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TABLE 1. Characteristics of Patients with Bronchial R1
Disease
Characteristics No. (%)
Sex
Male 58 (78)
Female 16(22)
Age
Range (yr) 39-83
Median (yr) 66
Pathological stage
0 (N1}
1 6(8)
1] 10(14)
11 52(70)
v 5(7)
Histology
Adenocarcinoma 3547
Squamous cell carcinoma 34 (46)
Large cell carcinoma 35
Adenosquamous cell carcinoma ()
Giant cell carcinoma 1(1)
Pulmonary resection
Pneumoncctomy 17(23)
With carinal resection 1
Bilobectomy 16(22)
With bronchial resection 3
Lobectomy 41 (55)
With bronchial resection 15
Type of bronchial R1
Direct extension 11{15)
Peribronchial extension 54(73)
Carcinoma in situ 9(12)
Postoperative RT
Yes 21 (28)
No 53(72)

Morphology of R1 Disease

Patients with bronchial Rl were classified into the
following three categorics according to the residual tumor
pattern: (1) Direct extension (DIR, n = 11, Figure 14),
characterized by direct invasive extension of the main tumor
proximally in the bronchial wall; (2) Peribronchial extension
(PER, n = 54, Figure 1B), which included tumor infiltration
into the peribronchial connective tissues, lymphatic perme-
ation by peribronchial lymphatic vessels, or extracapsular
infiltration of the metastatic lymph nodes; (3) Carcinoma in
situ (CIS, n = 9, Figure 1C), characterized by in situ exten-
sion of the main tumor, which continued up to the bronchial
resection margin. All patients with CIS lesion had squamous
cell carcinoma.

Postoperative Therapy

Postoperative radiotherapy was administered for 21
patients (5 with DIR, 11 with PER, and 5 with CIS). Patients
in poor physical condition or with advanced disease did not
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FIGURE 1. Schemas of bronchial R1 (A) direct extension,
(B) peribronchial extension, and (C) carcinoma in situ.

receive radiotherapy. The total radiation dose ranged from 29
to 60 Gy (median, 50 Gy). None of the patients in this study
received postoperative chemotherapy.

Copyright © 2008 by the International Association for the Study of Lung Cancer



Journal of Thoracic Oncology * Volume 3, Number 6, June 2008

Prognosis of Bronchial R1 Resection

Prognosis

Tumor recurrence was descnbed as local or distant.
Local recurrence was defined as any recurrent disease within
the ipsilateral hemithorax or mediastinum. Recurrence was
diagnosed by bronchoscopic biopsy or noninvasive diagnos-
tic procedures such as radiography, computerized tomogra-
phy, magnetic resonance imaging, or bone scan.

Statistical Analysis

Survival curves were estimated by the product limit
method of Kaplan and Meier, and the differences in survival
were tested with log-rank analysis. The length of survival was
defined as the interval between the day of initial operation
and the day of death or last follow-up. Observation was
censored at the last follow-up when patients were alive, and
all deaths, including operative deaths, were considered
events. The median follow-up period for the 12 surviving
patients was 51 months. The )’ test was performed to
evaluate the cormrelation between bronchial R1 morphology
and recurrence. Statistical significance was set at p < 0.05.

RESULTS

The median survival time for all patients with bronchial
R1 was 14 months, with actual survival rates of 57, 26, and
14% at 1, 3, and § years, respectively (Figure 2). According
to the bronchial R1 morphology, the 5-year survival rates of
patients with DIR, PER, and CIS were 0, 10, and 63%,
respectively (Figure 3). Patients with CIS fared significantly
better than did patients with the other types of bronchial R1
(DIR versus CIS, p = 0.0006; PER versus CIS, p = 0.0009).
On the other hand, we detected no difference in the prognoses
of patients with DIR and PER (p = 0.1753). Among patients
with DIR and PER, histologic classification or pathologic
nodal status did not affect the probability of survival (squa-
mous cell carcinoma versus nonsquamous cell carcinoma,
p = 0.4227; pNO-1 versus pN2, p = 0.1768).

During follow-up, progressive disease developed in 43
(58%), 20 patients were free of discase, and details of
predeath status were not known for 11 patients. Correlations
between the first site of relapse and bronchial R1 morphology
are shown in Table 2. In patients with CIS, local recurrence
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FIGURE 2. Cumulative survival for the entire group.
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FIGURE 3. Survival by type of bronchial R1 disease. Carci-
noma in situ (CIS) versus direct extension (DIR), p = 0.0006;
CIS versus peribronchial extension (PER), p = 0.0009, DIR
versus PER, p = 0.18.

developed in only one patient (11%) and no distant metastasis
was observed. On the other hand, recurrence rates of patients
with DIR (54%) and PER (66%) were significantly higher
than that of patients with CIS (p = 0.036, p = 0.006,
respectively), and 34 of the 42 recurrences (81%) included
distant metastases. Among 21 patients treated with postoper-
ative radiotherapy, 12 patients relapsed (Table 3). Despite the
radiotherapy, local recurrence developed in 4 patients (19%).
Furthermore, in DIR and PER group, half of the patients that
received radiotherapy (8 of 16) had recurrences at the distant
sites. Prognosis was not affected by postoperative radiother-
apy (p = 0.667, Figure 4).

TABLE 2. First Site of Relapse in Patients with Bronchial R1

DIR PER IS
(n = 11) (%) (n = 54) (%) (n = 9) (%)
Local 2(18) 6(11) 1(11)
Distant 4 (36) 26 (48) 0(0)
Local + distant 0(0) 4(M 0(0)
Total 6 (54) 36 (66) L(11)
DIR, dirct PER, peribronchial ion; CIS, in situ.

TABLE 3. First Site of Relapse in 21 Patients Undergoing
Postoperative Radiotherapy

DIR PER Ccis
(n = 5) (%) (n = 11) (%) (n = 5) (%)
Local 1 (20) 2(18) 1(20)
Distant 2 (40) 5(45) 0(0)
Local + distant 0(0) 1(9) 0(0)
Total 3 (60) 8(72) 1(20)
DIR, direct PER, perib CIS, carcinoma in situ.

Copyright © 2008 by the International Association for the Study of Lung Cancer 601
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FIGURE 4. Survival in patients with or without postopera-
tive radiotherapy (RT). RT versus non-RT, p = 0.667.

No RT

BPF developed in six patients (8.1%), 3 of the 11
patients with DIR (27%) and 3 of the 54 patients with PER
(5.6%). BPF formation was not detected in patients with CIS.
One of the six patients with BPF was treated with postoper-
ative radiotherapy. The mortality rate of patients with BPF
was 50% (3 of 6).

DISCUSSION

Gross residual tumors at the resection margin adversely
affect the outcome of patients with non-small cell lung
cancer; patients with microscopic residual disease at a bron-
chial resection margin tend to survive longer than do patients
with residual gross disease.® The incidence of bronchial R1
resection in this study (1.6%) was slightly lower than that
reported in the literature (2.6-5.4%).7'! In our clinical
practice, we find that the incidence of cancer arising in the
periphery of lung is increasing, therefore the incidence of
bronchial R1 disease is less than that reported for this study.

