D water phantom.

Table 1. Thickness and characteristics of the first and second scatters.

Energy First scatter (Pb) Inside second scatter Inside second scatter Qutside second scatter
(MeV) thickness (mm)  (Pb) thickness (mm) (Pb) diameter {mm) (Al) thickness (mm)

150 1.5 2.952 27.48 7.997
120 2.3 4.038 2558 11.087
235 3.5 5.314 24.00 14.760

volume of 75 wl (figure 3). The 3D water phantom can rotate together with a nozzle of the
rotating gantry. The depth and lateral dose distribution are measured by 1 mm and 2 mm
step s~ respectively. .

The uniformity of the measured lateral dose distribution was evaluated using parameters
defined by the following symmetry and flatness (TEC 1989):

Ay —A_
Symmetry : SFWI—IM [%] = f’"’;A— X 100,
Uniformity = ; :D _ @
Flatness : F| 9] = ——= I 100.
atness : Fo g rwem [%] Do T Do X

The symmetry is expressed as the difference between the area on the ‘+ side of the lateral
position (A.) and the area on the ‘—’ side of the latera] position (A_) within an area of full-width
at half-maximum (FWHM). The flatness is expressed as the difference between the maximal
radiation dose (Dpey) and the minimal radiation dose (Dyin) within an area of 80% FWHM.
The IEC (1989) report recommends symmetry of less than 42% and flatness of less than 5%.
However, the symmetry and flatness for proton radiotherapy are not regulated. In this study,
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Figure 4. Depth and X-axis lateral dose distributions measured at m(I £ 1x,y) = (FMIUf : x),
0) with FMI(Z;) ~ 0 under the conditions of 150 MeV/SOBP 50 mm/Gantry = 0°.

we used symmetry of less than £1% and flatness of less than 2.5% for the evaluation of proton
radiotherapy.

3. Resnlts and discussions

3.1. Correlation between the flatness monitor indication and uniformity of the dose
distribution

The uniformity of the dose distribution in proton radiotherapy is observed using a flatness
monitor. Figure 4 shows the depth and lateral dose distribution on the central axis of an
SOBP measured at Fh_di(lf c x,y) = (=1.14,0) & (+1.51, 0) and FMI(Z;) = O under
the conditions of 150 MeV/SOBP 50 mm/Gantry = 0°. Figure 5 shows the symmetry and
flatness of the lateral dose distribution measured at the flatness monitor indications under the
conditions of 150 MeV/SOBP 50 mm/Gantry = 0°, 190 MeV/SOBP 80 mm/Gantry = 0°
and 235 MeV/SOBP 80 mm/Gantry == 0°. These findings indicated that the uniformity
of the dose distribution decreased by changing the m(l ¢ @ x,y) from the standard:
EMI(I; : x, ) ~ (0, 0) and FEMI(;) = 0.

To satisfy a symmetry of less than ==1% and flatness of less than 2.5% in the dose
distribution for proton radiotherapy, the FMI(Zy : x) and FMI(Z :y) must be within +0.03,
respectively. Since no differences in the shape of the depth—dose distribution under different
beam conditions were observed, it was not discussed in this study.
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Figure 5. Symmetry and flatness of the X-axis lateral dose distribution measured at F_l\ﬁ(l r:
x,y) = (FMI(f @ x),0) with FMI(l,) =~ O under the conditions of 150 MeV/SOBP
50 mm/Gantry = 0°, 190 MeV/SOBP 80 mm/Gantry = 0°, and 235 MeV/SOBP 80 mm/
Gantry = 0°.

3.2 Correlation between the profile monitor indication and the uniformity of the dose
distribution with changes in the second scatter position

Figure 6 shows the uniformity of the dose distribution by mechanically moving the second
scatter in 0.4 mm steps from the scatter position (—6 mm) with the initial beam condition for
the uniform dose profile: F_ME(I fix,y)=0,0 and FMI(Z,) ~ 0. Only the second scatter
was moved in the constant beam condition (mu ix,y) # O, 0)). The movement value of
the second scatter corresponded to the difference between the positions of the second scatter
centre and the large Gaussian beam centre passing through the first scatter by the principle
of the dual-ring double-scattering method. The uniformity of the dose distribution for proton
radiotherapy is satistied when the difference is less than 1 mm between the positions of the
second scatter centre and the beam centre axis.

3 3. Correlation between the second scatter position and the profile monitor indication

The top graph of figure 7 shows the correlation between the incidence position of the beam
observed by the profile monitor and the second scatter position. The second scatter was moved
in a plane perpendicular to the beam axis so that the Fﬁ([ rrx, 7= (0, 0) to the incidence
beams. In the range of ﬂ)ﬁ(I xS (1.0, 1.0), there was a linear correlation between
the positions of the second scatter and incidence beams.

The middle and bottom graphs show the symmetry and flatness of the dose distribution
with the second scatter position. evaluated using equation (3). The results shown in figure 7
indicated that the flatness of the dose distribution required the IM(I f1x, M < (05,0.5)
and the second scatter position of 3—7 mm. The changes in the symmetry and flatness of
the dose distribution caused by moving the second scatter were slower than those shown in
figure 6. The beam centre always matches with the second scatter cenfre by movement

222




1256 T Nishio et al

g
=
=
5]
<
=
c
B
5]
=
2.
=
@0

-4 +  150MeV/SOBPSOmm/Gantry= 0 degree —

+  190MieV/SOBP80mm/Gantry= 0 degree
+  235MeV/SORP80maYGantry= O degree

—, 8 _
®
I

E 6 -
b4
g

o 4= -1
8
£
o

£ 2F -

SK —
e rm e - proememen pmrmrm—- o= -

0 2 4 6 8 10
2nd Scatter Position on X axis [mm]

Figare 6. Symmetry and fiatmess of the X-axis lateral dose distribution by moving the second
scatter under the conditions of 150 MeV/SOBP 50 mm/Gantry = 0°, 190 MeV/SOBP 80 mm/
Gantry = 0°, and 235 MeV/SCOBP 80 mm /Gantry = 0°.

of the second scatter position with m(f s x,y) = (0,0) in figure 7, but not-with
M(I ¢ 1 x,y) # (0,0) in figure 6. This indicated that the relationship of the relative
position between the second scatter centre and beam axis centre was very important. In the
stability of the beam from the proton accelerator, C235, since the irradiated beam conditions
were not changed by IF_M?(I £ x,y} > (0.03,0.03) during beam irradiation within about

10 min, the Iﬁ(l ¢t x, y) always indicated a level close to zero during the proton treatment.

