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intake was prohibited due to gastric bleeding before RT,
four (50%) resumed oral intake after RT.

Survival analysis and adverse events

As shown in Figs. 3 and 4, the median EFS from the end
of RT and the OS from the first day of RT were 1.5 and
3.4 months, respectively. For EFS, one patient underwent
blood transfusion after RT because of anemia, which was
supposed to be caused by the subsequent chemotherapy
following RT. The median survival time of all patients
from the first diagnosis was 12.7 months.

The observed adverse events presented in Table 3 show
the frequent occurrence of hematological adverse events,
However, most of the patients with grade 3—4 hypohemo-
globinemia showed the same grade before, during and after
RT. One patient who received chemoradiotherapy devel-
oped grade 3 leukocytopenia with no sign of infection.
Although there were three patients with grade 3 anorexia
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Fig. 4 Survival from the day of stanting radiation

Table 3 Toxicity in patients receiving radiation
Grade | Grade 2

Leukocyte 0
Hemoglobin 0
Platelet 0
Anorexia 3
Nausea 3

3

Lethergy
Diarrhea 1

- N = A D BN

Dysphagia 0
* One patient received chemoradiation

* Ten patients had grade 3 hemoglobin at stant of radiation
© Two patinets had grade 4 hemoglobin at start of radiation

(one patient underwent chemoradiation), all of them
recovered immediately after completion of RT.

Discussion

We confirmed here the efficacy of palliative RT in
achieving hemostasis in patients with bleeding from gastric
cancer. In our clinical experience, successful hemostasis
was observed in 13 of 19 patients (68%), without severe
adverse effects.

Several reports of palliative RT for local symptom
control in patients with unresectable or metastatic gastric
cancer are found in the literature. Moreover, several
investigators have applied RT for the palliation of
obstructive symptoms, Mantell (1982) reported that palli-
ative RT improved dysphasia in 13 of 17 patients (76%).
Coia et al. (1998) showed that a combination of RT, flu-
orouracil and mitomycin successfully relieved dysphasia in
six of nine patients (67%). More recently, Kim et al. (2007)
have reported that 13 (81%) of 16 patients with dysphasia/
obstruction positively responded to RT,

For bleeding control, Tey et al. (2007) reported that 13
of 24 patients (54%) with bleeding from gastric cancer
were responsive to RT. However, they simply defined a
positive response as improvement or stabilization of the Hb
level without providing any discussion on blood transfu-
sion. Kim et al. (2007) have also reported that palliative RT
was successful in achieving hemostasis in 14 (70%) of 20
patients. Bleeding was controlled for a median of 11.4
months, which corresponded to 81% of the patients’
remaining life (Kim et al. 2007).

In the present analysis, we defined treatment success as
absence of the need for blood transfusion for more than
1 month after RT without any other cause of death. Our
results are comparable with those of previous reports. We
also demonstrated the median duration of sustained
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efficacy; however, the median EFS of 1.5 months here was
shorter than that of Kim's report. This can be explained by
the difference in the definition of treatment success and
cohort differences. We believe that the cohort of this study
has limited survival when RT was conducted. Interestingly.
Kim et al. simply defined treatment success as the absence
of the need for coagulation, or no compliant of symptoms
during follow up; however, they made no mention about
blood transfusion. Here, the median OS was 3.4 months,
also shorter than those reported by Tey et al, (2007) and
Kim et al. (2007). Most patients analyzed here had poor PS
with severe bleeding, and all of them were classified as
stage IV and thus ineligible for operation. Moreover, het-
erogeneous patients who presented with not only bleeding
but also stenosis or pain were included in the analysis in
previous reports (Kim et al. 2007; Tey et al. 2007).

The reported palliative RT doses for unresectable gastric
cancer range widely from 8 to 60 Gy. Tey et al. found no
dose~response relationship between responders and non-
responders (P = 0.078), whereas Kim et al. suggested that
a BED of 41 Gy, or more was correlated with better local
symptom control (P = 0.05). Our data demonstrated a
significant dose-response relationship between BEDs of
50 Gy, or more and <50 Gy, (P = 0.040). These results
are based on the fact that only patients with bleeding were
analyzed, and our definition of hemostasis was a clearer
objective endpoint than that of other reports. In our expe-
rience, successful hemostasis was observed in as high as
91% of patients who completed an initial planned dose
(mostly 40 Gy in 16 fractions: BED of 50 Gy,q). Despite
this relatively high dose, toxicities were tolerable in most
patients similarly to other reports (Kim et al. 2007; Tey
et al. 2007).

Kim et al. suggested that a lower RT dose (BED
<41 Gy) correlated with poor local control (56 and 70%),
while Tey et al. found no evidence suggestive of a dose—
response relationship. Most patients received a BED of
39 Gy, which corresponds to a dose of 30 Gy in ften
fractions. Thus, different cut-off points may produce dif-
ferent result from ours,

It remains a matter of debate whether gastrectomy for
preventing mortality from local progression can improve
survival of paticnts with metastatic gastric cancer. A pre-
vious cohort study has shown that only 7% of gastric
cancer patients with metastases not undergoing gastrec-
tomy needed intervention due to bleeding (Sarela et al.
2007). Their median survival time was similar to those of a
previous series of patients undergoing gastrectomy. A
clinical trial is now underway in Japan and Korea to
compare the effects of chemotherapy following gastr-
ectomy with the effects of chemotherapy without gastr-
ectomy in patients with metastatic gastric cancer.
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Because of the retrospective nature of the present
analysis, there are a number of study limitations that may
have affected the interpretation of our findings. The dose
used in our facility may not always be valid in other
facilities because the best available dose has not yet been
established. Also, patient population was not homogenous
because palliative RT was not used for initial treatment
in most cases. Moreover, patients with gastric cancer
who presented with bleeding after the failure of several
chemotherapeutic regimens might be more resistant to
palliative RT. Additionally, those showing good PS with
less bleeding could easily complete the total planned dose,
and thus may easily be considered as treatment success. On
the other hand, those with pronounced bleeding could
hardly complete the planned dose. In the present study, the
treatment failure group included patients who discontinued
the irradiation course because of deterioration of general
condition. The dose-response relationships in our study
might also be biased. Further studies in large number of
patients are warranted to elucidate the appropriate dose for
the palliation of bleeding from gastric cancer.

In conclusion, palliative RT was shown to be a powerful
treatment of choice for achieving hemostasis in patients
with bleeding from gastric cancer. Successful hemostasis
was achieved in as high as 91% of patients who completed
the initial planned dose (mostly 40 Gy in 16 fractions). A
BED of 50 Gy, or more was significantly correlated with
treatment success compared with a BED of <50 Gy,q
(P = 0.040). We recommend 40 Gy in 16 fractions for
palliating bleeding from gastric cancer according to our
analysis. Palliative RT is considered to be helpful not only
in rendering transfusion unnecessary but also in re-starting
oral nutrition, as well as in potentiating a positive response
to other chemotherapy regimens.
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Urethral Dose and Increment of International Prostate

Symptom Score (IPSS) in Transperineal Permanent
Interstitial Implant (TPI) of Prostate Cancer

Naoya Murakami'?, Jun Itami'2 Kae Okuma', Hiroshi Marino', Keiichi Nakagawa’, Tsukasa Ban',
Moritoshi Nakazato', Kazuyoshi Kanai', Kuniji Naoi', Masashi Fuse'

Purpose: To find the factors which influence the acute increment of International Prostate Symptom Score (IPSS) after trans-
perineal permanent interstitial implant (TPI) using **I seeds.

Patients and Methods: From April 2004 through September 2006, 104 patients with nonmetastatic prostate cancer underwent
TPI without external-beam irradiation. Median patient age was 70 years with a median follow-up of 13.0 months, 73 patients
(70%) received neoadjuvant hormone therapy. The increment of IPSS was defined as the difference between pre- and postimplant
maximal IPSS. Clinical, treatment, and dosimetric parameters evaluated included age, initial prostate-specific antigen, Gleason
Score, neoadjuvant hormone therapy, initial IPSS, post-TPI prostatic volume, number of implanted seeds, prostate V... V,.p Dy
urethral D, and urethral D,,. In order to further evaluate detailed urethral doses, the base and apical urethra were defined and
the dosimetric parameters were calculated.

Results: The IPSS peaked 3 months after TPI and returned to baseline at 12-15 months. Multivariate analysis demonstrated a
statistically significant correlation of post-TPI prostatic vol ber of implanted seeds, and the dosimetric parameters of
the base urethra with IPSS increment.

Conclusion: The base urethra appears to be susceptible to radiation and the increased dose to this region deteriorates IPSS, It
remains unclear whether the base urethral dose relates to the incidence of late urinary morbidities.

Key Words: Prostate cancer - International Prostate Symptom Score (IPSS) - Seed implant - ™1 - Urethral dose
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Urethraldosis und Erh8hung des International Prostate Symptom Score (IPSS) bei transperinealer permanenter
interstiteller Brachytherapie des Prostatakarzinoms

Ziel: Ermittlung von Parametern, die nach einer transperinealen permanenten interstitiellen Brachytherapie der Prostata mit *1
eine Zunahme des International Prostate Symptom Score (IPSS) bewirken.