The reported three-year survival rate of patients with
bronchial R1 varies from 24 to 40%,”'® and the 3-year
survival rate detected in this series fell within this range
(26%). Because of the heterogeneity of bronchial R1 disease,
many authors classify the pattern of bronchial R1 and eval-
uate prognoses according to these patterns.*#19-12 Soorae
and Stevenson'? analyzed the morphology of microscopic
residual tumor at the resected end of bronchus, and classified
bronchial R1 disease into four patterns: direct extension of
the main tumor mass proximally in the bronchial wall; lym-
phatic permeation through peribronchial and submucosal
lymphatic vessels; extension through parabronchial tissue;
and in situ extension. In their study, 15 of 64 patients with
bronchial R1 disease survived for more than 5 years. The
long-term survivors consisted of seven patients with in situ
extension, 7 with DIR, and one with in parabronchial
extension. There were no long-term survivors among pa-
tients with lymphatic permeation. Therefore, they con-
cluded that bronchial R1 morphology was associated with
outcome. Several other studies, including ours, have used
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the same classification scheme when analyzing patients
with bronchial R1 5-#.10.1)

Among the different morphologies of R1 disease, CIS
has been reported to be a favorable indicator of prognosis.®*
Snijder et al.® analyzed the outcomes of patients with resected
stage | discase with bronchial R1 and found no difference in
survival between patients with residual CIS and the same-
stage RO patients. Massard et al.% reported that cancer-related
death was observed in only 5 of 20 patients with CIS (distant
metastases in three, combined local recurrence and distant
metastases in one, and second primary lung cancer in one). In
previous studies, the cause of good prognosis of patients with
residual CIS discase was speculated to be: (1) spontaneous
regression of residual neoplastic cells caused by smoking
cessation; (2) interference with nutrition; (3) local scarring
phenomena; or (4) unknown immunologic pathways.®'? In
our study, the 5-year survival rate of patients with CIS was
significantly higher than that of patients with the other two
morphologic subtypes (DIR and PER). Cancer-related death
occurred in only one of nine patients with CIS. In addition,
four of eight patients without recurrence had no postoperative
radiotherapy. According to these observations, the prognostic
impact of residual CIS disease was different from that of the
other types of R disease. The role of postoperative radio-
therapy for residual CIS disease needs to be further refined.
Some patients with CIS disease might be followed up with
observation only. Otherwise, the indication for radiother-
apy should be determined according to the amount of
residual tumor.

We found no difference in the prognoses of patients
with either DIR or PER. Among patients with such morpho-
logic subtypes, neither tumor histology nor stage was asso-
ciated with prognosis. Previous studies have reported prog-
nostic differences related to the pattern of bronchial RI,
disease stage, or histology.*71° Liewald et al.'° reported that
the prognosis for patients with extramucosal microscopic
residual disease (infiltrating by peribronchial lymphatics or con-
nective tissue) was worse than that for patients with mucosal
microscopic residual disease (spreading directly along endo-
bronchial pathway). Others have found prognostic differences
associated with discase stage, histology, or presence of lym-
phangiosis carcinomatosa at the bronchial resection margin.*"%
Nevertheless, according to our analysis, the presence of bron-
chial R1 disease, except for CIS, was latently associated with
disease advancement regardless of tumor histology and stage.

There is no established standard of care for bronchial
R1 disease. Several authors have noted that local recurrence
develops more often in patients with bronchial R1 than in
patients without residual tumor.f-'' Some of these studies
recommended repeated resection for selected cases to prevent
local recurrence.”®/0.11 Nevertheless, 34 of 42 relapsed pa-
tients in our study (81%) with DIR or PER disease had distant
metastases, and local therapy such as postoperative radiation
did not affect the survival. Therefore, postoperative local
therapy might not improve overall survival, since the local
therapy does not control distant metastases. The benefit of
postoperative local therapy for patients with DIR or PER
disease should be considered limited.
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In this series, the 8.1% incidence of BPF in patients with
R1 disease exceeded that of patients without residual tumor at
our hospital (1.5%).'* Previous studies have reported that the
high incidence of BPF was the cause of high mortality rate of
patients with bronchial R1 disease.”'? Some have speculated
that the occurrence of BPF might be related to the presence of
residual tumor in the bronchial mucosa.”'''? Based on this
study, in which there was no BPF in patients with CIS, in situ
extension of tumor cells at the bronchial stump might not be
responsible for fistula formation. On the other hand, full thick-
ness invasion to the bronchial partition, which is seen in DIR or
PER pattern disease, might promote BPF formation.

We conclude that residual tumor morphology influ-
ences the prognosis of patients with bronchial RI disease
after lung cancer resection. The outcomes of patients with
CIS are different from those of patients with DIR and PER.
The morphology of the residual disease at the resected margin
should play an important role in planning postoperative
management for patients with bronchial R1.
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Abstract

Background: Costal coaptation pins made of hydroxyapatite and poly-L-lactide (HA/PLLA) composite are used to prevent slippage of the
connected ribs in posterolateral thoracotomy. The objective of this study was to evaluate rib fixation achieved by HA/PLLA costal coaptation pins.
Methods: Between September 2005 and January 2006, HA/PLLA costal coaptation pins were used in 106 consecutive patients who underwent
posterolateral thoracatomy at the National Cancer Center Hospital, Tokyo, Japan. Among these, 96 patients who were followed for one year were
analyzed. Fixation was assessed on chest X-ray at one week, two months, and one year after surgery, and classified into four types: no
displacement, vertical displacement, lateral displacement, and combined vertical with lateral displacement. Results: The incidence of
displacement at one week, two months, and one year after surgery was 22%, 19%, and 31%, respectively. No severe adverse events leading
to the removal of HA/PLLA pins occurred. At one year, the most frequent type of displacement was vertical displacement (15%), which reflected a
delay in bone formation. The use of analgesics among patients with different types of displacement was not significantly different (p = 0.97).
Conclusions: Based on the results of this study, the fixation of cut ribs with HA/PLLA costal coaptation pins may be less advantageous in

posterolateral thoracotomy, as displacement and delay of bone formation appear to occur frequently.
i 2008 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.

Keywords: Chest wall; Lung cancer; Pain; Tissue engineering; Thoracotomy

1. Introduction

A fixation device made of hydroxyapatite and poly-L-
lactide (HA/PLLA) compaosite is a newly developed modality
that is being increasingly used in thoracic surgery. Costal
coaptation pins made of HA/PLLA are absorbable, easy to
handle, and safe to use. Costal coaptation pins are used for
rib fixation during posterolateral thoracotomy and to
reposition multiple rib fractures [1—-5]. There have been
few reports on the use of HA/PLLA costal coaptation pins for
thoracotomy, and in particular it has not been well
documented whether such costal pins are beneficial for rib
fixation. The objective of the present study was to evaluate
post-thoracotomy rib displacement over time based on
radiographic findings.

* Corresponding author. Address: Thoracic Surgery Division, National Cancer
Center Hospital, 5-1-1 Tsukiji, Chuo-ku, Tokyo 104-0045, Japan,
Tel.: +B1 3 1542 2511; fax: «81 3 3542 3815,
E-matl oddress: hasamura@nce.go.jp (H. Asamura).

2. Materials and methods
2.1. Patients

Between September 2005 and January 2006, 135 lung
resections were performed at the National Cancer Center
Hospital, in Tokyo, Japan. Costal coaptation pins made of HA/
PLLA composite were used in 106 consecutive patients who
underwent posterolateral thoracotomy during the same
period. Costal pins were not applied for the following reasons:
wedge resection without rib resection in 12 patients, and
complicated resection, such as chest wall resection, in 17
patients. The patient characteristics are shown in Table 1.

2.2. PLLA costal coaptation pins and the surgical
procedure

Two sizes of HA/PLLA costal coaptation pins (Super-
FIXSORB®™: Ethicon Inc., Somerville, NJ) were used:
2mm x 2mm = 27 mm (thin) and 3 mm x 3 mm = 34 mm
(thick) (Fig. 1). During posterolateral thoracotomy, the ribs
were usually cut at the costal angle. The caliber was
measured by a calibrator, and the bone marrow space was
dilated using a reamer, if necessary. Small holes were made
on both sides of the cut ribs using a drill. An absorbable suture

1010-7940/% — see front matter @ 2008 European Association for Cardio- Thoracic Surgery. Published by Elsevier B.Y. All rights reserved.
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Table 1
Patient characteristics

Characteristic (n=106)
Age (years)

Median 67

Range 31-84
Gender (%)

Male 66 (62)

Female 40 (38)
Size of pins (%)

Thin 56 (53)

Thick 50 (47)
Disease (%)

Lung cancer 94 (89)

Others 12 (11)
Operative procedure (%)

Limited resection 12 (1)

Lobectomy B8 (83)

Pneumoneclomy b (&)

Fig. 1. Costal coaptation pins were used to close the posterolateral thora-
cotomy. The pin sizes were 2 mm x 2 mm = 27 mm (thin) and 3mm x 3 mm
34 mm (thick).

was threaded through the rib holes, and the pins were
inserted into the bone marrow of the cut rib. The cut ribs
were connected and ligated (Fig. 2).

