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1,3-Bis(2-chloroethyl)-1-nitrosourea (BCNU, or Carmustine) wafers are intraoperatively implantable
wafers used to achieve local tumor control. There is scarce data about the behavior of wafers in the
long-term follow-up of implanted cases. We reviewed the data of 64 patients with newly diagnosed
glioblastoma treated by surgery, BCNU wafers, radiation therapy, and temozolomide administration.
This cohort included 55 patients who presented first recurrence, and 49 of them showed tumor progres-
sion to death. The MR imaging of each patient at the terminal stage and an autopsy case were used to
elucidate the tumor progression pattern after the wafer implantation. We subdivided the first recurrence
pattern into local, distant, and multifocal based on MR imaging or into infield, outfield, and marginal
based on the radiation field. The first recurrence pattern was 33 patients (60%) with local, 13 (24%) with
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Gliadel distant, and nine (16%) with multifocal recurrence, or 38 patients (69%) with infield, 13 (24%) with out-
MR imaging field, and four (7%) with marginal. The median and mean time intervals between MR imaging at the ter-

Terminal stage minal stage and death were 2.0 and 2.3 months, respectively. Of note, 13 patients with first distant
recurrence had no obvious radiological local tumor progression even at the terminal stage. Long-term
follow-up after BCNU wafer implantation revealed that patients with first distant recurrence had long-

lasting local tumor control until the terminal stage.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Glioblastoma is a primary brain tumor with a dismal prognosis.
The treatment of glioblastoma involves surgery, radiation therapy
(RT), temozolomide administration, and tumor treating fields [1].
Also, lomustine-temozlomide combination prolonged the OS of
glioblastoma with methylated O®-methylguanine DNA methyl-
transferase (MGMT) promoter [2]. Despite aggressive treatments,
almost all of these patients experienced a local recurrence as a first
recurrence pattern, reaching up to 85% during their clinical course
[3-6]. Therefore, 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU, or
carmustine) wafers (Gliadel®; Eisai, Tokyo, Japan; intraoperatively
implantable wafers) were created to obtain local tumor control.
Giese et al. first reported about the recurrence patterns in patients
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with glioblastoma who were treated with BCNU wafers followed
by RT. They found that > 90% of the patients experienced recur-
rence around the resection cavity [7], but their treatment protocol
did not include temozolomide administration. Three retrospective
studies reported that the first recurrence pattern changed with the
addition of temozolomide administration to surgery, BCNU wafers,
and RT, and the incidence of local recurrence decreased to 50%-64%
[8-10], which strengthened the evidence of the wafers fulfilling
their purpose. However, there is limited evidence of a long-term
follow-up after BCNU wafer implantation and tumor progression
pattern after the first recurrence.

Understanding the tumor progression pattern after the first
recurrence is important to comprehend the effect of wafers and
decide treatment strategies at subsequent recurrence. Repeat sur-
gery can be performed in cases of local recurrence [11,12]; how-
ever, the treatment options are very limited in cases of distant or
multifocal recurrence. To date, the pattern of post-BCNU wafer
recurrence has been categorized into local, distant, diffuse, and
multifocal as proposed by Giese et al., which is a classification sys-
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tem based on MR imaging and anatomical location [7]. Recent
studies have discussed recurrence patterns based on the radiation
field, which are briefly categorized into infield, outfield, and mar-
ginal [13,14]; however, this classification system has not been used
for post-BCNU wafer recurrence.

In the present study, we retrospectively reviewed the data of
patients with glioblastoma who underwent radical resection and
BCNU wafer implantation followed by RT with concomitant temo-
zolomide administration. First, we evaluated the first recurrence
pattern based on MR imaging and the radiation field and then cor-
related this with patient characteristics, progression-free survival
(PFS), and overall survival (OS). Second, we investigated MR imag-
ing findings at the terminal stage of glioblastoma to radiologically
observe tumor progression pattern. Finally, we histologically
investigated an autopsy case to confirm the long-term effects of
BCNU wafer implantation.