3.4. Control method for highly accurate uniformity of the dose distribution
during proton treatment

To obtain uniformity of the dose distribution in the irradiation field by the dual-ring double-
scattering method, the incident beam must satisfy strict conditions. If the central axis of beams
moves more than 1 mm from the cenire of the second scatter, the uniformity of the irradiation
field becomes lower than the clinically useful level. The central axis of beams must be within
the circle with a radius of 1 mm from the centre of the second scatter. In our instifution,
since changes in the beam axis during proton irradiation of less than 1 min for treatment are
very small, there are no problems in maintaining uniformity of the dose distribution in the
irradiation field if the central axis of beams is adjusted to agree with the centre of the second
scatter before each irradiation. However, daily or long-term changes in the beams are larger
than the accuracy required for the treatment, affecting the uniformity of the dose distribution.

To obtain highly accurate uniformity of the dose distribution in the irradiation field during
proton radiotherapy, we developed a control system, consisting of functions for automatic
fine adjustment of the central axis of beams and for placing the centre of the second scatter
on the central axis of beams by moving the scatter mechanically. The central axis of beams
is adjusted from the side closer to the beam source, brought about by a combination of the
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Figure 9. Flowchart of the control procedures for uniformity of the dose distribution at high
accuracy.

beam profile monitor (BPM) fixed on the beam transport system of the rotating gantry and the
steering electromagnet. The centre of the second scatter is adjusted to agree with the central
axis of the incident beam by the profile and flatness monitors built into the irradiation apparatus
(figure 8). After positioning the patient for treatment, the adjustment is performed by delivering
pulsed proton beams to the patient with the settings for the treatment conditions prescribed for
the patient, which is completed by an irradiation of less than 1% of the administration dose.
Figure 9 shows the flowchart of the control procedures.

3.5. Results of the dose distribution uniformity by beams used in proton treatment

Figare 10 shows the characteristics of the correlation between the profile monitor indication
and the centre of the second scatter under different conditions of proton irradiation after control
of the dose distribution at high accuracy. In the figures obtained at the proton beam energies
of 150 MeV, 190 MeV and 235 MeV, the symbols indicate all data for the condition of the
SOBP width, the thickness of FD, the field size and the angle of the rotating ganfry used in
clinical treatment.

Taking the characteristics shown in figure 7 into consideration, the uniformity of the
proton dose distribution in the irradiation field during treatment was at a level indicated by a
symmetry of less than =1% and flatness of less than 2%.
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Figure 10, Characteristics of the correlation between the PMI(T ¢ x,y) and the centre of the
second scatter after control of the dose distribution at high accuracy under different conditions of
proton irradiation used in clinical treatment.

4, Conclusions

It is very difficult to obtain uniformity of the dose distribution in the irradiation field
during proton radiotherapy by the dual-ring double-scattering method. Uniformity of the
dose distribution during treatment could be obtained at high accuracy by using the control
method that we developed. To adjust the central axis of beams to be within a circle with
a radius of 1 mm, a high performance electromagnet and its power source would be
required. Apparatus for proton radiotherapy with uniformity of the dose distribution at high
accuracy can be provided to facilities to be built in the future at low costs using this control
method.
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BACKGROUND., The objective of the current study was to investigate the effects and
the morbidities of single-fraction stereotactic radiation therapy (SRT) for lung
tumors.

METHODS. A Microtron device was modified to deliver stereotactic irradiation
under respiratory gating, Between August 1998 and December 2004, 59 malignant
lung tumors (11 primary tumors, 48 metastases) that measured < 40 mm in
greatest dimension were treated by single-fraction SRT. Nine tumors received a
minimal dose of < 30 grays (Gy), and 50 tumors received 2 minimal dose of = 30
Gy. The macroscopic target volume ranged from 1 cc to 19 cc (mean, 5 ce).
RESULTS. The 1-year and 2-year local progression-free rates (LPFRs) were 93% and
78%, respectively. The overall survival rate was 76.5% at 1 year and 41% at 2 years.
Local regrowth of the irradiated tumor was a direct cause of death in two patients.
Only the minimal radiation dose to the reference target volume tended io have an
influence on the LPFR (P = 0.068). The 2-year LPFRs for patients who received
irradiation doses of = 30 Gy and < 30 Gy were 83% and 52%, respectively. With
regard to marbidities, Grade 3 respiratory symptoms {according to the Radiation
Therapy Oncology Group/European Organization for Research and Treatment of
Cancer late radiation morbidity scoring scheme} were noted in one patient.
GONCLUSIONS. The results from the current study suggested that single-fraction
SRT was tolerable and was capable of attaining excellent local control in patients
who had malignant lung tumors that measured < 4 cm in greatest dimension.
Cancer 2006;106:1347-52. ® 2006 American Cancer Society.

KEYWORDS: siereotactic radiation therapy, lung tumar, single fraction, respiratory
gating.