2.3. Radiographic evaluation

Chest X-rays (posteroanterior view) were obtained at one
week, two months, and one year after surgery. Based on the
degree of fixation, the patients were classified into four
groups: no displacement, vertical displacement, lateral
displacement, and combined vertical with lateral displace-
ment (Fig. 3). Displacement was defined as being vertical
when the shift was more than one third of arib’s width, and as
being lateral when the shift was =5 mm.

2.4. Statistical analysis

Statistical analyses were performed using SPSS software,
version 13.0J (SPSS Inc., Chicago, IL). The chi-square test and

Fig. 2. Ahand-drill was used to make holes on both sides of the cut rib (a). The
caliber was measured by a calibrator, and a reamer was used to dilate the bone
marrow space (b). Costal coaptation pins were inserted Into the bone marrow
(€). The ribs were ligated with absorbable sutures, and connected (d).

Mann—Whitney's U-test were used to determine the relation-
ship between rib displacement and clinical factors. A p-value
<0.05 was considered significant.
3. Results
3.1. Clinical findings

Of the 106 patients, 93 were followed for one year. In 13
patients, the follow-up was not complete; 9 patients had

recurrence or died, and 4 patients were followed only with
computed tomography. Displacement according to the

No displacement

Lateral displacement

Veriical displacement

Combined lateral with
vertical displacement

Fig. 3. The degree of fixation was categorized as no displacement, vertical
displacement, lateral displacement, or combined vertical with lateral dis-
placement.
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Table 2
Displacement according to clinical and surgical factors
Character Fization
Displacement (=) (n = 64) Displacement (=) (n = 29) Total (n = 93) P value
Age (years) o
Median 0 &3 &7
Range 31-80 S0-84 -84
Gender (%) 0.78
Male 41 (M) 1729 58
Female 13 (64) 12 (34) 15
Stze of pins (%) 0.92
Thin 13 (67) 16 (13) 49
Thick 1@ 13 29) 2
[isease (X) 0.99
Lung cancer 59 (69) 26 (31) 85
Others 5 (63) 107 B
Operative procedure (%) 0.45
Limited resection 6 (B&) 1(14) 7
Lobectomy 56 (68) 27 (32) B2
Pneumonectonmy 2{30) 2(50) ]
Anaigesic intake at two months after surgery (%) 0.97
(=) 51 (69) 23(31) 74
(+) 13 (68) 6(32) 19

clinical and surgical factors of the 106 patients who were
followed for one year is shown in Table 2.

3.2, Radiographic findings of displacement

The radiographic findings according to the type of
displacement are shown in Table 3. The characteristic
features were the incidence of displacement and the
variation of displacement over time. Displacement occurred
in 20 patients (22%) at one week, 18 patients (19%) at two
months, and 29 patients (31%) at one year after surgery.
Vertical displacement was more common during the early
period after surgery, and lateral displacement was more
frequent one year after surgery. Of the 73 patients who did
not have displacement one week after surgery, 24 developed
some displacement during follow-up; In 15 (63%), displace-
ment was noted between one week and two months. In
contrast, displacement improved in 12 patients between one
week and two months.

One year after surgery, 12 patients had lateral displace-
ment; in these patients, the chest X-ray showed a lucent zone
at the connection of the ribs. In patients who had lateral
displacement, computed tomography showed that the ribs
were completely separated, and no bone tissue was observed
(Fig. 4).

Table 3
Displacement over Uime

Time after surgery

One week (%]  Two months (%)  One year (%)
No displacement 73 (78) 75 (81) 64 (69)
Vertical displacement 18 (19) 14 (15) 10 (11)
Lateral displacement 141 21(2) 14 (15)
Combined displacement 10 () 5(5)

3.3. Clinical findings and displacement

With respect to the results associated with different
surgical procedures, 29 patients with rib displacement (32%)
had lobectomy or pneumonectomy, and 1 patient had a
limited resection (14%); the difference in rib displacement
between surgical procedures was not significant (p = 0.56).

The effect of rib displacement on pain was assessed.
Surgical wounds, which included the rib connection, were
considered painful when oral analgesics were required two
months after surgery. Nineteen patients were prescribed oral
analgesics two months after surgery. Of these 19 patients, 13
had no displacement (20%), and 6 had displacement (21%); 2
patients had vertical displacement, 3 had lateral displace-

Fig. 4. The arrow shows the rib connection. The edge of the cut rib is clubbed,
and the pin Is not covered with bone tissue; a bare costal coaptation pin s
present,
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ment, and 1 had the combined type. Thus, there was no
significant difference in analgesic use among the groups
(p=0.97). Moreover, complications (parenchymal lung
injury and sputum retention with atelectasis) which induced
excessive cough and subsequent costal dislocation were not
seen in our series.,

4, Comment

Absorbable fixation devices made of hydroxyapatite and
poly-i-lactide (HA/PLLA) composite are increasingly being
used in orthopedic surgery for procedures such as fractured
bone fixation and bone grafting. In thoracic surgery, costal
pins are used for fixation of the sternum and ribs in
procedures for chest deformity, chest trauma, and thor-
acotomy. However, only a few reports have dealt with the use
of costal coaptation pins [1—6]. The trend in thoracic surgery
is toward a minimally invasive approach, and rib separation is
not routinely performed, even in posterolateral thoracotomy
in the present series, despite its widespread indication for
intrathoracic diseases. When ribs are separated in thor-
acotomy, the need for rib coaptation has been controversial
among thoracic surgeons, and the advantages of rib
coaptation have not yet been defined [1,2]. The efficacy
of coaptation pins has also not been adequately described.
The present study focused on the use of HA/PLLA pins for the
closure of posterolateral thoracotomy with regard to the
incidence of displacement after surgery at the immediate,
intermediate, and late postoperative periods.

The most remarkable finding of the present study was the
high incidence of costal displacement even at the immediate
postoperative period (one week after surgery) as high as 21%.
Throughout the observation period, the incidence continued
to be higher than 20%. In the literature, the incidence of
displacement has been reported to be 2% by Tatsumi et al. and
1.3% by Tsunezuka et al. [1,2]. These reports concluded that
PLLA costal coaptation pins were effective for the fixation of
separated rib. Thus, there are large differences in the
incidence of displacement between our study and these
previous studies. The timing and method of postoperative
evaluation might account for these differences. In the two
previous studies, the timing of roentgenological evaluation
varied, and chest CT was mainly used to evaluate displace-
ment. For example, in Tatsumi's report, evaluation was
performed with chest CTat 1—58 months after surgery [1]. The
status of costal adaptation might be greatly influenced by the
time after surgery, and the study should have incorporated a
uniform timing for evaluation. Furthermore, the images on
chest CTscan do not seem to be suitable for the evaluation of
displacement in a vertical dimension. In fact, this method
cannot detect displacement of less than 1cm. Our strict
criteria in the evaluation of displacement at scheduled time-
points could have detected even small displacement which
might have been overlooked in previous studies.