2. Patients and methods
2.1. Study design

In this single-center retrospective study, we reviewed the data
of all patients with glioblastoma who were treated at the Kitasato
University Hospital, and the Ethics Committee approved the study
protocol. BCNU wafers were approved for clinical use in Japan in
January 2013. We included all consecutive patients with newly
diagnosed glioblastoma who underwent radical surgeries after Jan-
uary 2013 to April 2018 to perform long-term follow-up. BCNU
wafers were routinely implanted, except in some patients with dif-
fuse infiltration or those for whom rapid diagnosis was not possi-
ble such as diagnosis of malignant glioma by frozen section. We
defined the BCNU wafer group as patients who underwent BCNU
wafer implantation at the initial surgery followed by RT with con-
comitant temozolomide administration and maintenance. Data
including patient characteristics, pre- and postoperative MR imag-
ing, bevacizumab administration, and first recurrence pattern were
collected from medical records. We also reviewed MR imaging
findings at the last follow-up and an autopsy case to understand
how the tumor progressed at the terminal stage. Tumor volume
and extent of resection were calculated using OsiriX (Pixmeo SARL,
Bernex, Switzerland), as reported previously [15-17].

22.RT

Pre- and postoperative MR imaging were fused with planned CT
(2.5-mm slice thickness) for target delineation using gadolinium
(Gd)-enhanced T1-weighted (GdT1) and fluid-attenuated inversion
recovery (FLAIR) MR imaging by radiation oncologists (AS and HI)
using Pinnacle (Philips HealthCare, Fitchburg, WI, USA).

We defined gross tumor volume (GTV) as the entire surgical
resection cavity plus the Gd-enhanced residual tumor, initial clin-
ical target volume (CTV1) as GTV plus the volume of hyperintense
areas on FLAIR MR images plus margins of 1.5-2 cm, and boost
clinical target volume (CTV2) as GTV plus margins of 1.5 cm or
the volume of hyperintense areas on FLAIR MR imaging. We con-
sidered anatomical barriers such as the skull, ventricle, falx, and
cerebellar tentorium for CTV margins. Initial planning target vol-
ume (PTV1) and boost planning target volume (PTV2) were gener-
ated by adding 3-5-mm margins to CTV1 and CTV2, respectively.

RT was administered using three-dimensional conformal RT or
intensity-modulated RT selected based on the complexity of the
target volume and the proximity of critical organs at risk. PTV1
was treated with 40-50 Gy in 20-25 fractions, followed by addi-
tional 10-20 Gy in 5-10 fractions to PTV2. Regardless of age, all
patients received a total dose of 60 Gy, prescribed to D95 (i.e., min-
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imum coverage dose of 95% of the target) for RT, which ensured at
least 95% isodose coverage of PTV.

2.3. Immunohistochemistry and IDH1 sequencing

MGMT status was evaluated using immunohistochemistry, as
reported previously [18,19]. MGMT protein immunoreactivity
was evaluated semiquantitatively by estimating the fraction of
positive cells; <20% was defined as low reactivity, 20%-50% as
moderate, and > 50% as high. Further, isocitrate dehydrogenase
(IDH) 1 status was evaluated using the IDH1-R132H antibody.
Cases under 56-year-old underwent sequencing for IDH1 status
using primers by Parsons et al [20]. Macrophage was stained using
the CD68 (PGM1) antibody.

2.4. Recurrence pattern

All patients underwent routine GdT1 MR imaging every
2 months after the initial radiochemotherapy. Emergence and tim-
ing of any new enhanced lesions were recorded as recurrent
lesions and recurrence day, respectively. If any patient became
symptomatic, GAT1 MR imaging was performed immediately.