Patienten und Methodik: Von April 2004 bis September 2006 erhielten 104 Patienten mit nichtmetastasiertem Prostatakarzi-
nom eine alleinige transperi te interstitielle Brachytherapie mit 1 ohne vorherige perkutane Therapie. Das
mittlere Patientenalter betrug 70 Jahre, die mediane Beobachtungszeit lag bei 13,0 Monaten, 73 Patienten (70%) erhielten eine
neoadjuvante Hormontherapie. Die Erhdhung des IPSS wurde als Differenz zwischen initialem und maximalem 1PSS definiert.
Analysiert wurden klinische, therapeutische sowie dosimetrische Parameter wie Patientenalter, initialer PSA-Wert (prostataspezi-
fisches Antigen), Gleason-Score, neoadjuvante Hormontherapie, initialer IPSS, Prostatavolumen nach Implantation, Zahl der
implantierten 1[-Seeds, die DVH-Parameter V., V.., D,, fir die Prostata sowie D_,, und D, fiir die Urethra. Zur detaillierten
Untersuchung der Urethrabelastung wurden basale und apikale Urethra definiert, fir die ebenfalls DVH-Parameter berechnet
wurden.

Ergebnisse: Der IPSS erreichte 3 Monate nach '*I-Implantation sein Maximum und kehrte nach 12-15 Monaten wieder auf den
Ausgangswert zuriick, Eine multivariate Analyse ergab, dass das Prostatavolumen nach Implantation, die Anzahl der implantierten
15]Seeds und die dosimetrischen Parameter der Basisurethra statistisch signifikant mit der ErhGhung des IPSS korrelierten.
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Schlussfolgerung: Die basale Urethra scheint sich als strahl
verschlechtert den IPSS. Unklar bleibt, ob die Dosis in der basal

wirkungen steht.

r";uﬂuth 2u erwei
Urethra im 2

und die erhihte Dosis in dieser Region
g mit dem Auftreten urethraler Spét-

Schliisselwbrter: Prostatakarzinom - International Prostate Symptom Score (IPSS) - Seed-Implantat - 5| - Urethradosis

Introduction

In the current management with radiotherapy for localized
adenocarcinoma of prostate, intensity-modulated radiothera-
py |6] and ultrasound-guided transperineal permanent inter-
stitial implant (TPI) using '*1 radioactive seeds [2] are widely
employed, because both methods satisfy the requirement of
dose escalation to achieve biochemical control and reduce
dose to the normal tissues. With the clinical experiences ac-
cumulated for decades, guidelines on standardized TPI for
localized prostate cancer were established [9, 16] and favor-
able long-term results were achieved [5, 14, 15, 18}. In TPI,
acute urinary morbidities are seen in most of the patients and
this is reflected in the increment of International Prostate
Symptom Score (IPSS). However, introduction of the periph-
eral or modified peripheral seed placement methods has re-
duced urethral dose dramatically and the relationship between
the urethral dose and the increment of IPSS has been vari-
ously reported. In the present study. the detailed urethral
doses of TPI were investigated in relation to the acute incre-
ment of [PSS.

Patients and Methods
From April 2004 through September 2006, 104 patients with
nonmeltastatic prostate cancer underwent TPI with documen-
tation of the IPSS before and after the procedure. Patients
treated with combined external-beam radiation therapy were
excluded from this study. Clinical characteristics of the 104 pa-
tients are summarized in Table 1. T-stage according to the In-
ternational Union Against Cancer (UICC) [17] was defined
solely by digital rectal examination without considering infor-
mation of the radiologic images. We stratified patients accord-
ing 1o the Seattle risk classification [18]. The number of pa-
tients who received neoadjuvant hormone therapy was 73
(70% ) and most of them were started by urologists. Neoadju-
vant hormone therapy consisted of antiandrogen in 29 (40%),
LHRH (luteinizing hormone-releasing hormone) agonist in
eight (11%), and maximum androgen blockade in 36 (49%).
Median duration of each neoadjuvant hormone therapy was
5 months, 13 months, and 8.5 months for antiandrogen, LHRH
agonist, and maximum androgen blockade, respectively. Ad-
juvant hormone therapy was not performed in this series.

The TPI was performed exclusively with '**I seeds (Onco-
Seed, MediPhysics, Kobe, Japan) of 0,394 mCi (14.6 MBqg) or
0.385 mCi (14.2 MBq). About 3 weeks before the implant,
prostate volumetry by axial transrectal ultrasound (TRUS;
ProSound 4000, Aloka, Tokyo, Japan) with 5-mm intervals
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was performed with a Foley catheter in place. The TRUS was
mounted on the stepper (AccuSeed, CMS, St. Louis, MO,
USA). The prostate contour (= clinical tumor volume) was
extracted and stored in VariSeed version 7.01 (Varian, Palo
Alto, CA, USA) and 3-mm margins were placed around the
clinical tumor volume to construct the planning target volume
(PTV)in all directions except in the rectal direction, where no
margin was added to reduce the rectal dose. In the preplan-
ning, '*1 seeds were placed with the modified peripheral load-
ing to deliver 145 Gy to the PTV. The TPI was performed un-
der epidural anesthesia and '*I seeds were implanted by Mick
Applicator™ (Mick Radionuclear, Mount Vernon, NY, USA)
through the appropriate template holes according to the pre-
planning with intraoperative modifications,

1 month after the TPL, final postplanning dosimetry was
performed in all patients, because it has been reported that the
prostate volume increases by trauma-associated fluid accumu-
lation and bleeding within the gland immediately after the im-
plantation [9, 13, 16]. A computed tomography (CT) image

Table 1. Patient characteristics. PSA: prostate-specific antigen.
Tabelle 1. Patientencharakteristik. PSA: prostataspezifisches Antigen.

Patients

n (%)
Age (years), median (range) 70.0 (48-82)
Stage
*Tic 73 (70)
*T2a 12 (12)
*T2b 6 (6)
s T2c 10 (10)
*T3a 2 (2)
*T3b 1 (1)
Initial PSA (ng/ml), mean 12.2
*<10 67 (64)
* 10-20 22 (21)
=20 15 (14)
Gleason Score
“e? 66 (63)
.7 27 (26)
7 11 (11)
Risk grouping
* Low 36 (35)
* Intermediate 48 (46)
= High 20(19)
Neoadj h therapy 73 (70)
Follow-up (months), median (range) 13.0 (2-34)
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Figure 1. Definitions of base and apical urethras.
Abbildung 1. Definitionen der basalen und apikalen Urethra.

was taken with 2- or 3-mm intervals. T2-weighted magnetic
resonance (MR) images were fused with the CT images to
help extract the prostate contour. CT and MR images were
obtained with a Foley catheter in place. Dose calculation was
performed with the VariSeed™. The urethral dose was calcu-
lated at the outer rim of the Foley catheter from the bladder
neck to the CT slice where the most caudally located seed can
be found. In all patients, an a-blocker was prescribed from the
day following TPI until subsidence of urinary symptoms.

The increment of IPSS was defined as the difference be-
tween the preimplant IPSS and the maximal IPSS after the
implant. Postimplant IPSS was evaluated in the 1st and 4th
weeks after the implant, and then every 2-3 months.

Various patient, tumor, and treatment factors as well as
the TPI dosimetric factors were analyzed to find statistically
significant relationships with the increment of IPSS. For calcu-
lation of the prostate volume, an MR image taken at the time
of postplanning was used. D, indicates the minimal dose cov-
ering 90% of the prostate expressed in Gray, V,, and V
represent volume ratio of the prostate receiving at least 100%
and 150% of the prescribed dose, respectively, The urethral
D_ . (maximal dose) and urethral D, (minimal dose covering
90% of the entire prostatic urethra) were also calculated. In
addition, base and apical urethras were extracted from the
postplanning CT. The base urethra is defined as the most
proximal 2-3 mm long portion of the prostatic urethra (actu-

ally, contouring two slices of CT images) neighboring the
bladder neck (Figure 1), The apical urethra is apical 6 mm of

Strahlenther Onkal 2008 - No.10 © Uraan & VocrL
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Figure 2. Change of mean International Prostate Symptom Scores
(1PsS) after transperineal permanent interstitial implant (TP1). The
figures shown in the lowest row represent the number of patients
assessable, Error bars represent standard deviations,

Abbildung 2. Zeitliche Verinderung der durchschnittlichen Internatio-
nal Prostate Symptom Scores (IPSS) nach transperinealer permanenter
Interstitieller Brachytherapie. Die Ziffern in der unteren Reihe entspre-
chen der auswertbaren Patientenzahl im jeweiligen Zeitintervall. Die
Fehlerbalken zeigen die Standardabweichungen.

Months

Patients

the prostatic urethra. For the base and apical urethras, the
D,.. D, (minimal dose covering 50% of the corresponding
structure), and D, were calculated.

The relationships between clinical and treatment vari-
ables and the increment of PSS were analyzed by univariate
analysis. The continuous variables were dichotomized to give
the lowest p-values in the t-test, where the increment of IPSS
score was considered continuous. The variables with p-values
< 0005 were further analyzed in multivariate analysis by logis-
tic regression models. In the multivariate analysis, the patients
were dichotomized by the mean increment of IPSS into the
larger and smaller increments, while the clinical and treatment
variables were treated as continuous.

Results
The time course of mean [PSS change after TPl every 3 months
is shown in Figure 2 with the respective number of patients
The IPSS reached its maximum 3 months after the implant
and decreased gradually until 15 months. The increment of
IPSS after the implant ranged from -9 to 31 with a mean of
10.7.

The mean IPSS before TPI was 85, and the number of
seeds implanted ranged from 40 1o 114 with a mean of 71.3
(Table 2). Total activity of the implanted seeds ranged from
15.4 10 45.9 mCi (0.57-1.70 GBq). The mean prostate volume
evaluated in post-TPI MR images was 22.9 ml. Prostate V,,,
ranged from 51.9% to 99.8% of the prostate volume, and in 62
of the 104 patients the prostate V,, of = 90% was attained.
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Table 2. Treatment and dosimetric characteristics. IPSS: International
Prostate Symptom Score; SD: standard deviation; TPI: transperineal
permanent interstitial implant. For detailed definitions of the dosi-
metric parameters refer to the text,

Tabelle 2. Therapeutische und dosimetrische Charakteristika, IPSS:
| Prostate Symptom Score; SD: Standardabweichung; TPI:

Internati
transperineale permanente interstitielle Brachytherapie. Genaue De-
finitionen der dosimetrischen Parameter finden sich im Text.