Recently, wide applications have been identified for stereotactic
radiation therapy (SRT) in the treatment of solid tumors, espe-
cially lung and liver tumors. In localized tumors, favorable results
comparable to those achieved with surgical intervention were ob-
tained with hypofractionated SRT.'~* From the standpoint of normal
tissue tolerance, single, high-dose irradiation is prohibitive. With the
advent of SRT, it has been demonstrated that single, high-dose irra-
diation is tolerable if the planning target volume (PTV) is very small
and if radiation therapy is delivered by 3-dimensional (3-D), converg-
ing, noncoplanar arcs. This single-fraction, high-dose radiation ther-
apy is administered mainly to intracranial tumors. Therefore, it pre-
sumably is possible to extrapolate that the same single-fraction, high-
dose irradiation can be delivered to lung tumors provided that the
PTV is small enough and that radiation therapy is delivered by 3-D,
noncoplanar, converging beams. However, to our knowledge, there
are only a few reports to date regarding the use of SRT with a single

Published online 10 February 2006 in Wiley InterScience (www.interscience.wiley.com).
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fraction, and the optimal single-fraction dose for con-
trolling local tumor remains to be established.>®

We have developed a Microtron-based system for
SRT of solid tumors that delivers radiation at a prede-
termined respiratory phase.” Patients with lung tu-
mors have been treated by a single-iraction SRT using
this system since August 1998.% In this article, we
report the outcomes of their treatment.

MATERIALS AND METHODS

A Microtron device (Hitachi Medical Co., Tokyo, Ja-
pan) was modified to deliver SRT of 6-megavolt X-rays
under respiratory gating. The detailed descriptions of
the system and the treatment method have been re-
ported elsewhere.”® Briefly, a custom-made fixing cra-
dle is made for each patient, and computed tomogra-
phy (CT) simulation in an end-expiratory phase is
performed with the patient lying in the cradle. Multi-
portal, noncoplanar radiation treatment is planned
and evaluated by using dose-volume histograms. The
portals range in number from 9 to 16 (mean, 13 por-
tals). Respiratory movement of the chest wall is mea-
sured contimiously by a laser displacement monitor
(Keyence, Tokyo, Japan) placed over the patient’s
chest, The monitor is able to detect distance changes
> 0.5 mm between the monitor and the chest wall
surface. The obtained respiratory movements of the
chest wall are sent to the respiratory gating system,
where on signals for irradiation are delivered to the
Microtron at an arbitrary respiratory phase. The actual
radiation therapy is delivered with the Microtron only
at the end-expiratory phase.

Between August 1998 and December 2003, 59 ma-
lignant peripheral lung tumors that measured < 40
mm in greatest dimension (7 tumors measured > 30
mm in greatest dimension) were treated by single-
fraction SRT after informed consent was obtained
from all patients. Six patients were irradiated twice,
and three patients were irradiated 3 times: Therefore,
there were 47 patients in total. The female-to-male
ratio was 9:38, and the mean patient age was 67 years.
The majority of lung tumors (48 of 59 tumors; 81%)
were metastatic lesions from various primary sites.
The primary tumor site was the lung in 11 tumors, the
colon in 9 tumors, the head and neck in 9 tumors, and
the liver in 6 tumors. Eleven tumors were primary lung
carcinomas, only 4 of which were TNM Stage [ tu-
mors.? Among the remaining seven primary lung car-
cinomas, only primary lesions were treated by SRT,
and coexistent mediastinal and/or metastatic lesions
were managed by other modalities. Histologically, 27
tumors were adenccarcinomas and 15 tumors were
squamous cell carcinomas. All four Stage I primary
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lung carcinomas were adenocarcinomas. Three histo-
logically unknown tumors were included in the cur-
rent study, because radiologic studies, which included
fluorodeoxyglucose-positron emission tomography
(FDG-PET), strongly indicated the malignant nature of
those lesions.

The macroscopic tumor volume (GTV)!° ranged
from 1 cc to 19 cc (mean, 5 cc}. In this study, we
assumed that the clinical target volume (CTV) was
equal to the GTV displayed by CT images of the lung
field windows. For the PTV, 5-mm margins were taken
into account in all directions from the CTV. Before
December 2001, the prescribed dose was calculated by
using the minimal dose of the GTV = CTV as a refer-
ence target volume (29 tumors). Thereafter, the pre-
scribed dose was calculated as the minimal dose to the
PTV (30 tumors). Nine tumors received the minimal
dose of 20 grays (Gy) or 25 Gy, and 50 tumors received
= 30 Gy (range, 30-34 Gy).

In 32 tumors, respiratory gating was not per-
formed. In 9 of those 32 tumors, respiratory cycles
were too irregular for the system to determine the
end-expiratory phase. In the remaining 23 tumors,
respiratory gating was not necessary because the
ranges of tumor movement by respiration were < 5
mm {Table 1).

After the completion of SRT, CT scans were ob-
tained bimonthly for up to at least 6 months and were
evaluated according to the Response Evaluation Cri-
teria in Solid Tumors.** A complete response (CR) was
defined as the disappearance of all target lesions. A
partial response (PR} was defined as a decrease = 30%
in the sum of the greatest diinensions of the target
lesions by using the baseline greatest dimension sum
as the reference. Progressive disease (PD) was defined
as an increase = 20% in the sum of the greatest di-
mension of the target lesions using the smallest surn of
the greatest dimension recorded since the initiation of
{reatment or since the appearance of = 1 new lesion
as the reference point. Stable disease (SD) was defined
as neither sufficient shrinkage to qualify for a PR nor
sufficient increase to qualify for PB.

The influence of each prognostic factor on the
maximal response of the turnor was tested by using a
Student ¢ test for continuous variables and a chi-
square test for categorical variables. The local progres-
sion-free rate (LPFR) was calculaied using the Kaplan-
Meier method!? assuming regrowth of the irradiated
tumor as an event, irrespective of the status of other
lesions outside of the treatment volume. A tumor was
censored in patients who died without tumor re-
growth. Differences between LPFR curves were tested
by using the log-rank method.