Another important observation was the increase in the
incidence of displacement during the follow-up period. The
incidence varied from 21% at the immediate point to 31% at
the late point postoperatively. The 21% incidence at the

immediate postoperative period clearly indicated that
fixation is not enough to ensure stability of the ribs. The
increase in displacement at the late period might be caused
by a decrease in the tension of the suture materials
(absorbable strings). With regards to the ligation technique,
ligation was performed with a single suture in our series. If
double ligation had been made for tightening the cut rib, the
rate of displacement might have decreased in the early
period. The cut ribs were too small and too thin for double
ligation, especially in the Japanese female patients.
Regardless of the cause, the increased incidence in the late
period, when bone coaptation should have been achieved, is
a substantial problem in practice.

In this study, the status of rib displacement was classified
into four patterns according to the images on postoperative
chest X-rays. The most common pattern of displacement was
lateral displacement (15%), followed by vertical displace-
ment (11%), and combined lateral and vertical displacement
(5%) at one year after surgery. On the other hand, two other
reports did not show any differences in the incidence of
displacement according to patterns [1,2]. The chest CT
images of cases with lateral displacement in this series
showed the complete separation of both costal ends and their
bony clubbing. These findings suggested that bone formation
around the costal pins was impaired. The costal pins could
induce the proliferation of connective tissue around the pins,
as reported previously, which results in impaired bone
formation due to a foreign body reaction [7,8].

In summary, ribs connected with costal coaptation pins
appear to deviate in a high percentage of patients, although
the effect of such displacement on pain is likely minimal and
no adverse events, such as parenchymal lung injury requiring
reoperation to remove the pins, were noted. Rib fixation with
HA/PLLA costal pins may be considered to be less advanta-
geous in posterolateral thoracotomy.
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Abstract Proton therapy is a form of radiotherapy that
enables concentration of dose on a umor by use of a
scanned or modulated Bragg peak. Therefore, it is very
important to evaluate the proton-irradiated volume
accurately. The proton-irradiated volume can be con-
firmed by detection of pair-annihilation gamma rays from
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positron-emitting nuclei generated by the nuclear frag-
mentation reaction of the incident protons on target
nuclei using a PET apparatus. The activity of the posi-
tron-emitting nuclei generated in a patient was measured
with a PET-CT apparatus after proton beam irradiation
of the patient. Activity measurement was performed in
patients with tumors of the brain, head and neck, liver,
lungs, and sacrum. The 3-D PET image obtained on the
CT image showed the visual correspondence with the
irradiation area of the proton beam. Moreover, it was
confirmed that there were differences in the strength of
activity from the PET-CT images obtained at each irra-
diation site. The values of activity obtained from both
measurement and calculation based on the reaction cross
section were compared, and it was confirmed that
the intensity and the distribution of the activity changed
with the start time of the PET imaging after proton beam
irradiation. The clinical use of this information about
the positron-emitting nuclei will be important for pro-
moting proton treatment with higher accuracy in the
future.

Keywords Proton therapy - Proton beam monitoring -
Beam OFF-LINE PET system - PET-CT imaging

1 Introduction

Proton therapy has allowed the dose to be concentrated
only on a umor. The use of proton therapy is spreading
throughout the world as a highly accurate method of
radiation therapy [1]. In the future, proton therapy will be
expected to become one of the main forms of radiation
therapy because of its high utility. On the other hand, the
diagnosis of an initial or small tumor has become
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possible with developments in imaging methods that
provide high resolution and contrast. In particular, posi-
tron emission tomography (PET) has advanced rapidly,
and its use has become widespread. PET-computed
tomography (CT) combines PET and CT and is now
readily available. The fusion of PET and CT images can
be achieved with high precision by use of a PET-CT
apparatus, As a result, the location of activity can be
determined with high accuracy.

In this study, the activity of positron-emitting nuclei
generated by the nuclear fragmentation reaction of incident
protons and nuclei constituting of a patient body was
measured with a PET-CT apparatus (beam OFF-LINE PET
system), and the proton-irradiated volume was confirmed.
So far most researches were limited to phantom studies
using a PET apparatus (no combined with CT apparatus)
[2-13]. Verification of activity measurement was per-
formed in patients with tumors of the brain, head and neck,
liver, lungs, and sacrum. By use of a fusion imaging
obtained with a combined PET-CT apparatus, the irradiated
volume was confirmed immediately after proton therapy
with higher accuracy than that the use of fusion of images
obtained from the separate PET apparatus and CT
apparatus.

We are researching dose-volume delivery-guided proton
therapy (DGPT) for confirmation of the proton-irradiated
volume and dose distribution by using a beam ON-LINE
PET system (BOLPs) in the proton treatment room [13]).
The activity image of each treatment site obtained with the
PET-CT apparatus will be used for the simulation and
estimation of the activity image acquired from the BOLPs
immediately after proton irradiation to a patient.

This paper is organized as follows. Experimental pro-
cedures are described in Sect. 2. Measurement and analysis
results and discussion are presented in Sect. 3. Section 4
discusses the conclusions of this study regarding proton
therapy.

2 Materials and methods

2.1 Nuclear fragmentation reaction of incident protons
and target nuclei

The nuclear fragmentation reaction occurs in the human
body by high-energy proton beam irradiation during proton
therapy. Many kinds of nuclei, including positron-emitting
nuclei, are generated by the reaction.

The activity Np, of the positron-emitting nuclei ¥
generated from each type of tissue composition by the
nuclear fragmentation reaction is expressed as the follow-
ing equation [11]:

Nps (tissue; E,) [kBa/ce/GyE]
= @ (tissue; Ep)

-;_. * { I —exp {"O'Xr-l’{Ep) " "Hun(x) E Arfnut) }

,;Z 5 {T_'ﬂ{_”.(1-2"""ﬂ(lf))}

7| * |72
x 270/mn(y) x (1-27/Tn(r))
(n

Here, X denotes the target nuclei in the tissue, z the depth,
T,, the time of the activity measurement, 7; the time of the
proton irradiation, Ty the interval between the start of the
activity measurement and the discontinuation of proton
irradiation, and T, the half life of the generated positron-
emitting nuclei. The reaction cross section of ox_.y, which
determines the rate of generation in the nuclear
frapmentation reaction X(p.x)Y, depends on the kind of
target nucleus (mass number A,, atomic number Z;) and the
relative kinetic energy of Ep. e denotes the number per
unit volume of the nucleus in the tissue, and A the
target thickness. Data of human body composition are
based on ICRU Report 46 [I14]. The number of incident
protons per the dose and the volume @, is expressed as
follows:

@, (rissue; E, ) [protons/cc/GyE]
=1x 10’3/{ (dE,/dchm]) .Rgg}

= [Lﬁ'?l x10-1. {1“(1-363><10‘-(?(EP)2_|)) ]

ﬂ(Ep)z l }] ‘
(2)

Here, RBE is the relative biological effectiveness. f and
are expressed by use of the kinetic energy of the proton, in
the following equation:

N 1
pler) = \/I (1+1.066 x 1073 - E,)"
7(Ep) =1+ 1.066 x 107+ E,. (3)

The '?C, "N, "0, and “’Ca nuclei are main chemical
elements of the human body [14)]. For proton therapy, the
number of each positron-emitting nuclei, generated in the
human body depends on the target nuclei and on the inci-
dent proton beam energy.