Mean (SD)
Pre-TFI IPSS 8.5 (6.2)
1PSS increment 10.7 (6.9)
Prostate volume (ml) 22.9 (8.4)
Implanted seeds (n) 71.3 (13.6)
Seed activity (m(i) 28.2 (5.8)
Seed activity (GBq) 1.04 (0.21)
Prostate V,,, (%) B9.5 (8.2)
Prostate V., (%) 55.5 (14.3)
Prostate D, (Gy) 147.2 (27.4)
Urethra D, (Gy) 239.5 (55.7)
Urethra D,,, (Gy) 100.5 (31.2)
Apical urethra D, (Gy) 219.9 (43.2)
Apical urethra D,,; (Gy) 100.8 (34.1)
Apical urethra D, (Gy) 166.0 (36.5)
Base urethra D_, (Gy) 162.4 (43.3)
Base urethra D, (Gy) 116.0 (31.7)
Base urethra D, (Gy) 134.6 (34.5)

Mean prostate Dy, was 147.2 Gy with 61 patients showing the
value > 145 Gy. The urethral D__ was higher in the apical
urethra as compared to the base urethra.

Univariate analysis of the various parameters and the in-
crement of IPSS revealed that age, initial PSA, post-TPI pros-
tatic volume, number of seeds implanted, prostate V,, and
Dy. D,... and D, and D, of the base urethra were statisti-
cally significantly related to the [PSS increment (Table 3).
These parameters were further examined in a multivariate
analysis, which demonstrated that the increment of PSS cor-
related with the postimplant prostatic volume, number of im-
planted seeds. and the dosimetric parameters of the base ure-
thra (Table 4). A higher dose to the base urethra caused a
more unfavorable acute IPSS increment.

Discussion
As we experienced only one patient with acute urinary reten-
tion after TPI during this time period, we confined our analy-
sis to the increment of IPSS as an acute urinary morbidity.
Like other studies using '**1, our study demonstrated that the
IPSS increased maximally around 3 months after TPI and re-
turned to the pretreatment level at about 12 months |2, 11].
There are several clinical as well as dosimetric parameters re-
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Table 3. Results of the univariat lysis to d te the influence
of clinical and dosimetric variables upon the increment of Internation-
al Prostate Symptom Score (IPSS). PSA: prostate-specific antigen. For
detalled definitions of the dosimetric parameters refer to the text.

Tabelle 3. Ergebnisse der univariaten Analyse, die den Einfluss der kii-
nischen und dosimetrischen Varianten auf die Zunahme des Internati-
onal Prostate Symptom Score (IPSS) zeigen. PSA: prostataspezifisches
Antigen. Genaue Definitionen der dosimetrischen Parameter finden
sich im Text.

Variables p-value
Age (years) (= 73 years vs, < 73 years) 0.0039
PSA (ng/ml) (= 20 ng/ml vs. < 20 ng/ml) 0.0100
Gleason Score (Z7vs.<7) 0.67
Preimplant IPS5 (Z7vi<7) 0.10
Prostate volume (ml) (= 20 ml vs, < 20 ml) < 0.0001
Implanted seeds (n) (= 65 vs. < 65) 0.0017
Neoadjuvant hormone (+vs.=) 0.0508
therapy

Prostate V,_, (%) (2 90% vs. < 90%) 0.0102
Prostate V.., (%) (= 50% vs. < 50%) 0.0644
Prostate D, (Gy) (= 145 Gy vs. < 145 Gy) 0.0075
Urethra D_, (Gy) (= 290 Gy vs. < 290 Gy) 0.5351
Urethra D, (Gy) (= 87 Gy vs. < B7 Gy) 0.1881
Apical urethra D__ (Gy) (= 261 Gy vs. < 261 Gy) 0.4078
Apical urethra D, (Gy) (= 87 Gy vs, < B7 Gy) 0.3675
Apical urethra D, (Gy) (= 145 Gy vs. < 145 Gy) 0.5147
Base urethra D__, (Gy) (= 188.5 Gy vs. < 188.5 Gy) 0.0003
Base urethra D, (Gy) (= 116 Gy vs. < 116 Gy) 0.0044
Base urethra D, (Gy) (= 116 Gy vs. < 116 Gy) 0.0015

ported to correlate with the urinary morbidities after TPL In
the present study, the prostatic volume and the number of im-
planted seeds show a statistically significant relation 1o the
increment of IPSS. Kelly et al. [7] and Bottomley et al. [3] also
found an influence of prostatic volume and number of im-
planted seeds upon the increment of IPSS. Additionally, pre-
treatment IPSS (3,7, 10], pretreatment urinary flow [19], num-
ber of needles used for seed implant [3, 8], and neoadjuvant
hormone therapy [4] have been reported to be related to the
increment of IPSS. Although it is rational 1o assume that ure-
thral dose is related to the increment of PSS, the relationship
between them remains quite controversial, Our study revealed
that the dosimetric parameters of the base urethra have a sta-
tistically significant impact upon the increment of IPSS. Simi-
larly, Williams et al. found a relationship between increment
of IPSS and the number of seeds above the prostatic base [19].
They consider the number of seeds above the prostatic base to
reflect the dose to the bladder neck and trigone which may be
sensitive 1o radiation. Pinkawa et al. suggested that the semi-
nal vesicle dose is closely related to the dose to the bladder
neck and the urethral sphincter muscle and late urinary dys-
function is more frequent in patients with a higher seminal
vesicle dose [12]. By contrast, Allen et al. could not find sig-
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Table 4. Results of the multivariate analysis to demonstrate the in- 2. Block T, Czempiel H, Zi E seed impl
fluence of clinical and treatment variables upen the increment of In- tation of low-risk” prosate cance. Strahlenther Onkol 2006/182:666-71.
ternational Prostate Symptom Score (IPSS). MRI: magnetic resonance ~ 3-  Bottomley D, Ash D, Al-Qaisieh B, et al. Side effects of permanent [125
imaging; PSA: prostate-specific antigen. For detailed definitions of the i dpk ivplhotio 667 izt A Bikiios. 0l
sisimetricEhametea st hrthe it 4 Crookd, McLean M, Catton C, et al. Factors influencing risk of acute urinary
Tabelle 4. Ergebnisse der multivariaten Analyse, die den Einfluss der retention after TRUS-guided permanent prostate seed implantation. Int J
klinischen und dosimetrischen Varianten auf die Zunahme des Inter- Radiat Oncol Biol Phys 2002:52:453-60,
national Prostate Symptom Score (IPSS) zeigen. MRI: Magnetresonanz- 5. Grimm PD, Blaska JC, Sylvester JE, et al. 10-year biochemical (prostate-spe-
tomographie; PSA: prostataspezifisches Antigen, Genaue Definitionen cific antigen) control of prostate cancer with *#1 brachytherapy. Int J Ra-
der dosimetrischen Pa ter finden sich im Text. diat Oncol Biol Phys 2001;51:31-40.
6. Guckenberger M, Flentje M. Intensity-modulated radiotherapy (IMRT) of
|ocalized prostate cancer. Strahlenther Onkol 2007;183:57-62.
Variables p-value 7. Kelly K, Swindell R, Routledge J, et al. Prediction of urinary symptoms
after 125-iodine prostate brachytherapy. Clin Oncol ( R Coll Radiol ) 2006;
Age (years) 0.9033 18:326-32.
PSA (ng/ml) 0.1901 8. Keyes M, Schellenberg D, Moravan V, et al. Decline in urinary retention in-
MRI volume (ml) 0.0006 cidence in 805 patients after prostate brachyth the effect of learning
Seed 0.0151 curve? Int J Radiat Oncol Biol Phys 2006;64:825-34.
> 9. Nag S, Bice W, DeWyngaert K, et al. The American Brachytherapy Society
Prostate V,,, (Gy) 0.9123 dations for p brachytherapy post-implant dosi-
Prostate D (Gy) 0.2841 memc analysis. Int J Radiat Oncol Biol Phys 2000;46:221-30.
Base urethra D__ (Gy) 0.0530 10. Niehaus A, Merrick GS, Butler WM, et al. The influence of isotope and pros-
i b tate volume on urinary morbidity after prostate brachytherapy. Int J Radiat
Base urethra D, (Gy) 0.0151 Oncol Biol Phys 2006;64:136-43,
Base urethra D, (Gy) 0.0095 11, Ohashi T, Yorozu A, Toya K, et al. Serial changes of intemational prostate
ymptom score following 1-125 prostate brachytherapy. Int J Clin Oncol
2006:11:320-5.
12. Pinkawa M, Fischedick K, Plrnth MS, el al. Health-related quality uﬂif! :fur
wﬂ'ﬂ lllnl ! 1 b
nificant relationships between various segmental urethral unlwi;?ﬁ i:“s‘;:t'&;‘,a;_ it b
dose parameters and time to the resolution of IPSS increment, 13. Pinkawa M, Gagel B, Piroth MD, et al. Changes of dose delivery distribution
although they showed the maximal TPSS is related to the max- :::"“ the ﬂ;‘;':;m"g' :;‘:“Dn"‘:';‘s‘z“?;‘:;’;l brachytherapy for pros-
f . . cancer. T Un i H N
imal aplfml urethral 'dnsc (1] They segme m‘?d the prostatic 14, Potters L, Morgenstern C, Calugaru E, et al. 12-year outcomes following
urethra into base. midgland and apex each with 1 cm length, permanent prostate brachytherapy in patients with clinically localized
while our study limited base urethra only to the proximal 2-3 . :rnﬁn ::::LJ Iillml 20?:::?3;15;5:::- o ”