Recurrence pattern was analyzed according to the modified def-
inition and classification reported previously [3,7,9]. We subdi-
vided the first recurrence into local, distant, and multifocal. Local
recurrence was defined as a new enhanced lesion at, adjacent to,
or contiguous with the primary resection cavity. Distant recurrence
included leptomeningeal dissemination and was defined as a new
enhanced lesion not contiguous with the primary resection cavity.
Multifocal recurrence was defined as a mixture of distant and local
recurrences. We used the term “non-local recurrence” to include
both distant and multifocal recurrence. Recurrence at the terminal
stage was also analyzed to determine how each first recurrence
pattern eventually progressed as local, distant, and multifocal.

We also subdivided the first recurrence into infield, marginal,
and outfield based on the positional relationship between a new
enhanced lesion and radiation field, as reported previously [13].
Marginal recurrence was defined as the presence of 20%-80% of
the recurred lesion within the 95% isodose surface. In patients with
multifocal recurrence, any tumors located outside the radiation
field were classified as outfield recurrence.

2.5. Treatment at recurrence

At the first recurrence, we considered a second resection if the
tumor was diffuse infiltrative with a localized enhanced lesion,
i.e., resection of the enhanced lesion might contribute to tumor
control, and if the Karnofsky Performance Status (KPS) of the
patient was > 60%. If there was no indication for surgery, we trea-
ted recurrent cases by combination of maintenance or rechallenge
of temozolomide, bevacizumab administration, stereotactic RT, or
other/none medication.

2.6. MRI at the terminal stage and an autopsy case

The patients were followed at the outpatient clinic using rou-
tine MR imaging until they experienced end-of-life symptoms such
as drowsiness, poor communication, and dysphagia [21,22]. The
last follow-up MR imaging, which was used to determine the dis-
continuation of treatment, was used to assess tumor progression.
Some of the patients died at our hospital, and the rest died at other
nursing hospitals or their homes. Histological investigation of a 75-
year-old male with first distant recurrence was performed by
autopsy.
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2.7. Statistical analysis

0S was determined from the date of the initial surgery to the
time of death or the last follow-up examination. PFS was deter-
mined from the date of the initial surgery to the time of confirmed
first recurrence. The probability of OS and PFS was calculated with
the Kaplan-Meier method and compared with the log-rank test.
For statistical convenience, low, moderate, and high MGMT posi-
tivities were classified as positive (>20%; moderate and high)
and negative (<20%; low) as previously reported [19]. All calcula-
tions were performed using Prism (GraphPad Software, Inc., San
Diego, CA), R 3.3.0, or Stata 16 (StataCorp, Texas, USA). A P-value
of < 0.05 was considered statistically significant.

3. Results
3.1. Patients

During the study period, we performed BCNU wafer implanta-
tion in 96 patients including 64 patients with newly diagnosed
glioblastoma (Table 1). These 64 patients included 34 males and
30 females who were aged 23-80 (median, 67) years. Mean tumor
volume was 41.1 + 28.8 cm?, and tumors were commonly located
in the temporal, parietal, and frontal lobes. Forty patients (63%)
involved the subventricular zone and 39 (61%) required ventricular
opening during surgery (ventricular entry). Median follow-up per-
iod was 19 (range, 7-83) months. Bevacizumab was administered
during the initial treatment in 14 patients, which included 10 from
clinical trials and 4 with early progression resulting in a KPS
of < 70%. Our cohort included negative prognostic radiological fea-
tures such as the so-called butterfly glioblastoma in 5 patients [23],
multicentric lesions in 7 [24-26], and dissemination in 4 [27,28].
33 cases were MGMT positive, and none were IDH1-R132H posi-
tive. 11 cases younger than 56-year-old underwent IDH1 sequenc-
ing, resulting in all wild-types.

Table 1
Clinical features of BCNU wafer group.