Some the experimental data of the reaction for ""C(p.x)i'.
"N(p,0)Y, "®O(p.x)Y have been reported [15). The mean
values of the reaction cross sections of the ''C, *N, and '*
O nuclei generated from the '2C and '®O nuclei are espe-
cially expressed as follows [11]:
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" eE
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Zc i 96.0 21.4 0.9 0.5 1.2 39.0 34.5 2.0
50 50 71.0 26.0 2.8 0.6 1.1 41.0 36.0 6.0
50 BN 66.0 104 04 09 0.8 11.6 68 1.0/
60 'ICc  18.8 43.6 3.6 0.5 1.0 49.0 35.0 4.0

(4)

Here, the reaction cross section of ay_.y and the relative
kinetic energy E, have units of mb and MeV, respectively.
The letters a, ..., h are constant parameters for the calcu-
lation of the reaction cross section in each reaction channel.
The data of the reaction for “'Cn(p.x)r is mainly calculated
with the INTENSITY code [16, 17] because there is no
experiment value,

2.2 Proton therapy at each treatment site

The proton radiotherapy facility of the National Cancer
Center, Kashiwa has a small normal-conducting AVF
cyclotron (C235) for medical purposes, two rotating gantry
ports, and one horizontal fixed port [18, 19]. For obtaining
laterally uniform irradiation ficlds, the dual-ring double
scattering method is used in one rotating gantry port and
the horizontal fixed port; the wobbler method is used with
the other rotating port. The uniform proton dose distribu-
tion during proton treatment is controlled by a simple feed
back control system equipped with an automatic fine
adjustment of the beam axis and a mechanism for moving
the second dual-ring scarter of the double scarters to the
optimal position [20]. Using this system, we achieved
uniform dose distribution in the irradiation field during
proton radiotherapy, with symmetry within £1% and flat-
ness within 2%. The accuracy of the calculated dose is
similarly proportional to the accuracy of the measured and
calculated activities.

Verification of the activity measurement was per-
formed in about 20 cases with tumors of the brain, head
and neck, liver, lungs, and sacrum. Proton beam irradi-
ation to the liver and lung was performed with
synchronization to the respiratory motion of the target
organ. The position uncertainty of the target organ is
within 5 mm. The proton treatment planning system,
PTPLAN/ndose, developed in our facility [21] was used

for planning of the proton treatment. The accuracy of the
proton range is estimated within 3 mm in conversion of
Hounsfield units (HU) of the planning CT image to
water equivalent length. The accuracy of the dose cal-
culation will be within 5% for the homogencous or
simply inhomogeneous body (e.g., prostate, liver, lung),
and be greater than 10% at the boundary of the inho-
mogeneous tissue (e.g., head and neck). The dose
calculation was performed with the margin of the 3 mm
for the brain and the head and neck, and 5 mm for the
liver, the lung, and the prostate.

2.3 Measurement of activity with PET-CT apparatus

The activity of the positron-emitting nuclei generated in the
patients by proton beam irradiation was measured with the
PET-CT apparatus (Discovery ST (GE Medical Systems,
Milwaukee, Wisconsin, U.S.A.)) at our institution. The
PET-CT apparatus was a detection system with 10,080 BGO
(Bismuth-Germanium-Oxide) with a crystal size of 6.2 x
6.2 x 30 mm’ arranged on a circumference of a circle with
a diameter of 88.6 cm. 3D reconstruction algorithm of
OSEM (Ordered Subsets Expectation Maximization) was
employed with a position resolution of 5.0-6.7 mm, which
was position-dependent. The axial size of the field of view
(FOV) was 15.7 cm. The accuracy of the absolute activity
measured with the commercial PET-CT apparatus has been
reported to be commonly about 10% [22].

The distance between the room for proton treatment
and the room with the PET-CT apparatus was about
40 m. Therefore, PET scanning was started about 7 min
after irradiation, and the image was acquired over 5 min,
Therefore, the biological washout effect in the metabo-
lism of a living tissue is important for the verification of
the absolute activity and the activity distribution of the
positron-emitting nuclei induced by the proton irradiation.
In studies in which the radioactive ion beam (''C,'°C) to
a rabbit was irradiated, the decay curve has three com-
ponents of a fast decay (decay constamt ~2-10s),
medium decay (decay constant ~ 100-200 s), and slow
decay (decay constant ~ 3,000-10,000 s) [23, 24]). The
50-65% of total activity is the fast and medium
components,

The proton beam was irradiated to the tumor in the
liver and lungs with the beam synchronized to respira-
tory motion. However, the activity of the positron-
emitting nuclei generated in the patient was measured
without synchronizing to respiratory motion of the target
organ. The comesponding tumor movement will be a
few cm.
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3 Results and discussion

3.1 Visual verification of PET-CT image at each
treatment site

The measured activity distribution and the calculated dose
distribution on CT image for proton treatment of a tumor in
the sacrum as one of the site studies are shown in Fig. 1.
Proton beam irradiation was performed with a gantry angle
of 180 degrees and a dose of 2.5 GyE [= [Gy]l x RBE (= 1.1
= constant)]. Moreover, the width of the spread-out Bragg
peak (SOBP) was 70 mm. The activity fitted on the area of
proton irradiation was visually confirmed by comparison
with the proton dose distribution. The activity observed in
the proton irradiated area of subcutancous adipose tissue
and bone tissue was higher than that in the surrounding
ared.

Figure 2 shows the results for prostate tumor. Proton
beam irradiation was performed with a gantry angle of 90°,
a SOBP width of 60 mm, and a dose of 2.0 GyE. Similarly,
high activity was observed in the subcutaneous adipose
tissue and in the femur,

Figure 3 shows the results for a tumor of the head and
neck. Proton beam irradiation was performed twice with
each dose of 2.0-GyE, and a gantry angle of 230° for the
initial exposure, followed by 330° for the second one, The
respective widths of the SOBP were 80 and 70 mm. The
interval between the two irradiation procedures was about
9 min. Therefore, the activity of the 330° proton beam was
higher than that of the 230° beam. High activity was
similarly observed in the areas of adipose tissue and
maxilla irradiated by the proton beam.

Fig. 1 Dose distribution
calculated with the proton
treatment planning system and
activity measured with the PET-
CT apparatus on CT image after
proton treatment of tumor in the
sacrum. The iso-dose line of
100% 15 red, 0% yellow green,
50% light blue, and 20% purple.
The activity line of 5 kBg/cc is
red, 3 kBg/cc green, and | kBg/
cc bule. Proton beam irradiation
was performed with an SOBP of
70 mm, gantry angle of 180°,
and dose of 2.5 GyE. The dose
distributions on each CT image
in axial and coronal planes are
shown in figures (a) and (b), and
the activity are shown in figures
(¢) and (d)

Dose Distnbution

Figure 4 shows the results for a liver tumor. Proton
beam irradiation was performed with a 3.8-GyE dose and
80 mm SOBP from a gantry angle of 290°. During treat-
ment, the proton beam irradiation was synchronized to the
respiratory motion of the target organ. However, during the
acquisition of PET-CT image data, there was no synchro-
nization to the respiratory motion. Similarly, high activity
was observed in the area of subcutaneous adipose tissue.
The findings of activity during proton treatment after a
transarterial chemoembolization therapy (TACE) proce-
dure using lipiodol for a liver tumor are shown in Fig. 5.
The CT value of 80-350 HU in area including the lipiodol
is considerably higher than 70 HU in a normal liver. Proton
beam irradiation was performed with a 3.8-GyE dose and
80 mm SOBP at a gantry angle of 180°, The activity in the
liver tumor was high. We speculated that this was because
many positron-emitting nuclei were generated from the
iodine nuclei contained in the lipiodol.