: : g t) £ 15. Ragde H, , Elgamal AA, et al ern prostate brachytherapy. Pros-
rrlrn of pro:sta?lc urﬂ.hm' whichinight have dis‘{los.cd the seusi tate specific antigen results in 219 patients with up to 12 years of observed
tivity of this tiny region or bladder neck to radiation. follow-up. Cancer 2000;89:135-41,

In this retrospective analysis, the patients included had  16. Salembier C, Lavagnini P. Nickers P, et al. Tumor and target volumes in
been treated at the very initial phase after the introduction of permanent prostate brachytherapy: 3 supplement to the ESTRO/EAU/
s 2 % 5 EORTC rec on p brach py. Radiother Oncol
TPI in our department. Therefore, in some patients the opti- 2007:83:3-10, S
mal quality of seed implantation was not attained and urethral 17. Sobin LH, Wittekind C, eds. TNM classification of malignant tumars, 6th
dose reached < 100% of the prescribed dose. Although it is edn. New Yark: Wiley-Liss, 2002. d
required to deliver an adequate dose to sterilize tumor cells 18, Sylvester JE, Blasko JC, Grimm PD, et al Tfn-yfathWMwal relapse-free
i y survival after beam and brachy py for localized pros-
around the base urethra, severity of the acute urinary mor- tate cancer: the Seattle experience. Int J Radiat Oncol Biol Phys
bidities represented by the increment of IPSS seems to be low- 2003;57:944-52.
19. \'hlliams SG, Millar JL, Duchesne GM, et al. Factors predicting for urinary

ered by reducing the dose to the base urethra toward the pre-
seribed dose.

Conclusion
The base urethra or bladder neck appears to be susceptible to
radiation and the increased dose to this region acutely deterio-
rates IPSS. It remains unclear whether the radiation dose to
this region relates to the incidence of late urinary morbidi-
ties,
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SPINAL RECURRENCE FROM INTRACRANIAL GERMINOMA: RISK FACTORS
AND TREATMENT OUTCOME FOR SPINAL RECURRENCE
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Purpose: To analyze retrospectively the risk factors of spinal recurrence in patients with intracranial germinoma
and clinical outcomes of patients who developed spinal recurrence.

Methods and Materials: Between 1980 and 2007, 165 patients with no evidence of spinal metastases at diagnosis
were treated with cranial radiotherapy without spinal irradiation. The median follow-up in all 165 patients was
61.2 months (range, 1.2-260.1 months).

Results: After the initial treatment, 15 patients (9.1%) developed spinal recurrences. Multivariate analysis
revealed that large intracranial disease (=4 em) and multifocal intracranial disease were independent risk factors
for spinal recurrence. Radiation field, total radiation dose, and the use of chemotherapy did not affect the occur-
rence of spinal recurrences. OF the 15 patients who experienced spinal recurrence, the 3-year actuarial overall
survival and discase-free survival (DFS) rates from the beginning of salvage treatments were 65% and 57%,
respectively. In the analysis, presence of intracranial recurrence and salvage treatment modality (radiotherapy
with chemotherapy vs. radiotherapy alone) had a statistically significant impact on DFS. The 3-year DFS rate
in patients with no intracranial recurrence and treated with both spinal radiotherapy and chemotherapy was
100%, whereas only 17% in patients with intracranial recurrence or treated with radiotherapy alone (p = 0.001).
Conclusion: Large intracranial disease and multifocal intracranial disease were risk factors for spinal recurrence
in patients with intracranial germinoma with no evidence of spinal metastases at diagnosis. For patients who
developed spinal recurrence alone, salvage treatment combined with spinal radiotherapy and chemotherapy
was effective in controlling the recurrent disease. © 2008 Elsevier Inc.

Germinomas, Spinal recurrence, Radiation, Chemotherapy.

INTRODUCTION

Intracranial germinomas represent 0.5-2.5% of all intracra-
nial tumors and are more common in Japan than in Western
countries (1-5). These tumors occur primarily in the pineal or
neurohypophyseal regions and most ofien affect teenagers
and young adults. In contrast to intracranial nongerminoma-
tous germ cell tumors, germinomas are one of the most radio-
sensitive tumors known and are curable by radiotherapy
alone (1, 5-13). Although radiotherapy has been the standard
treatment for intracranial germinoma for many years, agree-
ment on the optimal management of these tumors has not
been reached. One of the major controversies in the manage-

ment of intracranial germinoma is the use of craniospinal ir-
radiation in patients with no evidence of spinal metastases at
diagnosis (14-18).

Recently, several reports have indicated that the incidence of
spinal recurrence was found to be too low to warrant routine
spinal irradiation, With modemn imaging procedures, the pro-
portion of patients presenting with spinal disease at the time
of diagnosis is low, and the risk of secondary spinal seeding
in germinoma did not exceed 15% in a large series (8, 19,
20). However, the nisk factors for spinal recurrence in patients
with no evidence of spinal metastases at diagnosis have not
been well documented. Moreover, there is minimal information
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regarding the outcomes of salvage treatment for patients who
developed spinal recurrence. In the current study, we reviewed
a retrospective and multi-institutional series of 165 patients
with intracranial germinoma who had no evidence of spinal
metastases at diagnosis and evaluated the risk factors for spinal
recurrence and treatment outcomes for patients who developed
spinal recurrences after the initial treatment.

METHODS AND MATERIALS

Patient characteristics

A retrospective review of medical records between 1980 and 2007
identified 240 patients with documented intracranial germinoma
treated by mdiotherapy at the Department of Radiology, University
of the Ryukyus Hospital, Kyushu University Hospital, Shinshu Uni-
versity Hospital, Chiba University Hospital, Yamanashi University
Hospital, or the Intemational Medical Center of Japan, Of these,
75 patients having spinal metastases at diagnosis or treated with spi-
nal irradiation were excluded, and a total of 165 patients with no
evidence of spinal metastases at diagnosis and treated with cranial ra-
diotherapy without spinal irradiation were subjected to this analysis.
With regard to the 75 patients treated with spinal irradiation, 68 pa-
tients had no evidence of spinal metastases at diagnosis. The majority
of these 68 patients were treated with routine craniospinal irradiation
regardiess of their disease status between 1980 and 1995, and the
disease characteristics of these 68 patients, such as the tumor size
and the number of tumor, were not significantly different compared
with those of 163 patients treated without spinal irradiation.

Table | indicates the patient and treatment characteristics of all
165 patients. All patients were evaluated by computed tomography
or magnetic resonance imaging (MRI) scans before initial treatment.
One hundred and two patients (62% ) were dingnosed pathologically;
the remaining 63 patients (38%) were diagnosed clinically as having
germinoma by clinical and neuroradiologic signs, as described
previously (6, 9, 26). For the assessment of spinal metastases at diag-
nosis, 81 patients (49%) were evaluated by spinal MRI and the
remaining 84 patients were evaluated by cerebrospinal fluid cytology
or cerebrospinal fluid tumor markers, Forty patients (24%) had mul-
tifocal tumors involving more than one intracranial site, and serum
human gonadotropin levels were elevated in 34 (21%) patients,
who as a group had a human gonadotropin value of 44
miU/mL (range, 15-251 mIU/mL). Patients with human gonadotro-
pin levels greater than 100 mIU/mL had pathologically verified
germi No f had elevated alpha-fetoprotein or carci-
noembryonic antigen titer.

Radiotherapy

Details of radiotherapy method were described as previously (21).
In brief, radiotherapy was administered using a *'Co teletherapy unit
(4 patients), or a 4-, 6-, or 10-MV linear accelerator, and daily frac-
tion sizes of 1.8-2.0 Gy for the primary tumor § days per week were
mostly used. In most cases, treatment fields were determined using
conventional X-ray simulators. For some cases, in an effort to spare
normal brain from the high-dose volume of irradiation, computed to-
mography simulators were also used to boost the primary disease
site. Localized-field irradiation was defined as a partial brain field
covering the primary tumor with a generous margin, but not includ-
ing the third ventricle and lateral ventricles.

One hundred three patients (62%) were treated using a radiation
field encompassing the whole brain with or without a boost, 42 pa-
tients with the whole ventricle with or without a boost, and 20 patients

Volume 72, Number 5, 2008

Table 1. Patient and treatment characteristics (n = 165)

Characteristic No. of patients

Age (median, 17 y)

<20y 109 (66)

=20y 56(34)
Gender

Female 38 (23)

Male 127 (77)
KPS

=70 128 (78)

<70 27 (16)

Unknown 10 (6)
Tumor location

Pineal 65 (39)

Neurohypophyseal 46 (28)

Thalamus or basal ganglia 14(9)

Multifocal 40 (24)
No. of umor

Single 125 (76)

Multifocal 40 (24)
Maximal tumor size (cm)

<4 131 (79)

=4 34an
Serum hCG level

Normal 131 (79)

High 34(21)
Pathology

Verified 102 (62)

Unverified 63 (38)
Spinal MR1 evaluation at diagnosis

Yes 81 (49)

No 84 (51)
Total radiation dose (Gy)

=50 131 (79)

>50 3421
Treatment field

WB/WV £ B 145 (88)

Local 20(12)
Chematherapy

Yes 75 (45)

No 90 (55)

Abbreviations: KPS = Kamofsky performance status; hCG = hu-
man chorionic gonadotropin; MRI = magnetic resonance imaging:
WB/WV = whole brain/whole ventricle; B = boost.