BCNU wafer (n = 64)

Age, median (range), years 67 (23-80)
Sex, male 34 (53%)
Preoperative KPS, median (range), % 90 (30-100)
Tumor volume, mean * SD, cm? 41.1 £ 28.8
Tumor location

Frontal 17 (27%)

Temporal 24 (37%)

Parietal 21 (33%)
Occipital/Others 2 (3%)
Extent of resection

GTR (100%) 41 (64%)

STR (95-99%) 7 (11%)

PR (<95%) 16 (25%)
Involvement of subventricular zone 40 (63%)
Ventricular entry 39 (61%)
MIB-1 labeling index, mean 34.4%

IDH1-R132H, positive 0

MGMT, positive 33 (52%)
Bevacizumab at initial treatment 14 (22%)
Recurrent cases 55

The number of deaths 49
Butterfly glioblastoma 5
Multicentric glioblastoma 7
Disseminated glioblastoma 4

KPS, Karnofsky Performance Status; SD, standard deviation; IDH1, isocitrate dehy-
drogenase 1; MGMT, O%-methylguanine DNA methyltransferase, MGMT, positive;
immunohistological positivity of > 20% (moderate and high)
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3.2. Pattern of the first recurrence

During the follow-up period, 55 of the 64 patients presented
first recurrence, 7 had no recurrence, and 2 refused follow-up. At
the first recurrence, 25 patients underwent a second surgery, 41
received either temozolomide rechallenge or further temozolo-
mide maintenance, one received nimustine hydrochloride (ACNU)
administration, 24 received bevacizumab administration, 7 under-
went stereotactic RT, 1 underwent immunotherapy, and 5 refused
additional treatments.

1) Recurrence based on MR imaging

Local recurrence was observed in 33 of the 55 patients (60%),
distant recurrence in 13 (24%) (Fig. 1A-C, G-I), and multifocal
recurrence in 9 (16%) (Fig. 1D-F). Initial tumor volume was largest
in patients with multifocal recurrence. The extent of resection and
MGMT positivity did not differ among recurrence patterns. A sec-
ond surgery was more frequently performed for local recurrence
than for distant and multifocal recurrences (Table 2 and Fig. 2).

2) Recurrence based on the radiation field

Correlation of recurrence pattern with the radiation field
showed that infield recurrence occurred in 38 patients (69%), out-
field recurrence in 13 (24%) (Fig. 1B, E, and H), and marginal in 4
patients (7%) (Table 3). Initial tumor volume was the largest in
patients with marginal recurrence. MGMT positivity was 55% in
infield recurrence, 62% in outfield recurrence, and 75% in marginal
recurrence and was not statistically significant (P = 0.72). A second
surgery was frequently performed in patients with infield
recurrence.

3) Comparison of first recurrence pattern between recurrence
based on MR imaging and that based on the radiation field

Patients with infield recurrence included 33 with local recur-
rence, 2 with distant recurrence, and 3 with multifocal recurrence.
Patients with marginal recurrence included 2 with distant recur-
rence and 2 with multifocal recurrence. Further, patients with out-
field recurrence included 9 with distant and 4 with multifocal
recurrence.