3.2 Specificity of activity generated in each body tissue

The activity in each tissue and the interval between beam-
stop time and start-time of activity measurement was
calculated from Eq. 1. A beam irradiation time of 2 min and
the beam energy in each tissue are used in the calculation.
The reaction cross sections of 'T{p,x)“(‘, "'O(p,.r]"(),
”‘O(p.x)”N. and "O(p,0)"'C reactions were calculated
from Eq. 4 at each proton energy. The reaction cross
sections of '"C(px)'°C, 'O(px)"0, *‘Ca(px)K,
“0Ca(px)*"P, “’Ca(p.x)'*0, “’Ca(p,x)"*N, and “’Ca(px)''C
reactions were calculated with the INTENSITY code. For

Activity Distribution
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Fig. 2 Dose distribution
calculated with the proton
treatment planning system and
activity measured with the PET-
CT apparstus on CT image after
proton treatment of tumor in the
prostate. The iso-dose line of
100% is red, 80% yellow green,
50% light blue, and 20% purple
The activity line of 5 kBg/cc is
red, 3 kBg/cc green, and | kBg/
cc bule. Proton beam irradiation
was performed with an SOBP of
60 mm, gantry angle of 90°, and
dose of 2.0 GyE. The dose
distributions on each CT image
in axial and coronal planes are
shown in figures (a) and (b), and
the activity are shown in figures
(€) and (d)

Fig. 3 Dose distribution
calculated with the proton
treatment planning system and
activity measured with the PET-
CT apparatus on CT image after
proton treatment of tumor in the
head and neck. The iso-dose
line of 100% is red, B0% yellow
green, 50% light blue, and 20%
purple. The activity line of

5 kBg/ce is red, 3 kBg/ec green,
and 1 kBg/cc bule. Proton beam
irradiation was performed with
an SOBP of 70 mm, gantry
angle of 330°, and dose of

2.0 GyE after irradiation with
an SOBP of 80 mm, gantry
angle of 230°, and dose of

2.0 GyE. The dose distributions
on each CT image in axial and
coronal planes are shown in
figures (a) and (b), and the
activity are shown in figures
(c) and (d)

Dwose Distnbution

“NpN, "Np.x)''C, and "“N(px)'°C reactions,
experimental data [15] were used. The results are shown in
Fig. 6. Data of each human body composition and the proton
energy used for the calculation of the time dependent
activity in various tissues are shown in Table 1. The activity

of adipose tissue was higher than that in the liver more than

Activity Distnbution

(c) Activity Distribution

ol

6 min after proton beam irradiation. The same tendency was
shown for activity measurements with use of the PET-CT
apparatus after proton treatment for liver cancer.

The calculated decay curve is approximated with two
components of short l_'jf]. ”(). ...) and long ['}N_ o

half life, and is expressed as the following equation:
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Fig. 4 Dose distribution
calculated with the proton
treatment planning system and
activity measured with the PET-
CT spparatus on CT image after
proton treatment of tumor in the
liver. The iso-dose line of 100%
is red, 80% yellow green, 50%
light blue, and 20% purple. The
activity line of 7 kBg/cc is red,
5 kBg/cc green, and 3 kBg/cc
bule. The proton beam
irradiation was performed with
an SOBP of 80 mm, gantry
angle of 290°, and dose of

3.8 GyE. The dose distributions
on each CT image in axial and
coropal planes are shown in
figures (a) and (b), and the
activity are shown in figures (¢)
and (d)

Ny (Tissue, Ty) [kBq/ce/GyE]
22 %2 Tolminl/19 +0.6 x 2—Tuinin|,f'l‘."l' {Tumnr)
3.1 x 27 Tolminl/20 4 0.5 x 2~ Bolminl/164 (] jver)

1.4 x 2~ Tolminl/19 4 08 x 2 Talmin|/18.6 (Adipose Tissue)

5.9 x 2~ Tolmin|20 4 | 6 2~ Tolminl/178  (Skeleton Cranium)
3.0 x 2-Tolminl/19 | | 4 5 2-Tolminl/\78 (Syeleton Femur)
4.3 x 2-Tolminl/19 4 ] 3 5 2-Telminl/I74  (Skeleton Ribs)

(5)

The value of short or long half life in each tissues was
consistent within 5% accuracy, and was equal to the our
study using a dead rabbit [13]. This result showed that the
activity at Ty = 0 (condition of the measurement in the
BOLPs) was higher five times than that at T = 7 min
(condition of this work in the commercial PET-CT
apparatus),

Figure 7 shows the ratio R of the calculated activity
normalized to one at Ty = 0. It is expressed as the fol-
lowing equation:

Npy (Tumor; Ty = 0) ) N (Tissue; To)
Npo (Tissue; To = 0)  Npy(Tumor; To)
(6)

The results showed that the image of the activity changed
during Ty = 0 ~ 10 min. Therefore, the observed image
of off-line PET (commercial PET-CT apparatus) will be
different from that of the on-line PET (BOLPs).

The value of the activity at points 1, 2, and 3 on the axial
activity images are shown in Figs. 1, 2, 3, 4 and 5. The
points were selected on the soft tissue (tumor), the subcu-
taneous adipose tissue, and the bone tissue. The reaction
cross sections, the kinetic energies of the proton beam at

R(rissue; Tp) =

Dose Dsmbution

Activity Distnbution

each point, and the half lives of the positron-emitting
nuclei are shown in Table 2. The irradiation dose, irradi-
ation time, interval between discontinuing the beam and
acquiring the PET image, and the measured, the calculated
value (Calculation: B) and the differences of activity at the
point are summarized in Table 3.

It was estimated that the measured activity had a sta-
tistical accuracy of 9% (2 kBg/cc at 10 cm path length in
the human body, 5 min measurement, each cubic voxel
with a perimeter of 4 mm), and the image reconstruction
accuracy was 10%. The accuracy of the measured activity
in the biological washout effect is estimated to be very
large, and is difficult to show the correspondence quanti-
tatively. Moreover, the coefficient of the effect is always
smaller than one. In the calculated activity, the accuracy of
the reaction cross sections and the number of incident
protons were estimated to be 20 and 5%, respectively. In
the soft tissue and the liver, the measurement and the
calculation activity were consistent within the error bar. On
the other hand, the measured activity was about two to four
times as large as the calculated activity in the adipose
tissue, and about two times that in the femur. In the high
activity of the adipose tissue, the accuracy of the attenua-
tion correction factor of the 511-keV gamma ray based on
the CT value of the subcutaneous adipose tissue under the
adjacent body surface will panly influence the discrepancy
in the activity measurement. The high activity of the femur
was probably due to the accuracy of the calculation based
on the fragmentation reaction cross section of “Ca, In the
liver umor after a TACE procedure with lipiodol, the
measured activity was about four times as large as the
calculated activity in the case without the lipiodol. It is
noted that the nuclear fragmentation reaction of the iodine
contained in the lipiodol is unknown well.
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Fig. § Dose distribution
calculated with the proton
treatment planning system and
activity measured with the PET-
CT apparatus on CT image after
proton trestment of fiver tumar
following TACE. The iso-dose
line of 100% is red, 80% yellow
green, S0% light blue, and 20%
purple. The activity line of

7 kBg/cc is red, 5 kBg/ce green,
and 3 kBg/ce bule. Proton beam
irradiation was performed with
an SOBP of 80 mm, gantry
angle of 180 degrees and dose
of 3.8 GyE. The dose
distributions on each CT image
in axial and coronal planes are
shown in figures (a) and (b), and
the activity are shown in figures
(c) and (d)

)
J

AN Sheletn Rabs

Activity LBy eeiGyE]

Time after proton irradistbon |minic]

Fig. 6 Calculated activity Nj. 1o the interval between the stopping
beam and starting measurement of the activity in various tissues

Table 1 Data of human body composition and proton energy used
for the calculation of the time dependent activity in various tissues

Body tissue Piee (X W10%/cm®) Proton energy
(MeV)
H C N O Other(Ca)
Tumar (soft tissue) 66 13 0.1 24 00 604
Liver 66 07 01 29 00 706
Adipose lissue 66 25 0.1 13 00 1143
Skeleton cranium 5.9 2.1 03 32 03 89.1
Skeleton femur 64 26 02 2.1 0.1 1416
Skeleton ribs 63 21 03 27 02 109.6

Dose Distribution

Activity Distribution

20 T T T T T

R{tissnc; time)
o

0.5

0.0 I I I L
o L] 10 15 20 28 30

Time sfier proton irradistion [minutc]

Fig. 7 Ratio R of the calculated activity normalized toone at T = 0
in various tissues

“Calculation: C” in Table 3 is the calculated activity in
the simulation of the 5 min measurement with a PET
apparatus immediately after the proton irradiation. As a
result, it was estimated that the activity was about 10 kBg/
cc per 2.5-GyE dose
irradiation.