TABLE 1
Patient, Target, and Treatment Characteristics
Characteristic No. of patients
Gender (no.}
Male 38
Female g
Age
Range 32-90 yrs
Mean 67 yi8
Primary tumor site
Lung (primary site} 11
Lung (metastatic site) 11
Colont 9
Head and neck 9
Liver 6
Esophagus 2
Dreast 2
Uterus 4
Others 5
No. of target lesions
i 38
2 6
3 3
Histclogy
Adenocarcinoma 7
sCC 15
HCC 8
Others 8
Unknown 3
GV
Range 1-i§ cc
Mean Sce
Minimal dose
< 30 Gy 9
=30 Gy &)
Range 20-34 Gy
Mean 30 Gy
Respiratozy gating
Yes 0
No 2
Neference volume
GV P
PTV 30

SCC; squamous cell carcinome; HCC: hepatacelutar carcinoma; GIV: [gross) macroscopic fumor
volume; Gy: grays; PTV: planning target volume,

For the evaluation of radiation-induced morbidi-
ties, Radiation Therapy Oncology Group/European
Organization for Research and Treatment of Cancer
late radiation morbidity scoring schemes®® were used.
The mean follow-up for all patienis was 12 months
(range, 2—42 mos).

RESULTS

In terms of the maximal response, a CR was achieved
in 18 tumors, a PR was achieved in 29 tumors, and SD
was achieved in 12 tumors. Regrowth was noted in 3 of
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TABLE 2
Tumor Maximal Response and Regrowth

Minimal dose
<30 Gy = 30 Gy

Response  Regrowth  Noregrowth  Regrowth  Noregrowth  Total
CR 0 2 1 15 18
PR 1 4 3 21 2%
NC 2 0 1 9 12
Total 3 6 5 45 59

Gy: grays; CR: coraplete response; P: partia] response; NC: no change.

TABLE 3
Correlation with Maximal Response: Complete and Partial Responses
versus Stable Disease

Characteristic Pvalue
Gender* NS
Age” N§
Primary tumor site® NS
Histology* NS
GTV (c)® NS
Minimal dose (< 30 Gy vs. = 30 Gy)® NS
Respiratery gating® 0.02
Reference volume® 0.04

N5: not significant; GTV: {gross) macroscopic tamor volume; Gy: grays.
4 Determined according to the chi-square test.
® Determined according to the Student ¢¢est.

9 tumors that received radiation doses < 30 Gy (2
tumors that achieved SD and 1 tumor that achieved a
PR) and in 5 of 50 tumors that received radiation doses
= 30 Gy (1 tumor that achieved SD, 3 tumors that
achieved a PR, and 1 tumor that achieved a CR} (Table
2). All local tumor regrowth occwred within 2 years
after SRT.

Both demographic and clinical factors were ana-
lyzed with respect to maximal tumor response, includ-
ing patient gender, patient age, primary tumor site,
histology, GTV, use of respiratory gating, minimal
dose, and the nature of the reference target volume. A
statistically significant correlation was found between
the maximal response and the use of respiratory gat-
ing and reference target volumes. A response (CRs and
PRs) was obtained more frequently in the tumors
without respiratory gating (P < 0.02) and in the tu-
mors that were irradiated using the PTV as a reference
target volume (P < 0.04) (Table 3).

The 1-year and 2-year LPFRs were 93% and 78%,
respectively. The same demographic and clinical fac-
tors were tested with respect to their impact on LPFR.
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TABILE 4
Correlations with Local Progression-Free Rate
Characteristic Pyalue*
Gender N§
Age {= 67 ys vs. < 67 yrs) NS
Primary tumor site (lung primary vs. others) NS
Histology {adenocarcinoma vs. athers) N§
GTV(>5¢ccvs. =5) NS
Minimal dose (< 30 Gy vs. = 30 Gy) 0.068
Respiratory gating N§
Reference volume NS
N§: not sigeificant; GTV: {gross] mactoscopic tumor volume; Gy: grays.
2 Datermained according to the Jog-rank test.
1 £ =
CR + PR
* 5D
=
5 0.5
0
0 12 24 36

Time (mos)

FIGURE 1. the local progression-frae rate {LPFR) is illustrated according to
the minimal radiotherapy dose. CR: complete response; PR: partial sesponse;
8D: stable disease.

Only the minimal dose tended to have an influence on
the LPER (P = 0.068) (Table 4). The 2-year LPFR for
tumors that were irradiated at doses = 30 Gy and < 30
Gy was 83% and 52%, respectively (Fig. 1). Excluding 9
tumors that were irradiated at doses < 30 Gy, the LPFR
was calculated according to the maximal response.
The 2-year LPFR for responding tumors (CRs and PRs)
and for tumors that achieved SD was 85% and 80%,
respectively. The difference was not found to be sta-
tistically significant (Fig. 2).

The overall survival rate was 76.5% at 1 year and
41% at 2 years. Local regrowth of the irradiated tumor
was a direct cause of death in two patients.

With regard to morbidities, Grade 2 respiratory
symptoms were reported in one patient. Another pa-
tient who had active tuberculosis and idiopathic in-
terstitial pneumonia developed Grade 3 respiratory
morbidities that necessitated oxygen supplement. In
two patients who had subpleural tumors, skin ery-
thema was noted and was healed without any scar-
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FIGURE 2. The local progressioa-free rate (LPFR) is illustrated according to
the maximas response (minimal radictherapy dose = 30 grays [Gy]).

ring. All other tumors were treated without any inci-
dents of acute or chronic morbidity.

DISCUSSION
Single, high-dose irradiation long has been considered
prohibitive because of late radiation morbidities. Even
as early as the 1920s, German groups published re-
ports of the disastrous effects of single, high-dose ir-
radiationn on norrmal tissues.** However, the very con-
fined treatment volumes obtained with SRT has made
it possible to apply a single, high dose without causing
late morbidities, even in sensitive organs such as the
central nervous system.'® Single-fraction SRT is a
promising modality that has the potential to circum-
vent the problem of repopulation, which can occur
during conventional, fractionated radiation therapy,
and to improve the local control of lung tumors.®
However, to our knowledge only a few authors to date
have reported results from studies that used single-
fraction SRT to lung tumors. Hof et al.” reported on 10
patients with histologically confirmed, Stage I, non-
small cell lung carcinoma who recejved treatrment
with single-fraction SRT (isocenter dose range, 19-26
Gy). After 12 months and 24 months, the local recur-
rence-free survival rate in their study reached 88.9%
and 64%, respectively. Wulf et al.® reported results
from a study of single-dose SRT to 25 lung metas-
tases with a CTV < 25 cc, and no local recurrences
were observed at a median follow-up of 9 months
(range, 2-37 mos). In that series, the PTV was de-
fined as the CTV plus 5-10 mm margins and was
enclosed by 20.8 Gy.