3.3. MR imaging at the terminal stage and an autopsy case

49 of the 64 patients died. MR imaging at the terminal stage
was performed in 48 patients, and one patient refused follow-up
MR imaging. Median and mean interval between the last MR imag-
ing and death was 2.0 and 2.3 months, respectively. Among the 33
patients with first local recurrence, 23 died, eight are still alive, and
two were lost to follow-up. MR imaging performed at the terminal
stage in the 23 patients who died demonstrated local progression
in 14 (64%), distant progression in four (18%), and multifocal pro-
gression in four (18%); further, follow-up MR imaging was not per-
formed in one patient. Among the nine patients with multifocal
recurrence, all patients died; two of the patients presented local
progression and seven presented multifocal progression (Fig. 1F).
Among the 13 patients with first distant recurrence, 12 died and
one is still alive without further recurrence. Of note, all 12 patients
who died demonstrated distant progression, including dissemina-
tion, without radiologically visible progression at the initial tumor
location (Fig. 1C and I). Fig. 3 shows a case of first distant recur-
rence (Fig. 3A-E). MRI at the terminal stage showed tumor progres-
sion at the left temporal lesion but none at the left frontal initial
resected area (Fig. 3F). Hematoxylin and eosin staining showed
no apparent tumor but many macrophages at the initial resected
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Fig. 1. Representative cases of distant and multifocal recurrence. A-C: A 77-year-old male with left temporal glioblastoma (A) underwent surgery with 97% resection and
implantation of eight BCNU wafers, followed by the Stupp regimen. Distant recurrence outside the radiation field developed at the corpus callosum and cingulate gyrus
8 months postoperatively (B). No local recurrence was found at the terminal stage, but distant recurrence progressed to death (0OS, 14 months) (C). D-F: A 64-year-old male
with right temporal glioblastoma (D) underwent surgery with 100% resection (slight enhancement on postoperative gadolinium-enhanced T1-weighted MR image also
appeared as high intensity on T1 MR image) and implantation of eight BCNU wafers, followed by the Stupp regimen. Local recurrence at the right trigone inside the radiation
field and distant recurrence at the left frontal horn outside the radiation field emerged 6 months postoperatively, defined as multifocal or outfield recurrence (E). Both local
and distant recurrences developed at the terminal stage and progressed to death (overall survival, 11 months) (F). G-1: A 23-year-old male with left temporal glioblastoma (G)
underwent surgery with 100% resection and implantation of four BCNU wafers, followed by the Stupp regimen. Distant recurrence outside the radiation field developed at the
medulla oblongata and spine 14 months postoperatively (H). No local recurrence was detected at the terminal stage, but distant recurrence progressed to death (MR image,

28 months postoperatively; CT, a day before death; OS, 30 months) (I).

area (Fig. 3G, original magnification x20; and 3H, original magnifi-
cation x200). CD68 staining confirmed the presence of macro-
phages (Fig. 3I). On the other hand, hematoxylin and eosin
staining showed many tumor cells at the distant lesion (Fig. 3]).

3.4. Survival
The study cohort had a median OS of 19 months and median PFS

of 8 months (Fig. 4A). MGMT-negative patients had a significantly
better prognosis (P = 0.014, data not shown). According to the first
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recurrence pattern based on MR imaging, PFS and OS were 8 and
25 months in patients with local recurrence, 11 and 14 months
in those with distant recurrence, and 6 and 15 months in those
with multifocal recurrence, respectively (Table 2 and Fig. 4B and
C). OS was significantly longer in patients with local recurrence
than in those with multifocal recurrence (P < 0.0001, Fig. 4C). Fur-
ther, PFS was significantly longer in the patients with distant
recurrence than in those with multifocal recurrence (P = 0.0064,
Fig. 4B).
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Table 2
Clinical features of local, distant, and multifocal recurrence.
Local (n = 33) Distant (n = 13) Multifocal (n = 9) P

Age, median (range), years 66 (47-80) 71 (23-71) 67 (58-75) 0.18*
Sex, male 17 (52%) 8 (62%) 6 (67%) 0.66
Tumor volume, mean * SD, cm? 373247 37.5+19.0 63.3 +44.7 0.22*
Tumor location

Frontal 11 (33%) 2 (15%) 3(33%) 0.55

Temporal 8 (24%) 6 (46%) 3 (33%)

Parietal 13 (39%) 5 (38%) 2 (22%)

Occipital/ Others 1(3%) 0 (0%) 1(11%)
Extent of resection 0.97

GTR (100%) 21 (64%) 7 (54%) 6 (67%)

STR (95-99%) 4 (12%) 2 (15%) 1(11%)

PR (<95%) 8 (24%) 4 (31%) 2 (22%)
Involvement of subventricular zone 17 (52%) 9 (69%) 7 (78%) 0.27
Ventricular entry 17 (52%) 9 (69%) 7 (78%) 0.27
MIB-1 labeling index, mean 34.6% 36.8% 34.4% 0.75*
IDH1 R132H, positive 0 0 0 NA
MGMT, positive 18 (55%) 8 (62%) 6 (67%) 0.78
Bevacizumab at initial treatment 7 (21%) 3(23%) 3 (33%) 0.75
Treatment at initial recurrence