Data in parentheses are percentages,

with a localized-field smaller than the whole ventricle (Table 2). The
total dose to the primary site ranged from 24 to 59.5 Gy (median, 48.5
Gy), with 7 patients (4% ) receiving total doses of =55 Gy because we
previously lacked a consensus regarding optimal doses for these tu-
mors, especially for large umors. Whole-brain doses ranged from
19.5 to 44 Gy (median, 30 Gy), whole-ventricle doses ranged from
24 to 40 Gy (median, 25.2 Gy), and localized-field doses ranged
from 24 10 55.8 Gy (median, 40 Gy).

For patients with spinal recurrences, spinal radiotherapy with or
without cranial radiotherapy was administered. The method of spi-
nal radiotherapy was described as previously (22). In brief, spinal
irmadiation was suppl d using a p jor field with sin-
gle doses of 1.6-2.0 Gy per fraction and five fractions per week.

Chemotherapy

Seventy-five patients (45%) received systemic chemotherapy
with a total of one to six courses (median, three courses) during
the initial treatment to reduce the total number of radiation doses
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Table 2. Radiation field, total radiation dose, and incidences of intracranial and spinal recurrences according to the treatment modality

Treatment Radiation Total radiation No. of No. of low-risk No. of intracranial No. of spinal
modality field dose (range) (Gy) pts. group for SR* recurrence recurrence
RT alone
WB+B 50 (38-59.5) 77 18 1 5
WV +B 45 (40-52) 4 0 2 |
Local 48 (24-55.8) 9 0 3 2
Total 50 (24-59.5) 90 18 (20%) 6 (7%) 8 (9%)
RT + CT
WB+B 49 (30-55) 26 10 2 4
WV 4B 30 (24-50) 38 15 1 4
Local 30 (24-40) 11 0 | 0
Total 40 (24-50) 75 25 (33%) 4 (5%) 7 (9%)
Total 48.5 (24-59.5) 165 43 (26%) 10 (6%)** 15 (9%)**

Abbreviations: RT = radiotherapy; CT = chemotherapy; WB = whole brain; WV = whole ventricle; B = boost: SR = spinal recutrence; MR1 =

magnetic resonance imaging.

* Defined as patients with spinal MRI stage negative, small tumor (<4 ¢m), unifocal tumor, and treatment with WB or WV,

** Four patients developed both intracranial and spinal recurrences.

or radiation fields (Table 2). In patients with radiotherapy alone (me-
dian total dose, 50 Gy), 77 of 90 patients (86%) were treated with
whole-brain irradiation with or without boost, whereas in patients
with radiotherapy and chemotherapy (median total dose, 40 Gy),
only 35% of the patients (26 of 75 patients) were treated with whole
brain irradiation with or without boost. In the current study, we did
not intend to use chemotherapies to reduce the risk of spinal recur-
rences for these patients. Of 75 patients, 71 patients (95%) received
chemotherapy before radiotherapy; 2 patients during radiotherapy
and the remaining 2 patients after radiotherapy. All patients received
cisplatin or carboplatin in combination with other agents. The most
commonly used was @ Cc ion of cisplatin and etopo-
side (35 patients), and the next most common was a combination of
carboplatin and etoposide (28 patients). Nine patients received
a combination of ifosfamide, cisplatin, and ide and 3 pati

side (60 mg}m:] for 5 consecutive days (Days 1-5) (23). In the car-
boplatin and etoposide therapy group, carboplatin (450 mg/m®) was
given on Day 1 and etoposide (150 mg/m®) was given for 3 consec-
utive days (Days 1-3) (24). The ifosfamide, cisplatin, and etoposide
rc§|men consisted of iphosphamide (900 mg/m®), cisplatin (20 mg/
m’), and etoposide (60 mg/m°) for 5 consecutive days (25); the com-
hlmwun of cisplatin and methotrexate regimen consisted of 50 mg/
m” of cisplatin on Day 1 with 3 mg of er'aﬂiocnl methotrexate twice
during initial reatment. The ¢ bleomycin regi-
men consisted of cisplatin (20 mg{mz) for 5 consecutive days
(Days 1-5), vinblastine (4—6 mg/m®) on Days 1 and 8, and bleomy-
cin (10-15 mg/m®) on Days 1, 8, and 15 (26).

For patients with spinal recurrences, the chemotherapy regimens
described here were administered 1o patients who received both

radic py and chemotherapy as a salvage treatment.

received a combination of cisplatin and methotrexate. The remain-
ing 1 patient received cisplatin-vinblastine-bleomycin combination
therapy. Cycles were usually repeated every 3—4 weeks. Cisplatin
and etoposide therapy consisted of cisplatin (20 mg/m?) and etopo-

Statistical analysis
The median follow-up time of all 165 patients was 61.2 months

(range, 1.2-260.1 months), and no patients were lost to follow-up.

Table 3, Clinical data on 15 patients with spinal recurrence (at initial treatment)

Primary  Maximal Total CcT

Pis. Pathologic Serum KPS tumor lumor radiation  Radiation  Use of regimen
no. Age Gender confirmation hCG (%) site size (cm) dose field CT (initial Tx)

1 20 Male Yes Normal 100 P+N 2 30 A% Yes EP

2 15 Male Yes Normal 60 P 5 50 WB+L No —

3 27  Male Yes Elevated 100 P 3 50 WV+L Yes CBDCA+VP16

4 27  Male No Normal 100 P 2 46 WB+L No —

5 12 Female Yes Elevated 90 N 4.5 40 WB+L Yes EP

] 10 Female No Elevated 100 P+N 4 40 L No —

7 2 Female Yes Normal 40 P 23 20 L No —

8 17  Female Yes Normal 100 N+D 3 40 WB+L No —

9 20 Male Yes Normal 90  P+N+D 3 50 WB+L Yes CBDCA+VP16
10 16 Male Yes Normal 100 P 5 50 WB+L No —_
11 18  Female No Normal 100 P 1.5 50 WB+L No —
12 30  Male Yes Elevated 100 P+D 45 50 wv Yes CBDCA+VP16
13 13 Male No Normal 100 N+D 4 59.5 WB+L Yes CDDP+MTX
14 14 Male No Normal 90  N+Pons 45 48.5 WB+L Yes CDDP+MTX
15 14 Male Yes Normal 90 P+N 4 50 wv No —

Abbreviations: hCG = human chorionic gonadotropin; KPS = Kamnofsky performance status; CT = chemotherapy; Tx = therapy: P = pineal;

N = neurohypophyseal; D = dissemination; WB = whole brain; WV = whaole ventricle; L =

local; EP = cisplatin and etoposide; EP = cisplatin

and etoposide; CBDCA = carboplatin; VA-16 = etoposide; MTX = methotrexate,
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Follow
up
0 Mo
7 Mo
9.8 Mo

46

27

NED
NED
Dead

Outcome

Site of
re-recurrence
after salvage Tx
Intracranial

Na. of
cycles of
cT

CT
regimens after
spinal recurrence
ICE
ICE
ICE

CT
after spinal

recurrence

Intra-
crunial RT
No
No
Yes (24 Gy)

30.6
45
30.6

radiation
dose (Gy)

Table 4. Clinical data on 15 patients with spinal recurrence (at spinal recurrence)
Spinal

Spinal
radiation
ws
WS+L
WS+L

field

No
No
Yes

Intracranial

recurmence

2-3

Th8-9

site

Th4

Spinal

recunence

Age
at spinal
recurTence
24
18
28

no,

Pts.
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For the assessment of risk factors for spinal recurrence, the chi-
square test and logistic regression analysis were used 1o investigate
the relationship between variables and the occurrence of spinal
recurrence. For the assessment of treatment outcomes for patients
who developed spinal recurrence, overall and disease-free survival
(DFS) rates were calculated actuarially according to the Kaplan-
Meier method (27) and were measured from the beginning of sal-
vage treatment. Differences between groups were estimated using
the log-rank test (28). A probability level of 0.05 was chosen for sta-
tistical significance, and statistical analysis was performed using the
SPSS software package (version 11.0; SPSS, Inc., Chicago, IL).

RESULTS

After the initial treatment, 10 patients (6%) developed in-
tracranial recurrence and 15 patients (9.1%) developed spinal
recurrences (Table 2). The median duration from the date of
initial treatment to the date of spinal recurrence was 16.8
months (range, 2.4-199.2 months). Patient and disease char-
acteristics in 15 patients with spinal recurrence were listed in
Tables 3 and 4.

As shown in Table 5, the incidence of spinal recurrences was
significantly higher in patients with primary large (=4 cm) tu-
mor at initial diagnosis than those without large tumors. Con-
ceming the maximal tumor size, a cutoff’ size of 4 cm was
used because the incidences of spinal recurrence increased as
the wmor size increased, especially to 4 cm or larger (Table
6). Also, the incidence of spinal recurrence was significantly
higher in patients with primary multifocal tumor at initial diag-
nosis compared with those without multifocal tumors. No sig-
nificant differences were seen with respect to other factors, such
as radiation field, total radiation dose, and the use of chemother-
apy (Table 5), Of these 40 multifocal primary tumors, 18 tumors
were bifocal (pineal and neurohypophyseal), and 3 of 18 pa-
tients (17%) with these bifocal germinoma had spinal recur-
rence afier the initial treatment. Multivariate analysis revealed
that large intracranial disease and multifocal intracranial disease
each were independent risk factors for spinal recurrence (Table
5). We were able to define a low-risk group for spinal recurrence
as patients with spinal MRI stage negative, small tumor (<4
cm), unifocal tumor, and treatment with whole-brain or
whole-ventricle irradiation (Table 2). None of these 43 patients
(0%) in the low-risk group developed spinal recurrence,
whereas 15 of 122 patients who did not meet the criteria of
the low-risk group (12%) developed spinal recurrence.