In the current series, all tumors that were irradi-
ated at a dose < 30 Gy used minimal dose of the CTV,



and not the PTV, as the prescribed dose. Therefore, in
some tumors, the minimal dose to the PTV may have
been lower compared with the series reported by Wulf
et al. The poor 2-year LPFR of 52% noted among
tumors that were irradiated at a dose < 30 Gy in the
current series may have been because of the lower
dose. Conversely, tumors that were irradiated at a
minimal dose = 30 Gy demonstrated an LPFR of 83%
and, when considering only tumors that were irradi-
ated at a dose = 30 Gy by using the prescribed dose to
the PTV, the 2-year LPFR reached 90%, a rate that is
comparable to the results reported by Wulf et al® and
Hof et al.®

The optimal dose for the control of lung tumors by
single-fraction SRT is unclear. Wulf et al. revealed a
dose-response relation with an advantage for higher
doses of SRT in three fractions.® Ohnishi et al.* evalu-
ated 245 patients with Stage I nonsmall cell lung car-
cinoma who underwent hypofractionated SRT in Ja-
pan with a linear quadratic model*® and found that
patients who received a biologically effective dose
(BED) = 100 Gy at the isocenter achieved better local
control and had better survival rates compared with
patients who received a BED < 100 Gy. However, the
linear quadratic model is not appropriate for radio-
therapy with a fractionated dose > 8 Gy.!” Therefore,
it is difficult to compare single-fraction radiotherapy
with multifraction radiotherapy. Although a statisti-
cally significant difference was not reached, the results
of the current study demonstrated that patients who
had tumors that were irradiated at a dose = 30 Gy
tended to have more favorable outcomes. Cwrrently, it
is preferable to use a minimal dose of 30 Gy in a single
fraction to obtain good local control in patients who
have malignant tumors that measure < 4 cmt in great-
est dimension. To our knowledge, it is unknown
whether larger doses are beneficial in improving tu-
mor control further, and the possibility for incremen-
tal dose increases also depends on the morbidities
caused by single-fraction SRT.

The incidence of adverse reactions to single-frac-
tion SRT was very low, as expected and as reported in
other series.>® The only Grade 3 respiratory morbidi-
ties noted in the current series were reperted in a
patient who had active tuberculosis and lung fibrosis.
However, when an increase in the single-fraction dose
is attempted, even by using stereotactic, converging
X-ray beams, an increment of the dose to the healthy
lung tissue is inevitable. In conventionally fraction-
ated radiation therapy, a volume = 20 Gy (V20) of
irradiated lung is related closely to the incidence and
severity of radiation pneumonitis.’®*® Likewise, we
used a volume of irradiated lung = Gy (V8) as an
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indicator of radiation pneumonitis in single-fraction
SRT.?° It is mandatory to correlate such indicators
with the incidence of adverse reactions to single-frac-
tion SRT in the treatment of patients with lung tu-
MOTS.

In the current study, patients who had tumors
that were irradiated without respiratory gating and
with PTV used as the reference volume achieved re-
sponses (CR and PR) more frequently, although the
nature of the maximal response demonstrated no sta-
tistically significant influence on the LPFR. In some
patients, the appearance of consolidation around the
tumor by radiation pneumonitis may prevent the cor-
rect diagnosis of tumor shrinkage, and such patients
may be classified erroneously with SD. The limited
value of CT diagnosis in radiation response of lung
tumors has been reported previously.?* For the early
prediction of local control by SRT, FDG-PET studies
may be useful.??

The results of the current series demonstrated
that single-fraction SRT may be performed safely with
excellent local control in patients with lung tumors
thai measure < 4 ¢m in greatest dimension. However,
longer follow-up will be required to establish the op-
timal dose with this method.
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Guillain—Barre syndrome associated with rapid immune reconstitution
following allogeneic hematopoietic stem cell transplantation
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Guillain-Barre syndrome (GBS) is a rare complication
following hematopoietic stem ceil transplantation (HSCT),
and its pathogenesis remains unclear. GBS in the early post
transplant period has been attributed to the conditioning
regimen, particularly cytosine arabinoside.! In contrast, the
etiology of GBS in the late post transplant period remains
unknown.? Some reports suggest an association with
antecedent infections such as cytomegalovirus (CMV) and
Campylobacter pylori. As few cases of GBS during acute
graft-versus-host disease (acute GVHD) have been re-
ported, acute GVHD is unlikely to be the cause of GBS.?
We report a patient who developed GBS during rapid
immune reconstitution following allogeneic HSCT.

A 34-year-old woman with acute lymphoblastic leukemia
in the second remission underwent allogeneic peripheral
blood stem cell transplantation from a one-antigen-
mismatched related donor. The conditioning regimen
comprised of cyclophosphamide and busulfan. GVHD
prophylaxis was cyclosporine and short-term methotrexate.
Diffuse erythema and diarrhea appeared on day 20; acute
GVHD was diagnosed after skin biopsy. We initiated
methylprednisolone 1mgjkg, to which GVHD gradually
responded. On day 30, she developed abdominal pain and
was positive for CMV pp65 antigenemia. CMYV colitis
was diagnosed after colonoscopy with tissue biopsy. Her
symptoms gradually improved with ganciclovir, and CMV
antigenemia turned negative on day 70, On day 78, she
complained of muscle weakness in the lower extremities,
which progressed to quadriplegia on day 85. Muscle
weakness was prominent in the proximal lower extremities.
Deep tendon reflexes were absent in all the four extremities.
Auionomic nervous and sensory funiction remained clini-
cally normal. Magnetic resonance images of the whole
spinal cord failed to show any abnormalities. Cerebrospinal
fluid (CSF) showed normal levels of cell counts, protein,
and glucose. CSF cultures and polymerase chain reaction
using CM V-specific primers were negative. Serological tests
for myasthenia gravis and anti-ganglioside antibody were
also negative, Nerve conduction studies showed no
conduction blocks, while the amplitudes of action poten-
tials of compound muscle and sensory nerve were
abnormally reduced. Electromyelography showed fibrilla-
tion potentials and positive sharp waves, which were
consistent with denervation of muscle fibers. A sural nerve
biopsy revealed axonal degeneration with infiliration of

CD8+ T cells and macrophages. Based on these findings,
axonal type GBS was diagnosed.