Second surgery 20 (61%) 2 (15%) 3 (33%) 0.016

Temozolomide 23 (1 ACNU 70%) 10 (77%) 9 (100%)

Bevacizumab 10 (30%) 6 (46%) 8 (56%)

SRT 1(3%) 4(31%) 2 (11%)

None/others 3 (9%) 3(23%) 0 (0%)

Cumulative Bevacizumab use 25 (76%) 12 (92%) 9 (100%) NA
Median PFS 8 months 11 months 6 months
Median OS 25 months 14 months 15 months
Progression at the terminal stage

Local 14 2

Distant 4 12 0

Multifocal 4 7

GTR, gross total resection; STR, subtotal resection; PR, partial resection; SRT, stereotactic radiation therapy; PFS, progression free survival; OS, overall survival; ACNU,

nimustine hydrochloride
" Kruskal-Wallis test.

Glioblastoma with
BCNU wafers

N =64

Recurrence N = 55
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i [ N=33 N=13 N=9

2" resectionN = 20
Temozolomide N= 23
Bevacizumab N =10
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Temozolomide N=9
Bevacizumab N = 8

2" resectionN = 2
Temozolomide N= 10
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. Other/ None N=3 None N=3 None N=0
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{ I 1 | ——— | | e—— “-;
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Alive N=8 Alive N=1
’~.\ Missing N = 2

Fig. 2. Flow diagram of all patients in the BCNU wafer group (N = 64). All patients were classified based on the first recurrence pattern (local, distant, or multifocal). Next,
tumor progression based on MR images at the terminal stage was assessed as local, distant, or local + distant progression. SRT, stereotactic radiation therapy.

According to the first recurrence pattern based on the radiation
field, PFS and OS were 7.5 and 24 months in patients with infield
recurrence, 8 and 12 months in those with outfield recurrence,
and 6.5 and 21 months in those with marginal recurrence, respec-
tively (Table 3 and Fig. 4D and E). Then, OS was significantly longer
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in patients with infield recurrence than in those with outfield
recurrence (P < 0.0001, Fig. 4E).

Next, we analyzed the OS between local and non-local recur-
rence. OS was 25 months in local recurrence and 14.5 months in
non-local recurrence (P = 0.0023, Fig. 4F).
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Table 3
Clinical features of infield, outfield, and marginal recurrence.
Infield (n = 38) Outfield (n = 13) Marginal (n = 4)

Age, median (range), years 66 (47-80) 67 (23-77) 67 (66-73) 0.42*
Sex, male 20 (53%) 9 (69%) 2 (50%) 0.56
Tumor volume, mean * SD, cm? 37.7£243 40.5 £ 253 82.8 +51.8 0.13*
Tumor location

Frontal 12 (32%) 1(8%) 3 (75%) NA

Temporal 10 (26%) 7 (54%) 0 (0%)

Parietal 15 (39%) 4(31%) 1(25%)

Occipital/ Others 1(3%) 1(8%) 0
Extent of resection 0.88

GTR 100% 25 (66%) 7 (54%) 2 (50%)

STR (95-99%) 4(11%) 2 (15%) 1(25%)

PR (<95%) 9 (23%) 4 (31%) 1(25%)
Involvement of subventricular zone 21 (55%) 9 (69%) 3 (75%) 0.55
Ventricular entry 21 (55%) 9 (69%) 3 (75%) 0.55
MIB-1 labeling index, mean 33.4% 39.6% 36.0% 0.23*
IDH1 R132H, positive 0 0 0 NA
MGMT, positive 21 (55%) 8 (62%) 3 (75%) 0.72
Bevacizumab at initial treatment 7 (18%) 4 (31%) 2 (50%) 0.29
Treatment at initial recurrence

Second surgery 21 (55%) 4 (31%) 0 NA

Temozolomide 28 (1 ACNU 74%) 11 (84%) 3 (75%)

Bevacizumab 14 (37%) 7 (54%) 3 (75%)

SRT 4(11%) 1(8%) 2 (50%)