Regarding the 15 patients who experienced spinal recur-
rences, the 3-year actuarial overall survival and DFS rates
from the beginning of salvage treatments were 65% and
57%, respectively (Fig. 1). The median total dose to the re-
current spinal disease for all 15 patients was 33 Gy (range,
24-46 Gy). and the total doses of salvage cranial radiother-
apy for 3 patients ranged from 18 Gy o 24 Gy (Table 4).
These 3 patients had intracranial recurrences at lesions ini-
tially treated with doses of 20-24 Gy, and the recurrent dis-
eases extended to the margins of initial boost radiation
field. In the analysis, the presence of intracranial recurrence
and salvage treatment modality (radiotherapy with chemo-
therapy vs. radiotherapy alone) had a statistically significant
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Table 5. Univariate and multivariate analysis of various potential prognostic factors for spinal recurrence in patients with intracranial

germinoma
Univariate Multivariate
Variable No. of pts. No. of spinal recurrence p value RR (95%C1) p value
Tumor size
<4cm 131 7 (5%) < 0,001 0.141 (0.043-0.462) 0.001
=4 ¢em 34 8 (24%)
Tumor number
Single 125 8 (6%) 0,033 0.230 (0.070-0.761) 0.016
Multifocal 40 7 (18%)
Gender
Female 38 5(13%) 0.320 — —
Male 127 10 (8%)
Pathology
Verified 102 1 (11%) 0.335 - —_
Unverified 63 4 (6%)
Spinal MRI at diagnosis
Yes 81 6 (7%) 0.460 — —
No 84 9(11%)
Total radiation dose
=50 Gy 131 13 (10%) 0470 — —
=50 Gy 34 2 (6%)
Serum hCG
Normal 131 11 (8%) 0.542 - -
High 34 4(12%)
KPS
=T70% 128 13 (10%) 0.660 — -—
<70% 27 2 (%)
Unknown 10
Radiation field
WB/WV 145 13 (9%) 0.880 — —
Local 20 2 (10%)
Age
<20y 109 10 (9%) 0.897 — —
=20y 56 5 (9%)
Use of chemotherapy
Yes 75 7 (9%) 0.920 — —
No 90 8 (9%)

Abbreviations: MR1 = magnetic resonance imaging; hCG = human chorionic gonadiropin; KPS = Kamofsky performance status; WB/WV =
whole brain/whole ventricle; RR = relative risk; Cl1 = confidence intervals.

impact on DFS (Table 7). All 3 patients treated with spinal
radiotherapy alone died of the disease and all 4 patients
with intracranial recurrence died of the disease or were alive
with the recurrent disease during the period of this analysis.

Concerning intracranial recurrence and treatment modal-
ity, we defined the favorable-prognosis group as patients
with no intracranial recurrence who were treated with both
spinal radiotherapy and chemotherapy, and the unfavor-
able-prognosis group as patients with intracranial recurrence
or those treated with radiotherapy alone. Four of 9 patients

Table 6. Incidences of spinal recurrence according to the
maximal tumor size

No. of No. of pts. with
Maximal tumor size pis. spinal recurrence
<2 em s 1 (3%)
=2cm <4 cm 96 6 (6%)
=4 cm 34 8 (24%)
Total 165 15 (9%)

from the favorable risk group and 3 of 6 patients from the un-
favorable risk group had spinal MRI evaluation at the time of
initial diagnosis. The 3-year DFS rate in the favorable prog-
nosis group was 1009, but only 17% in unfavorable progno-
sis group (p = 0.001, Fig. 2). No patienis in the favorable risk
group developed late complications, such as neurocognitive
dysfunctions, vascular pathology, or leukoencephalopathy
after salvage treatments,

DISCUSSION

The current study indicated that large intracranial discase
and multifocal intracranial discase at initial diagnosis were
independent risk factors for spinal recurrence in patients
with intracranial germinoma with no evidence of spinal me-
tastases al diagnosis. Concerning the primary tumor size, sev-
cral reports have indicated that tumor size is an independent
prognostic factor for these tumors (6, 29, 30). Shibamoto
et al. indicated that a tumor size <3 cm was associated with
a better prognosis in patients with intracranial germinoma
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Fig. 1. Actuarial overall survival (OS) and disease-free survival
(DFS) for all 15 patients with intracranial germinoma who devel-
oped spinal recurrence from the beginning of salvage treatment.

(30). Shirato er al. treated 51 patients with intracranial germi-
noma, and of 4 patients with more than 4-cm tumor, 1 patient
(25%) had a spinal recurrence (6). In the current study, the in-
cidence of spinal recurrence was significantly higher in pa-
tients with intracranially large tumor than those without
large tumors, and large primary tumor was found to be an in-
dependent risk factor for spinal recurrence. These results sug-
gest that craniospinal irradiation appears to be appropriate in

Table 7. Univariate analysis of various potential prognostic
factors for disease-free survival in patients with intracranial
germinoma who developed spinal recurrence

No. of 3-year P
Variable pis. DFS (%) Value
Salvage treatment modality
RT and CT 12 76 0.002
RT alone 3 0
Presence of intracranial
recurrence
Yes 4 0 0.018
No 11 71
Age
<20y 10 40 0.127
=20y 5 75
Spinal radiation dose
<40 Gy 9 38 0.163
=40 Gy 6 75
Pathology
Verified 10 49 0.370
Unverified 5 67
KPS
=70% 13 57 0.378
<70% 2 0
Initial serum hCG level
Normal 11 65 0.437
High 4 38

Abbreviations: RT = radiotherapy; CT = chemotherapy; KPS =
Kamofsky performance status; hCG = human chorionic gonadotro-
pin; DFS = disease-free survival.
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Fig. 2. Actuarial disease-free survival rates from the beginning of
salvage treatment according to the presence of intracranial recur-
rence and treatment modality in patients with intracranial germi-
noma who developed spinal recurrences.

patients with large primary tumors, even if there is no evi-
dence of spinal metastases at diagnosis.

Conceming the number of primary tumors, several authors
have recommended craniospinal irradiation for multifocal tu-
mors (19, 31). Lindstadt et al. recommended that patients with
documented subependymal or subarachnoid metastases pre-
sumably are at higher risk for leptomeningeal failure and rec-
ommended craniospinal irradiation for these patients (19).
Dalttoli ef al. advocated that craniospinal irradiation should
be administered to patients with disease involving more
than one intracranial site, demonstrated meningeal seeding,
or positive cerebrospinal fluid cytology (31). In the current
study, the incidence of spinal recurrence was significantly
higher in patients with intracranially multifocal tumor at ini-
tial diagnosis than those without intracranially multifocal
tumors. Moreover, the multivariate analysis revealed that
multifocal primary tumor was found to be an independent
risk factor for spinal recurrence. These results suggest that cra-
niospinal irradiation appears to be appropriate in patients with
multifocal umors even if there is no evidence of spinal dis-
semination at the time of initial diagnosis,

However, optimal management of primary intracranial pi-
neal and neurchypophyseal (bifocal) germinomas still re-
mains controversial (3, 32, 33). Shibamoto er al. advocated
that when the disease extends along the ventricular walls or
is present in both pineal and neurohypophyseal regions, cra-
niospinal irradiation should be considered, taking the pa-
tient's age into account (3). Conversely, Lafay-Cousin er al.
suggested that bifocal germinoma can be considered a locore-
gional rather than a metastatic disease (33). The definition as
either located or disseminated diseases has major implications
on required treatment and its associated late morbidity. More-
over, the pathogenesis of such bifocal lesion is contested and
the optimal management remains controversial. In the current
study, 3 of 18 patients (17%) with bifocal germinoma had spi-
nal recurrences. From our results, bifocal germinoma may

—173—
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have some potential to metastasize and we advocate that pa-
tients with bifocal germinoma should be treated with cranio-
spinal irradiation, taking the patient’s age into account.
Although the optimal radiotherapy dose to the primary tu-
mor is still unclear, recent findings have suggested that intra-
cranial germinomas can be generally be cured with doses of
between 40 and 50 Gy (3, 5, 6, 9. 20). In the current study,
doses greater than 50 Gy were not associated with a decreased
risk of spinal recurrence (Table 5). Therefore, doses of 40-50
Gy appear to be appropriate for the primary tumor. Concern-
ing the optimal radiation dose required for the control of mi-
croscopic disease, most authors have recommended doses of
25-30 Gy for microscopic disease (7, 10, 13, 34). In the cur-
rent study, we found that intracranial recurrences occurred
with lesions treated at doses of 20-24 Gy in 3 patients, and
that total doses of 24 Gy or less may be insufficient for micro-
scopic diseases. Recently, Shibamoto er al. recommended
alower craniospinal dose of 20-24 Gy, because similar results
were obtained for patient groups with positive or negative cy-
tology (20). Schoenfeld er al. indicated that radiotherapy alone
with low-dose prophylactic craniospinal irradiation (usually
21 Gy at 1.5 Gy per fraction) cured almost all patients with lo-
calized intracranial germinoma with rare complications (17).
Further studies are needed to determine whether even lower
doses can suffice for the control of microscopic disease.
Recently, to reduce the total radiation doses, the combina-
tion of chemotherapy and low-dose radiotherapy has being in-
creasingly investigated (25, 26). The approach of delivering
reduced-dose limited-field radiotherapy after a complete re-
sponse to chemotherapy appears to be meritorious. However,
our results indicated that chemotherapy was not associated
with decreased risk of spinal recurrences (Table 5). Therefore
chemotherapy alone appears to be insufficient to eradicate the
microscopic spinal diseases, and spinal radiotherapy is rec-
ommended as a prophylactic treatment for spinal recurrence.
Concerning the treatment results for spinal recurrence, our
results indicated that presence of intracranial recurrence and
treatment modality (radiotherapy with chemotherapy vs. ra-
diotherapy alone) each had a statistically significant impact
on DFS. In particular, considering both the presence of intra-
cranial recurrence and the treatment modality, the 3-year
DFS in patients with no intracranial recurrence and treated
with radiotherapy and chemotherapy was 100%, whereas
only 17% in patients with intracranial recurrence and/or
treated with radiotherapy alone (p = 0.001). Although there
have been few reports describing the treatment results of spi-
nal recurrences from intracranial germinoma, recent reports
with unusual cases have indicated the efficacy of radiother-