Notably, the serum IgG level rapidly increased, when
the patient developed GBS (Figure 1). Electrophoresis of
serum immunoglobulin revealed no clonality. Single
strand conformation polymorphism (SSCP) analysis of
T-cell receptor (TCR) VA genes amplified by the reverse
transcription-polymerase chain reaction from peripheral
blood mononuclear cells on day 78 showed several distinct
bands of TCR V§ genes (Figure 2). This indicates clonal
expansions of T cells. SSCP analysis of peripheral blood
mononuclear cells showed that some TCR clonotypes of
post transplant patient T cells were identical to those of
donor T cells. These findings demonstrate that donor-
derived mature T cells expanded clonally in the peripheral
pool when the patient developed GBS.

We initiated high-dose immunoglobulin therapy on day
88, but to no avail. Immune suppression was not
intensified, and the serum concentration of cyclosporine
was maintained at around 80 ng/dl. Plasma exchange was
not conducted in this patient, since there is little evidence
supporting its usefulness for GBS following HSCT. Her
muscle sirength remained unchanged from day 85 to day
148. On day 150, the patient displayed rapid recovery of
muscle strength. On day 230, she could walk with
assistance. She developed no symptoms of chronic GVHD.
She was discharged on day 250.

The clinical course of the present patient provides
important information about the pathogenesis of GBS
following HSCT. She had not presented with the typical
features of GBS such as an increase in CSF protein and
anti-ganglioside antibodies. These findings suggest differ-
ences in the pathogenesis between GBS in the non-
transplant setting and that following HSCT. A sural nerve
biopsy showed infiltration of T cells and macrophages,
suggesting an immune-mediated pathogenesis. GVHD was
suspected to be an etiological factor in the immune-
mediated pathogenesis. However, sympioms of acute
GVHD had already resolved at the onset of GBS, and
GBS improved without intensifying immune suppression.
These findings ate consistent with previous reports.® It is
reasonable to assume that GBS following HSCT would be
attributable to immune-mediated mechanisms other than
GVHD.

Her clinical course suggests an association between the
antecedent CMV infection and GBS. In the previous
reports, two types of peripheral neuropathy owing to
CMYV infection have been noted: direct damage of infected
neural cells and immune-mediated ‘cross-reacting mechan-
ism’.3# In this patient, direct neural involvement by CMV
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Figure I Clinical course of the present patient. The patient developed
skin erythema and diarrhea of acute graft-versus-host discase (GVHD) on
day 20, to which methylprednisolone therapy responded. Cytomegalovirus
(CMYV) ppéS5 antipenemia tested positive on day 30. After starting
ganciclovir, CMV antigenemia tested negative on day 70. The patient
developed muscle weakness on day 78. The development of muscle
weakness was followed by clonal proliferations of mature T cells and rapid
increase of serum immunoglobulin levels. Muscle weakness improved
without intensifying immune suppression. CyA =cyclosporing; mPSL=
methylprednisolone; anti-CMV =CMYV pp65 antigenemia; IMG = high-
dose immunogiobulin therapy.
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Figure 2 Single strand conformation polymorphism (§SCF) analysis of
T-cell receptor (TCR) V§ genes 1-15. SSCP analysis of TCR Vf genes
amplified by the reverse transcription-pelymerase chain reaction from
peripheral blood mononuclear cells on day 78 showed clonal expansions of
T cells. Some TCR clonotypes of patient-derived T cells were identical to
those of donor-derived ‘T cells. Lefl Janes are the data of donor. Right lanes
are of the patient.

was unlikely, because GBS developed after CMV anti-
genemia disappeared and mneural symptoms resolved
without anti-CMYV therapy. A humorally mediated ‘cross-
reacting mechanism’ was attributable to CMV-related GBS
in a non-transplant patient.* This could be a possible
etiology of GBS following HSCT; however, the clinical
sympioms of this patient were distinct from those of
CMV-related GBS in the non-transplant setting. Non-
transplant patients with CMV-related GBS frequently
develop sensory loss (50%), cranial merve involvement
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(80%), and respiratory insufficiency (63%).> These clinical
differences suggest that a2 humorally mediated cross-
reacting mechanism was not likely in this patient.

Most notably, the development of GBS is associated with
rapid immune recovery, which has been suggested as a
possible cause of immune dysregulation.”® In the early post
transplant period, naive B cells in the marrow and mature
T cells in the peripheral blood expand oligoclonally in
response fo antigenic stimulation such as CMV.? Both
expanded populations of lymphocytes could contribute to
the immune dysregulation.™®*° Qligoclonally expanded
naive B cells produce autoantibodies.’® Peripheral expan-
sions of mature T cells generate self-reacting T cells,
possibly because proliferation is not regulated by the
thymus.™®° I[n this patient, immunological analysis re-
vealed clonalities of donor-derived mature T cells. A sural
nerve biopsy showed infiltration of T cells and few deposits
of immunoglobulins. In addition serum anti-ganglioside
antibodies, the presence of which in non-transplant GBS
patients is the basis for the hypothesis of humorally
mediated cross reacting mechanism, were absent, Taken
together with these findings, it is reasonable to assume
that GBS following HSCT might be atiributable to peri-
pheral expansion of mature lymphocytes following CMV
infection.