The biological washout effect will greatly affect the
accuracy of the measured activity. The coefficient of the
effect has been estimated to be the 50-65% of total
activity [23, 24]). However, the radioactive ion beam was
irradiated to a living tissue in the study. A flow-out of the

immediately after the proton

positron-emitting nuclei implanted by the radioactive ion
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beam is the washout effect. On the other hand, in our
study, the positron-emitting nuclei are generated from the
nuclei in a tissue constituting a human body. Therefore,
physiology, the effect has a different possibility. Perhaps,
it is guessed that the effect may be not too large at our
study.

The measured and calculated activities summarized in
Table 3 will have the large error bar of a few 10%, and be
scarcely correspondent within the large error bar in the soft
tissue and the bone tissue except a skeleton femur. The
measured activities in the subcutaneous adipose tissue, the
skeleton femur, and the liver tumor after a TACE proce-
dure are about two to three times higher than the calculated
activities. Anyway the reason of large disagreement is not
clear.

3.3 Comparison between proton dose distribution and
activity distribution

The activity distribution visually corresponded to the pro-
ton dose distribution in Figs. |, 2, 3, 4 and 5. Figure 8
shows the dose and activity distributions with a spike shape
on the sagittal CT image in the head and neck. The position
of the dose and activity distributions of the spike shape was
consistent. However, it is difficult to show the comrespon-
dence quantitatively. We have executed the quantitative
evaluation concerning the correspondence of the proton
dose distribution and the activity distribution by our pre-
vious research [11, 13]. As the results, the activity range
was about 7 mm shorter in a water equivalent length than
the proton range expected from the energy threshold for the

Table 3 Proton irradistion dose, irradistion time, time of activity measurement, and level of activity measured and calculated

Treatment Irradiation Irradiation Interval between Point Irradiation  Activity (kBgfcc) A/B Activity
site dose (GyE/fx.) time (s)  sopping beam dose (GyE) (kBg/cc)
and starting Measurement:A Calculation:B Calculation:C
measurment (8)
Sacrum 25 55 430 | 25 18( £ 0.5) L7 +04) 22 +06) 55+12)
2 25 LB £ 0.2) 21(£04) 0% +05 B85 £18)
3 2.5 25( £ 03) 25(+05) 1O x06) 102( £ 2.1)
Prostate 20 41 450 1 14 4.6( £ 0.6) LI(£032) 4AA £07) 33(x£07)
2 1.4 4.2( £+ 0.6) L8( £+ 0.4) 2 £07) 6.7+ 14)
3 20 1.2( £ 0.2) 1L.3( £ 03) 09 £03) 61(£13)
Head and neck 4.0 45 436 I 27 4.4 = 0.6) 1.7( £ 04) 260 £07) 3 £ 06)
2 37 30 £ 0.4) 41 £09) 07 £09 25.1(%52)
3 1.7 L1 £ 0.1) L4 £ 03) 0.8 +£03) 13.1(£27)
Liver 38 108 390 | 32 15 1.0) 24(+£05) 3AN£L1) 65%14)
2 38 13 £03) 26(+ 05 09 +06) 128(+27)
3 is 2.6( + 0.3) 28+ 06) 0N £07) 13.6( £ 28)
Liver EE ] 158 505 1 3.1 36 £ 05) 20( £04) 1B(+06) 58 +12)
2 i8 6.9( + 0.9) LB(+04) 38(+010) 11.0{ £23)
3 34 23( £ 03) 1.8( £05) 1.2 x05) 1LI(£23)

Fig. 8 Dose distribution and
activity distribution on CT
image after proton treatment of
tumor in the head and neck. The
arrow indicates the dose point
of the spike shape




Experimental verification of proton beam monitoring in a human body

53

nuclear fragmentation reaction in a mono-energetic proton
beam. Moreover, it was confirmed that the lateral activity
distribution corresponds to the real beam size with an
accuracy within 1 mm. In the therapeutic SOBP proton
beam, the difference of the range between proton beam and
the activity is larger than the case of a mono-energetic
proton beam. Moreover, the therapeutic SOBP beam
deteriorates the correspondence between the lateral dose
and the activity distributions.

There is no simple relation between the stopping power
of proton beam that determines the proton dose distribution
and the cross section of the nuclear fragmentation reaction
expressed as Eq. 1. Therefore, the activity distribution has
no sharp peak like the Bragg peak in the proton dose dis-
tribution. For a proton therapy, it is very large impact to
monitor the therapeutic proton dose distribution by use of
the activity distribution in a patient. Therefore, it is nec-
essary to innovatively research the physical reaction
mechanism of the nuclear fragmentation reaction,

In the position of the proton-irradiated volume in the
patient, the accuracy at the lateral dose and activity dis-
tributions will be about half ¢m, and the accuracy at the
distal distributions cm order by the effects of the energy
threshold for the nuclear fragmentation reaction and the
SOBP width in the target organ without the respiratory
motion (head and neck, etc). On the other hand, the
accuracy at the lateral dose and activity distributions will
be a few cm on the direction of the organ motion especially
in the target organ with the respiratory motion (liver, etc)
for the PET measurement without synchronization. In a
proton treatment planning at our facility, planning target
volume (PTV) has the margin of 3-10 mm in clinical target
volume (CTV) by each treatment site. It will be visually
confirmed whether gross tumor volume (GTV) is inside the
proton-irradiated field.

4 Conclusion

In proton therapy, the proton-irradiated volume in the
patient body was visually confirmed by measurement of the
activity of the positron-emitting nuclei generated by the
nuclear fragmentation reaction by use of the PET-CT
apparatus. Moreover, verifications of the distribution and
intensity of activity were performed for each body tissue
composition. As yet, quantitative evaluations of the abso-
lute activities remain.

To date, the acquisitions of PET and CT images were
executed separately by use of each apparatus [7, 9]. There
was a limit on the precision of image fusion. Therefore,
determining whether the activity in the ribs or subcutane-
ous adipose tissue was high was previously very difficult
after proton treatment of liver and lung cancers [7]. In this

study, the confirmation of high activity in subcutaneous
adipose tissue demonstrated the advantage of using PET-
CT apparatus. The high activity in liver tumors, TACE may
be used for dose-reference marker of the proton beam
irradiation.

In the result, it was suggested that the events of the
activity detected by use of the BOLPs provided enough
data for reconstruction of the PET image. The clinical use
of this information about the positron-emitting nuclei
generated will be important for promoting proton treatment
with higher accuracy in the future. For that reason, it will
be necessary to much-improve the accuracy of the mea-
sured and calculated activity for the innovative proton
therapy in which the irradiation position is especially
controlled within a few mm in the treatment site with high
accuracy of the patient positioning such as head and neck.

Acknowledgments We greatly thank the staff members of the
Proton Radiotherapy Department of the National Cancer Cemier,
Kashiwa, for their assistance, and the bers of SHI Accel
Service Lid. and Accelerator Engineering Inc, for operation of the
proton apy We are grateful to the reviewers and editors of this
Journal for their comments and advices, and thank the other office
staffs for their suppors.

References

I. Chu WT, Ludewigt BA, Renner TR. Instrumentation for treat-
ment of cancer using proton and light-ion beams. Rev Sci
Instrum. 1993;64(8):2055-122.

2. Bennen GW, Goldberg A, Levine G, Guthy J, Balsamo J. Beam
localization via 150 activation in proton radiation therapy. Nucl
Instr Meth. 1975;125:333-8,

3. Bennett GW, Arch JO, Archamb BE, Meltzer JI,
Wingate CL. Visualization and transport of positron emission
from proton activation in vivo, Science. 1978;200:1151-3.

4. Oelfke U, Lam G, Atkins M. Proton dose monitering with PET:
quantiative studies in Lucite, Phys Med Biol. 1996;41:177-96.