apy combined with chemotherapy for spinal tumors (35,
36). Merchant er al. treated 8 patients with intracranial germi-
noma who relapsed after treatment with primary chemother-
apy. Of these 8 patients, 2 had spinal recurrences (tumor cells
detected by MRI or cytologic evidence of cerebrospinal fluid
involvement) and both were successfully treated with combi-
nation chemotherapy and radiotherapy (35). Tosaka et al. ex-
perienced a patient with spinal recurrence from intracranial
germinoma who was successfully treated with 24 Gy spinal
radiotherapy and several courses of systemic chemotherapy
containing carboplatin, etoposide, and iphosphamide, with
no recurrences after | year (36). Our results indicated that
3-year DFS in patients treated with radiotherapy and chemo-
therapy was significantly higher than that in patients treated
with radiotherapy alone (p = 0.002). These results indicated
that in patients with spinal recurrence alone, radiotherapy
with chemotherapy was effective in controlling the recurrent
diseases and should be recommended as a salvage treatment
for these recurrent tumors.

Conversely, our results indicated that the patients with
intracranial recurrences or treated with radiotherapy alone
had a poor prognosis. For patients with intracranial recur-
rence, most patients have already received approximately
30-50 Gy to the brain and only insufficient radiation doses
can be applied to the recurrent intracranial disease. In the
current study, total doses of salvage cranial radiotherapy for
3 patients with intracranial recurrence were 18-24 Gy, which
appeared to be insufficient for controlling the recurrent intra-
cranial diseases, and all 3 patients were dead or alive with re-
current disease despite salvage therapies, Therefore, from our
results, the optimal initial treatment at diagnosis is necessary
to reduce the risk of intracranial recurrence (37-39). Concern-
ing treatment modalities, our results indicated that 3 patients
treated with spinal radiotherapy alone all died of the disease.
‘Therefore spinal radiotherapy alone appears to be insufficient
1o control the recurrent spinal diseases.

In conclusion, our results indicated that large intracranial tu-
mor and multifocal intracranial tumor were independent risk
factors for spinal recurrence in patients with intracranial germi-
noma with no evidence of spinal metastases at initial diagnosis,
and craniospinal irradiation appears to be appropriate for these
patients. Our results also indicated that for patients who devel-
oped spinal recurrences alone, a combination of radiotherapy
and chemotherapy was effective in controlling recurrent spinal
diseases, and should be recommended as a salvage treatment
for these recurrent tumors, However, this study is a retrospec-
tive study with a various treatment regimens, and further pro-
spective studies are required to confirm our results,
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Single DNA molecule analysis has undergone several innova-
tions directed at solving different biological problems. In general,
these methods involve PCR of single copy genes in sperm [1), dig-
ital PCR [2], somatic mutations [3], massively parallel sequencing
[4]. screening of protein expression libraries [5), and analysis of
methylation status [6]. These methods have been applied to rela-
tively short target DNA (up to several hundred base pairs) due to
the limitations of the polymerase chain reaction (PCR).

Haplotype analysis requires single DNA molecules of greater
length (usually >20 kb). A haplotype (haploid genotype) is a set
of structurally continuous genetic markers on an individual chro-
mosome |7]. In genetic association studies, identification of a hap-
lotype may facilitate more precise mapping of a target gene within
a chromosomal region initially identified by linkage analysis with
conventional genetic markers such as single nucleotide polymor-
phisms (SNPs) and microsatellites |8], The assessment of haplo-
types is also important for more extensive functional studies
because genetic markers on the same chromosome may interact
functionally with each other [9).
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The difficulties associated with the experimental determination
of haplotypes, owing to the presence of two nearly identical chro-
masome copies in diploid cells, have prevented their general use.
Haplotypes that span long distances or comprise many genetic
markers are difficult to determine experimentally. Currently, most
haplotypes are reconstructed indirectly through statistical analy-
ses of conventional genotype data [10] or by inference from famil-
ial data [11]. The reliability of statistical estimates depends on
various factors such as the number of genetic markers, the popula-
tion size, the allele frequencies, and the linkage disequilibrium be-
tween the genetic markers [12). Inferences drawn from familial
data may be limited by the availability of DNA samples.

Recently, several new molecular haplotyping techniques have
been developed (reviewed in Ref. [13]). In particular, the polony
approach, which involves PCR amplification by exogenously added
Tag DNA polymerase of a single copy of the target locus within a
polyacrylamide gel followed by in-gel sequential fluorescent single
base extension, has proven to be effective for molecular haplotyp-
ing at the whole chromosome level [14), Immobilization of the
template DNA within a polyacrylamide gel matrix has the advan-
tage of ensuring spatial separation of the chromosomes while
maintaining their structural integrity. However, when the ampli-
fied products are to be subjected to further analysis, recovery of
DNA fragments after amplification is problematic if the DNA has
been immobilized. Thus, this methodology is limited with respect
to the number of SNP loci that can be analyzed.
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Other haplotyping approaches have used genomic preamplifica-
tion of limiting dilutions of sample DNA followed by locus-specific
PCR [15,16). Konfortov and coworkers |15] used PCR-based primer
extension preamplification (PEP) [17), in contrast to Paul and Ap-
gar [16), who used multiple displacement amplification (MDA)
with Phi29 DNA polymerase [18]. PCR-based PEP is often limited
by target length [19-21] and genomic representation [22],
although Konfortov and coworkers showed efficient multilocus
haplotyping by the TILLING of short DNA fragments [15]. MDA is
considered to be more efficient and to provide superior genomic
coverage [23,24), so it has become widely used for various pur-
poses, In addition, MDA has a relatively low sequence error rate
[24]. Although Paul and Apgar elucidated only the haploid state
of the major histocompatibility complex on chromosome 6 [16],
MDA should be applicable for further multilocus haplotyping.

During the initial phase of the current study, we experienced
serious problems in applying the conditions described by Paul
and Apgar [16]. The technique of limiting dilution of sample
DNA followed by MDA has been restricted to short (<5kb)
DNA fragments, as demonstrated by the cell-free cloning of
amplicons [25]. This restriction may be attributed to cleavage
and aggregation problems during the dilution process. lrrevers-
ible adsorption of diluted sample DNA to the reaction tubes
may also generate experimental inconsistencies.

In the current study, we established that embedding diluted
DNA within an agarose gel supports effective genomic preamplifi-
cation by MDA, thereby facilitating long-range multilocus haplo-
typing. Agarose gels are used to retain high-molecular-weight
DNA in a stable form that is accessible to restriction endonucleases,
DNA ligases, and proteinases [26-31). Because Phi29 DNA poly-
merase operates at a relatively low temperature, the gel need not
be subjected to temperatures above the melting point, meaning
that sample integrity is maintained throughout the reaction. Fur-
thermore, the amplified products can easily be recovered in solu-
tion from agarose gels by simple heating, making them available
for use as templates in further conventional PCR analysis. Using
this amplification method in combination with the previously
established visible multiple SNP typing array system [32-34], we
determined the diplotypes of the human ATM locus.

Materials and methods
Materials

Human genomic DNA samples were extracted from blood sam-
ples donated by 100 healthy volunteers in a previous study [35].
All donors gave written informed consent to participate in this
study, which was approved by the ethics committee at the Na-
tional Institute of Radiological Sciences (Chiba, Japan). Epstein-
Barr virus (EBV)-transformed human lymphoblastoid cell lines
were established from the peripheral blood cells of healthy volun-
teers in a previous study [36]. These cell lines were grown in RPMI
1640 medium (Sigma-Aldrich, Irvine, Ayrshire, UK) that was sup-
plemented with 20% fetal bovine serum (Biological Industries,
Kibbutz Beit Haemek, Israel). The cells were washed once with
phosphate-buffered saline (PBS) and counted. The cell concentra-
tion was adjusted to 5000 cells/ml, and 10-pl aliquots (50 cells)
were transferred to new 0.5-ml Eppendorf tubes and stored at
—80 °C until use. The oligonucleotides were purchased from Inte-
grated DNA Technologies (IDT, Coralville, 1A, USA).

Real-rime quantitative PCR

The reaction mixtures (10 ul) contained 0.5U HotStar Tag
DNA polymerase (Qiagen. Valencia, CA, USA), 1x HotStar Taq

DNA polymerase buffer, 0.2 mM deoxynucleoside triphosphates
(dNTPs), 3.3= SYBR Green I, 0.2 pM of each PCR primer, and
4l of template DNA. The mixtures were heated at 95°C for
15min and then subjected to 50 cycles of 95°C for 10s and
65*C for 40s, followed by melting curve analysis from 65 to
95 “C with a ramp rate of 4.8 °C/s in a LightCycler 480 thermal
cycler (Roche Diagnostics, Basel, Switzerland). The crossing point
(CP) of each amplification curve was determined by the
maximum second derivative method.