In conclusion, we describe an HSCT patient who
developed proximal-dominant, axonal motor-sensory type
of GBS. The patient’s symptoms resolved with supportive
therapy. The clinical course suggests that peripheral
expansion of mature T cells following CMYV infection
may be an eticlogical factor in GBS following HSCT.
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Myeloablative allogeneic hematopoietic stem cell transplantation
for non-Hodgkin lymphoma: a nationwide survey in Japan

Sung-Won Kim, Tetsuya E. Tanimoto, Noriyuki Hirabayashi, Seiichi Goto, Masahiro Kami, Satoshi Yoshioka, Toshiki Uchida,
Kenji Kishi, Yuji Tanaka, Akio Kohno, Masaharu Kasai, Masakazu Higuehi, Masanobu Kasal, Shin-ichiro Mori, Takahiro Fukuda,
Koji 1zutsu, Hireshi Sao, Takayukl Ishikawa, Tatsuo [chinohe, Kengo Takeuchi, Kinuko Tajima, Ryuji Tanosaki, Mine Harada,
Shuichi Taniguchi, Kensei Tobinai, Tomomitsu Hotta, and Yoichi Takaue

We retrospectively surveyed the data of
233 patients who underwent myeloabla-
tive allogeneic hematopoietic stem cell
transplantation (allo-HSCT) for non-
Hodgkin iymphoma {NHL). Donors were
HLA-matched relatives in 154 patients
(66%) or unrelated volunteers in 60 (26%).
Ninety patients (38%) were in complete
remission. One hundred ninety-three
(83%) received a total body irradiation
(TBl)~based regimen, and 40 {(17%) re-
ceived a non-TBl-based regimen. Acute
graft-versus-host disease {(GVHD) oc-

curred in 155 {67%) of the 233 evaluable
patients; grade If to IV in 90 (39%), and
grade 1l to IV in 37 (16%). Treatment-
related mortality {TRM) was observed in
98 patients (42%), and 68% of them were
related to GVHD. In a multivariate analy-
sis, chemoresistance, prior autograft, and
chronic GVHD were identified as adverse
prognostic factors for TRM. Relapse or
progression of lymphoma was observed
in 21%. The 2-year overall survival rates
of the patients with indolent (n = 38),
aggressive (n = 111}, and lymphgblastic

lymphoma (n = 84) were 57%, 42%, and
41%, respectively. In a multivariate analy-
sis, chemoresistance, prior autograft, and
prior radiotherapy were identified as ad-
verse prognostic factors for overall sur-
vival. Although myeloablative allo-HSCT
represents an effective therapeutic op-
tion for patients with NHL, more work is
still needed to decrease TRM and relapse.
(Blood. 2006;108:382-389)

© 2006 by The American Society of Hematology

Introduction

Hematopoietic stem cell transplantation (HSCT) for patients with
non-Hodgkin lymphoma (NHL) has been mainly focused on an
autograft strategy. High-dose therapy with autologous HMSCT
(auto-HSCT) can increase remission rates and possibly prolong
disease-free survival and overall survival {OS) in patients with
chemotherapy-sensitive NHL at relapse.! This is also effective as
first-line therapy for those with advanced aggressive lymphoma.?
Nevertheless, relapse is a frequent cause of treatment failure after
auto-HSCT.}?

Allogeneic HSCT (allo-HSCT) has several advantages over
auto-HSCT, because the former cam avoid the reinfusion of
malignant cells and can also be associated with a graft-versus-
Iymphoma (GVL) effect, which might reduce the risk of relapse.
Most physicians believe that a small fraction of patients with
end-stage ageressive lymphoma can still achieve prolonged lym-
phoma-free survival with the application of allo-HSCT. However,
the high incidence of treatment-related mortality (TRM) (up to
55%) associated with allogeneic HSCT with a myeloablative

regimen has prevented the wider application of this strategy.*®
Several reports on allo-HSCT for refractory or advanced lym-
phoma, as well as studies comparing auto- versus allo-HSCT for
NHL, have been published over the past decade.! However, most
of these studies were small and nonrandomized, and incorporated
patients who had heterogeneous backgrounds. Thus, the role of
allo-HSCT in the treatment of NHL remains controversial. More-
over, the outcome of allo-HSCT in each histologic subtype has not
been fully determined. Previous studies have suggested that
allo-HSCT improves the prognosis of patients with advanced
follicular lymphoma (FL),79 whereas few reports have been
published on its benefit in aggressive lymphoma.'>13 In particular,
there has been very little information available on subtypes,
including mantle-cell lymphoma!l-"*; peripheral T-cell lymphoma,
unspecified (PTCL)'5; natural killer (NK) celt lymphoma'$; and
anaplastic large cell lymphoma.

The application of reduced-intensity stem cell transplantation
(RIST) or “nonmyeloablative’™ HSCT has been reported to decrease
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TRM.™ Additionally, the recent development of supportive
treatments may have decreased the risk of TRM and facilitated the
application of allo-HSCT to NHL.?® Therefore, we conducted a
retrospective nationwide survey on Japanese patients with NHL
who had undergone conventional allo-HSCT to establish a bench-
mark of myeloablative allo-HSCT in the treatment of NHL.

Patients, materials, and methods

Data sources

This survey collected the data of 233 consecutive patients who received
myeloablative allo-HSCT for NHL between 1990 and 2001 in 56 participat-
ing hospitals. Data were derived from questionnaires distributed to each
hospital. Additional questionnaires were sent to confirm the follow-up data,
including the occurrence of graft-versus-host disease (GVHD). The indica-
tions for allo-HSCT were left to the discretion of each instifution. The
patients inciuded in this study received a conditioning regimen with an
intensity that was equivalent to that of total body irradiation (TBI) plus
cyclophesphamide or busulfan plus cyclophosphamide. Patients who had
previously received monoclonal antibody therapy or F-cell-depleted trans-
plantation, those younger than 14 years, and those who received RIST were
not included. Additiorally, these with adult Tecell leukemia/lymphoma
were excluded because their clinical course differed from that of other types
of lymphoma, The minimum data required for the inclusion of a patient in
this study were age, sex, histologic diagnosis, prior treatment details, status
at transplantation, doner information, conditioning regimen, date of trans-
plantation, therapy-related complications, date of last follow-up, disease
status at follow-up, date of disease progression/death, and cause of death.
Approval was obtained from the institutional review board. Informed
consent was provided according to the Declaration of Helsinki.