5. Litzenberg DW, Robens DA, Lee MY, Pham K. Vander Molen
AM, Ronningen R, et al. On-line monitoring of radiotherapy
beams: experimental results with proton beams. Med Phys.
1999,26(6):992-1006.

6. Parodi K, Enghardt W. Potential application of PET in quality

e of proton therapy. Phys Med Biol. 2000;45:N151-6.

7. Nishio T, Ogino T, Shimbo M, Katsuta S, Kawasaki S, Murakami
T, et al. Distributions of fi* decayed nucleus produced from the
target fragment reaction in (CHz) n and patient liver targets by
using a proton beam for therapy. Abstracts of the XXXIV
PTCOG MEETING in Boston; 2001. pp. 15-6.

8. Parodi K, Enghardt W, Haberer T, In-beam PET measurements of
fi* radioactivity induced by proton beams. Phys Med Biol.
2002:47:21-36.

9. Hishikawa Y, Kagawa K, Murakami M, Sasaki H, Akagi T, Abe
M. Usefulness of posi issi graphic images after
proton therapy. Imt J Rad Oncol Biol Phys. 2002;53:1388-91.

10. Enghardt W, Crespo P, Fiedler F, Hinz R, Parodi K, Pawelke J,
etal. Dose quantification from in-beam positron emission
tomography. Radiother Oncol. 2004;73(Suppl. 2):596-8.

11. Nishio T, Sato T, Kitamura H, Murakami K. Ogino T. Distri-
butiops of fi* decayed nuclei generated in the CH; and HyO




T. Nishio et al.

targets by the target nuclear fragment reaction using therapeutic
MONO and SOBP proton beam. Med Phys. 2005,32(4):1070-
82,

12. Parodi K, Ponisch F, Enghardt W. Experimental study on the
feasibility of in-beam PET for accurate monitoring of proton
therapy. TEEE Trans Nucl Sci. 2005,52:778-86.

13. Nishio T, Ogino T, Nomura K. Uchida H. Dose-volume delivery
guided proton therapy using beam ON-LINE PET system. Med
MMH}MN—T

14. Photon, Electron, Proton and Neutron Interaction Data for Body
Tissues (ICRU Report 46). pp. 11-3.

15. Njinov AS, Semenov VG, Semenova MP, Schopper H. Interac-
tions of protons with nuclei (supplement to I/13a, b, ¢), (Landolt-
Bomstein New Series, 1994),

16. Goldharber AS. Statistical models of fragmentation processes.
Phys Lett. 1974;53B:306-8.

17. Winger A, Shemill BM. Morrissey, INTENSITY: acomputer
program for the estimation of secondary beam intensities from a
projectile  fragmemt  separator. Nucl  Instrum  Methods.
1992;B70:380-92.

I18. Nishio T. Proton therapy fucility at National Cancer Center,
Kashiwa, Jopan. J At Energy Soc. 1999:41(11):1134-8,

19, Tachikawa T, Sato T, Ogino T, Nishio T. Proton treatment
devices ot National Cancer Center (Kashiwa), Radiat [ndust.
1999;84:48-53.

M&TﬁhhﬂMMumK.UnmN
ehpmmd:nmphmmnlsynemfwm

Phys Med Biol. 2006;51:1249-60.

21. Nishie T, Ogino T, MM.TMN YMM.HM
G, et al. Present proton at N
Cancer Center East. 19. N Mul Phys Proc

" Sato M, et sl. Washout studies of "'C in rabbit thigh muscle
mﬂmwmmdmc Phys Med Biol.



Radiotherapy and Oncology xoox (2009) xooc-00¢

Contents lists available at ScienceDirect

Radiotherapy and Oncology

journal homepage: www.thegreenjournal.com

Original article

Relation between elective nodal failure and irradiated volume in non-small-cell
lung cancer (NSCLC) treated with radiotherapy using conventional fields and doses
Naoko Sanuki-Fujimoto **, Minako Sumi * Yoshmorl Ito®, Atsushi Imai?, Yoshikazu Kagami?, Ikuo Sekine®,
Hideo Kunitoh®, Yuichiro 'Ohe®, Tomohide Tamura®, Hiroshi Ikeda

2 of Rad Oncology, N | Cancer Center Hospital, Japan
"D!Wfrlm!m of Thoracic Oncology and Internal Medicine, National Cancer Center Hospital, Japan

ARTICLE INFO ABSTRACT

Article history: Introduction: The role of elective nodal irradiation of non-small-cell lung cancer (NSCLC) patients treated
Received 3 October 2008 with radiotherapy remains unclear. We investigated the significance of 1g clinically uni
Received in revised form 29 December 2008 lymph nodes by retrospectively analyzing the relationship b loco: | failure and the irradi-
Accepted 30 December 2008 ated volume.

Alaliable-onine X Methods: Between 1998 and 2003, patients with IA-1IIB NSCLC were treated with radiotherapy. The eli-

gibility eriteria for this study were an irradiation dose of 60 Gy or more and a clinical response better than
stable disease. Typical radiotherapy consisted of 40 Gy/[20 fr to the tumor volumes (clinical target volume
of the primary tumor |CTVp], of the metastatic lymph nodes [CTVn], and of the subclinical nodal region
[CTVs]), followed by off-cord boost to CTVp+n to a total dose 60-68 Gy/30-34 fr. The relationship
between the sites of recurrence and irradiated volumes was analyzed.

Results: A total of 127 patients fulfilled the eligibility criteria. Their median overall and progression-free
survival times were 23.5 (range, 4.2-109.7) and 9.0 months (2.2-109.7), respectively. At a median follow-
up time of 50.5 months (range, 14.2-83.0) for the surviving patients, the first treatment failure was
observed in 95 patients (loco-regional; 41, distant; 42, both; 12). Among the patients with loco-regional
failure, in-field recurrence occurred in 38 patients, and four CTVs recurrences associated with CTVp+n
failure were observed. No isolated recurrence in CTVs was observed.

Conclusions; In-field loco-regional failure, as well as distant metastasis, was a major type of failure, and
there was no isolated elective nodal failure. Radiation volume adequacy did not seem to affect elective
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Radiation therapy is an integral component of the multi-modal
treatment of non-small-cell lung cancer (NSCLC). Recent phase Il
studies have demonstrated that concomitant chemoradiotherapy
improves survival, and this has resulted in the general acceptance
of concurrent chemoradiotherapy as one of the standard treatments
for locally advanced NSCLC [ 1]. Despite the improved survival, how-
ever, most patients die from their disease as a result of local or dis-
tant failure.

Local failure remains a major challenge when treating NSCLC
with radiotherapy. A number of studies of dose escalation to the
gross tumor volume (GTV) have been conducted as a means of
improving local control [2-5]. The conventional radiation fields
for NSCLC typically encompass the entire mediastinum and ipsilat-
eral hilum (elective nodal region) to deliver a dose of 40 Gy, even
without evidence of disease in these areas, followed by a 20 Gy
boost to the GTV, However, the conventional treatment has added
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considerable morbidity and can limit the dose escalation. In phase
I-11 dose escalation studies, there is a trend toward omitting the
practice of elective nodal irradiation (ENI) after their experiences
with toxicity, which is not based on direct evidence [2-5]. Accord-
ing to those studies, omitting ENI has not sacrificed treatment out-
comes so far, They also analyzed patterns of recurrence in relation
to irradiated volume in a dose escalation setting |6].

By contrast, the current literature provides limited information
regarding patterns of failure when conventional fields and doses are
used [7,8]. Since itis important to know whether loco-regional failure
is within or outside the irradiation field, we retrospectively analyzed
patterns of failure after radiation therapy for NSCLC, especially in re-
gard to the relationship between local failure and irradiated volume.

Methods and materials
Patients

Between January 1998 and March 2003, 263 patients with newly
diagnosed NSCLC were treated with thoracic radiation therapy,