Embedding human genomic DNA in an agarose gel

Type | agarose (Sigma-Aldrich) was suspended at 3.75g per
100 ml of sterile deionized water (sdH,0), thoroughly heated in a
microwave oven, and then allowed to cool down slowly to 60 “Cin
a heating block. The 3% alkaline agarose was prepared by mixing
960 pl of the agarose solution with 240 pl of a prewarmed alkaline
solution (0.5 N NaOH and 1.5 M NacCl), and this solution was main-
tained at 60 °C. The 3% alkaline agarose solution was mixed with
an appropriate amount of human g ic DNA and incubated at
60 °C for 30 min with occasional gentle inversion. Finally, 20-pl ali-
quots of the mixture were transferred to new 1.5-ml Eppendorf
tubes, left at room temperature for 5 min, and then cooled on ice
for 5 min.

Embedding lymphoblastoid cell line-derived chromosomal DNA in an
agarose gel

Frozen human lymphoblastoid cell lines were thawed at room
temperature, Cell suspensions that contained an appropriate num-
ber of cells (10 cells in 2 pl) were gently added to 1-ml aliquots of
3% alkaline agarose and incubated at 60 °C for 30 min with occa-
sional gentle inversions. Next, 5-pl aliquots were transferred to
new 1.2-ml microtubes (ABgene, Surrey, UK), incubated at room
temperature for 5 min, and then cooled on ice for 5 min.

In-gel multiple displacement amplification

Solidified aliquots of gel were washed at room temperature for
10 min with 200 pl of neutralizing solution (0.5 M Tris-HCl [pH
7.4] and 3 M Nacl), followed by washes with 200 pl of 0.5x S5C
solution (75 mM NaCl and 7.5 mM sodium citrate [pH 7.0]) for at
least 10min. The gels were then soaked in two-time volume
(40 pl for 20-pl gel and 10 ! for 5-ul gel) of in-gel multiple dis-
placement amplification (igMDA) solution that contained 0.75 Uf
wl Phi29 DNA polymerase (New England Biolabs, Ipswich. MA.
USA), 1= Phi29 DNA polymerase buffer, 50 uM random hexamers
with phosphorothioate modifications of two consecutive nucleo-
tides at the 3' end [16), 1.25mM dNTPs, 1% Tween 20, and
0.1 mg/ml bovine serum albumin. The gels were incubated in a
BioShaker (TAITEC, Saitama, Japan) at 30 °C for the indicated time
period with constant shaking at 200 rpm. After incubation, the gels
were supplemented with sdH;O to a final volume of 500 pl and
were immediately heated ar 100 °C for 10 min to terminate the
reaction and melt the gels.

Assessment of igMDA amplification

The standard curve method of real-time quantitative PCR
{qPCR) was used to determine the concentration of target locus
DNA in each amplified DNA sample relative to the concentration
of unamplified original DNA, as described by Dean and coworkers
[18] with some modifications. A standard curve for each primer
pair was generated from the CP at 0, 0.5, 1, 5, and 10 ng of the
unamplified original DNA. Next, the amplification yield at each
locus was calculated as follows:



yield = target locus DNA amount in 4 pl of post-igMDA solution
« total volume of post-igMDA solution/ 4 pl.

The fold amplification of each locus was calculated using the fol-
lowing equation:

fold amplification
= amplification yield of target locus/amount of input DNA.

Visible multiple SNP genotyping

A visible, multiple genotyping array for SNPs of the ATM gene
locus on chromosome 11 was constructed and used as described
previously [32-34], The products of the real-time qPCR obtained
in the second screen (see below) were used as templates for SNP
genotyping.

MussARRAY SNP typing and haplotype estimation

Typing of the seven SNPs of the ATM region was carried out with
genomic DNA extracted from 100 healthy volunteers using the
MassARRAY system (Sequenom, San Diego, CA) [37] according to
the manufacturer’s instructions. The haplotypes of the seven SNPs
were estimated using the expectation maximization algorithm
[10).

Results
Long-range single DNA molecule genotyping

An overview of the entire procedure is shown in Fig. 1. Briefly,
cellular DNA was carefully released from intact cells into a mildly
heated alkaline agarose solution and mixed thoroughly, The mix-
ture was then carefully aliguoted into new microtubes and solidi-
fied by cooling, so that physical separation of embedded
homologous chromosome DNA fragments was achieved. After neu-
tralization of the gels, exogenously provided Phi29 DNA polymer-
ase with random hexameric oligonucleotides gave consistent
igMDA at 30 *C while maintaining the integrity of the gels through-
out the reaction. The heating of the gels after the addition of the
aqueous solution terminated the reaction and allowed recovery
of the amplified materials, which were suitable for PCR-mediated
target locus screening and multiple loci genotyping.

Qualitative assessment of igMDA for different chromosomal loci

Real-time qPCR of various chromosomal loci was used to as-
sess qualitatively the amounts of DNA within the agarose gel
after genomic amplification. Three nuclear chromosomal loci
(Securin gene locus on chromosome 5, ATM gene locus on chro-
maosome 11, and DNA ligase lll gene locus on chromosome 17)
and one mitochondrial DNA locus were selected for this purpose.
All four loci were successfully amplified (Fig. 2). More than 10
cycle shifts were observed at the CP of the amplification curve
for all of the primer sets when a constant amount of heat-
melted agarose gel containing amplified genomic DNA was used
as the PCR template. These observations confirm that extensive
template DNA replication primed by randomly hybridized hexa-
meric oligonucleotides is promoted by the exogenously supplied
Phi29 DNA polymerase.

Quantitative assessment of igMDA

The amplification yield for each locus was calculated from the
various amounts of input DNA, as described in Materials and
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Fig. 1. Outline of the molecular haplotyping experiments. Intact cultured cells were
mixed with a heated alkaline agarose gel solution, and small aliquots of the gel were
prepared. The gel aliquots were allowed to cool until they solidified and were then
neutralized. A reaction that d PhiZ9 DNA poly random
hexamers, and dNTPs was added to each gel, and the gels were incubated at 30 *C
for 16 h. The gels were then heated to terminate the reaction and solubilize the gels.
Gels that d the target © were screened by real-time qPCR and
subjected to multilocus genotyping.

Methods (plotted in Supplementary Figs. 1a, Ic, le, and 1g in
the supplementary material). For the nuclear chromosomal loci,
the yields were moderately proportional to the amount of input
DNA, although the yield varied among the different loci. The yield
of the mitochondrial locus was relatively constant regardless of
the amount of input DNA. These differences may reflect differ-
ences in amplification kinetics between linear and circular tem-
plate DNA [38] captured within the limited space of an agarose
gel.

The fold amplification of each locus (Supplementary Figs. 1b,
1d, 1f, and 1h) showed a moderate inverse relationship to the
amount of input DNA, as reported previously for MDA in solu-
tion [18]. A decrease in the amount of input DNA led to a clear
increase in amplification, with up to 120,000-fold amplification
being achieved and circular mitochondrial DNA showing the
steepest increase. These observations indicate that the crowded-
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Fig. 2. Real-time qPCR of samples in a heat-solubilized agarose gel. Agarose gels that contained 1 ng of human genomic DNA were incubated either with or without Phi29
DNA polymerase for 16 h, After incubation, sdH;0 was added to the gels to prepare a 100-fold dilution, which was then heat solubilized. Aliquots (4 ul) of the solubilized
agarose were used as templates for real-time qPCR. Gels were prepared in duplicate. Real-time qPCR was performed In triplicate for each gel. Solid line: with Phi29 DNA

polymerase; broken line: without Phi29 DNA pol: Chr,, ¢
in Supplementary Table 1,

ness of template DNA embedded within the agarose gel acts as a
rate-limiting factor, especially for circular DNA.

Time course analysis of igMDA

The time course changes in amplification yield from igMDA are
shown in Supplementary Fig. 2. The reaction reached a plateau
phase after 4-6 h, as reported previously for MDA performed in
solution [18). Constant shaking (solid line in the figure) of the reac-
tion mixture during incubation seemed to improve the amplifica-
tion balance for all four loci as compared with the nonshaken
reaction (broken line).

Embedding cellular DNA molecules in an agarose gel

This experimental system was applied to an EBV-transformed
human lymphoblastoid cell line derived from a healthy volunteer
|36]. Here 10 cells were mixed with 1 ml of alkaline agarose solu-
tion and incubated at 60 °C for 30 min. Next, 5 pl of the solution,
containing on average 0.05 cells (0.2 copies of single-stranded
chromosomes per aliquot), were aliquoted 93 times from the
mix. In addition, two 5-pl aliquots of the gel containing 100 times
as many cells (5 cells, average of 20 copies of single-stranded chro-
mosomes per aliquot) and one 5-pl aliquot of gel containing no
cells were prepared as positive and negative controls, respectively.

Liglll, DNA ligase 1l; mtDNA, mitochondial DNA. The PCR primers used for each locus are listed

All of these gels were subjected to igMDA at 30 °C with constant
shaking for 16 h.

First screening of target locus amplicons

The 96 gel samples subjected to igMDA were screened for four
target loci (Fig. 3) using real-time qPCR with primer sets designed
to amplify each target locus and the heat-melted gel portions as
templates. The numbers of gels that were positive for each locus
were 7, 9, 10, and 71, respectively, and all included the two posi-
tive control gels. Gel samples that were positive for the three nu-
clear chromosomal loci appeared at a similar frequency and were
well dispersed. The high number of gels that were positive for
mitochondrial DNA most likely reflects the higher copy number
of mitochondrial chromosomes relative to that of nuclear chromo-
somes within a cell.

Second screening for the presence of whole ATM locus amplicons

The nine gels that contained the ATM locus amplicon, including
the two positive controls, were screened further for the entire ATM
locus. Six additional loci were selected. Their PCR primer se-
quences (shown in Supplementary Table 1 in the supplementary
material) span 240 kb of this region. Five gels (66, 71, and 91 and
the two positive controls) were positive for all six loci, The remain-