Definitions

The initial institutional histologic diagnosis was further reviewed by a
pathologist (K. Takeuchi} using the WHO classification.” Briefly, NHL was
divided into 3 clinical subtypes: indolent, aggressive, and lymphoblastic
lymphoma. Indolent lymphoma included all grades of FL and extranodal
marginal zone B-cell lymphoma of mucesa-associated lympheid dssue
(MALT lymphoma). Aggressive lymphoma included all lymphomas except
for indolent and lymphoblastic lymphoma. Transformed indolent lym-
phoma and Burkitt lymphoma were classified as aggressive lymphoma.
Furthermore, because most of the patients were evaluated before publica-
tion of the WHO classification, this analysis only included those who had
tumors that formed lesions, such as T-cell Iymphoblastic tymphoma
{T-LBL), and all other patients who had features of leukemia were
excluded, Those with chemosensitive disease included ali patients who had
shown a response 1o the last chemotherapy prior to transplantation (partial
remission [PR], complete remission [CR] unconfirmed, and CR), whereas
chemoresistant disease included those with primary refractory diszase or
refractory relapse prior to transplantation. Acute and chronic GVHD was
graded according to the consensus criteria. 222 Patients who survived 100
days were evaluable for the assessment of chronic GVHD. OS was
measured as the time from the day of transplantation until death from any
cause, and progression-free survival (PFS) was the time from the day of
eransplantation until disease progression (PD)/relapse or death from any
cause. Patients who died from transplantation-related causes were classified
as TRM regardiess of their disease status.

Statistical analysis

OS and PFS were calculated using the Kaplan-Meier method.® Surviving
patients were censored on the last day of follow-up, in July 2002. The
associations among patient-, disease-, and transplantation-related factors
and OS were assesscd by using univariate and multivariate Cox propor-
tional hazards medels. The associations between these factors and TRM
were assessed by using univariate and multivariate logistic models. The
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variables analyzed included age, clinical subtype, histologic diagnosis,
chemosensitivity, history of autograft or radiotherapy, years of transplanta-
tion, donor, source of stem celis, TBI-containing regimen, GVHD prophy-
laxis, and acute ard chronic GVHD. Acute GVHD was treated as a
time-dependent covariate in the Cox model. Stepwise variable selection ata
significance level of .05 was used to identify covariates associated with
outcomes. TRM and disease progression/relapse were calculated by using
cumulative incidence. The statistical analysis was performed with the SAS
8.2 program package (SAS Institute, Cary, NC).

Results
Patients’ characteristics

The patients’ characteristics are listed in Table 1. All patients were
younger than 60 years at the time of transplantation, with a median
age of 31 years. Thirty-eight patients (16%) had indolent lym-
phoma, 111 (48%) had aggressive lymphoma {diffuse large B-cell,
n = 44; PTCL, n = 22; extranodal NK/T-cell, n = 19; anaplastic
large cell, n = 7; mantle cell, n = 5; Bwkitt, n = 4; angioimmuno-
blastic T cell, n = 2; blastic NK cell, n = 2; hepatosplenic T-cell,
n = 2; subcutaneous panniculitis like T cell, n= 2; mycosis
fungoides with visceral dissemination, n = 2), and 84 (36%) had
lymphoblastic lymphoma. Ninety patients (39%) were in CR, 38
(16%) were in PR, 42 (18%) were in primary refractory, and 63
(27%) had refractory relapse at the time of allo-HSCT. Ninety
patients (39%) had received 4 or more chemotherapy regimens
before allo-HSCT. Forty patients (17%) had received prior au-
tograft, and 81 (35%) had received prior radiotherapy. One hundred
fifty-four patients (66%) received a transplant from a human
leukocyte antigen (HLA)-matched related donor, 19 (8%) from a
1-antigen-mismatched related donor, 43 (19%) from a matched
unrelated donor, and 17 (7%) from a I-antigen—-mismatched
untelated donor. One hundred fifty-nine (68%) patients received
bone marrow (60 from an unrelated denor) and 70 (30%) received
granulocyte colony-stimulating factor (G-CSF)-mobilized periph-
eral blood. One hundred ninety-three patients (83%) received
TBI-based myeloablative regimens, including TBI 12 Gy plus
cyclophosphamide (n = 60); a combination of TBI, ¢cyclophospha-
mide, and etoposide (n = 47); or TBI, cyclophosphamide, and
cytarabine (n = 40). Forty patients (17%) received a non-TBI-
based myeloablative regimen, including a combination of busulfan
and cyclophosphamide with or without other agents (n = 27);
melphalan, thiotepa, and busulfan (r = 3); cytarabine, ranimustine,
carboplatin, cyclophosphamide, and total lymphoid irradiation
(n=2); or cytarabine, etoposide, and busulfan (n=2). The
remaining 6 patients received individualized regimens. GVHD
prophylaxis included a combination of cyclosporin and methotrex-
ate in 204 (88%) or tacrolimus and methotrexate in 22 (9%). Two
hundred twenty-six patients (97%) were treated with G-CSF,
starting at days +1 to +6 after graft infusion until engraftment.

GVHD

Acute GVHD occurred in 155 (67%) of the 233 patients: grade Tin
65 (28%), grade T to TV in 90 (39%), and grade I to IV in 37
{16%) patients. Of the 165 patients who survived the initial 100
days after allo-HSCT, chronic GVHD occurred in 79 (48%), with
extensive type in 48 (29%). In allo-HSCT from related (n = 173)
and unrelated (n = 60) donors, grade I to IV acute GVHD
oceurred, respectively, in 61 (35%) and 30 (50%), grade Il to acute
GVHD occurred in 25 (15%) and 12 (20%), chronic GVHD
occurred in 54 (31%) and 25 {42%) patients, and chronic extensive