None/others 3 (8%) 2 (15%) 1 (25%)
Cumulative Bevacizumab use 29 (76%) 13 (100%) 4 (100%) NA
Median PFS 7.5 months 8 months 6.5 months
Median OS 24 months 12 months 21 months
Progression at the terminal stage

Local 15 1 0

Distant 4 2

Multifocal 6 3 2

" Kruskal-Wallis test.
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Fig. 3. An autopsy case. A 75-year-old male with left frontal glioblastoma underwent initial resection with BCNU wafer implantation, RT, and temozolomide, followed by
maintenance temozolomide. A: Initial GAT1 MR imaging. B: Postoperative GAT1 MR imaging. Arrowheads indicate BCNU wafers. C and D: GdT1 MR imaging (C) and CT with
radiation field (D) obtained 14 months after the initial surgery. The first distant recurrence occurred at the left temporal lobe (arrow: tumor). E: GAT1 MR imaging after the
second surgery for distant recurrence. F: GdT1 MR imaging 3 months after the second surgery and 21 days before death. There was no tumor at the initial location but a
massive tumor at the distant location. G- I: Hematoxylin and eosin staining of brain tissue from an autopsy. Tumor tissue obtained at the initial tumor location indicates no
obvious tumor cells (G; original magnification x 20, H; original magnification x200) but many macrophages confirmed by CD68 staining (I). Tissue obtained at the distant
location indicates many tumor cells without obvious macrophages (J).

4. Discussion zolomide administration. BCNU wafers were created to achieve
local tumor control; therefore, to understand the effect of the

In this study, we investigated 64 patients with newly diagnosed wafers, it is worth investigating recurrence pattern and long-
glioblastoma treated with surgery, BCNU wafers, RT, and temo- term follow-up after the first recurrence. We demonstrated the
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Fig. 4. Kaplan-Meier curves. A: OS and PFS of patients with glioblastoma treated by radical surgery and BCNU wafer implantation, followed by the Stupp regimen (BCNU
wafer group). OS, 19 months; PFS, 8 months. B and C: PFS and OS of local, distant, and multifocal recurrence in the BCNU wafer group. Local, 8 and 255 months; distant, 11 and
14 months; multifocal, 6 and 15 months, respectively. (PFS, distant vs. multifocal, *P = 0.0064; OS, local vs. multifocal, *P < 0.0001). D and E: PFS and OS of patients with
infield, outfield, and marginal recurrence in the BCNU wafer group. Infield, 7.5 and 24 months; outfield, 8 and 12 months; marginal, 6.5 and 21 months, respectively. (OS,
infield vs. outfield, *P < 0.0001). F: OS between local and non-local recurrence (distant + multifocal). 25 months for those who presented local recurrence, and 14.5 months for

those who presented non-local recurrence (P = 0.00023).

first recurrence pattern, survival based on the first recurrence pat-
tern, and progression pattern after the first recurrence using MR
imaging findings at the terminal stage. To the best of our knowl-
edge, for the first time, we presented how the tumor progressed
after the BCNU wafer implantation at the terminal stage.

The first recurrence pattern based on MR imaging in the BCNU
wafer group was local recurrence in 33 patients (60%), distant
recurrence in 13 (24%), and multifocal recurrence in 9 (16%). The
incidence of non-local recurrence reaches 40%, matching the rate
of four previous reports that presented the non-local recurrence
after the wafer implantation and the Stupp regimen as 24%-50%
[8-10,29]. No clinical features, including the extent of resection,
ventricular entry, and MGMT positivity, were correlated with the
recurrence pattern.

Next, we investigated the first recurrence pattern based on the
radiation field. Previous reports demonstrated that glioblastoma
recurrence after RT and temozolomide administration was found
infield in 72-93% of patients, outfield in 2-22%, and marginal in
0-15% [13,14,30-33]. In our series, we implanted BCNU wafers
in addition to the RT and temozolomide administration, and
infield, outfield, and marginal recurrences were found in 69%,
24%, and 7% patients, respectively. Therefore, the recurrence pat-
tern based on the radiation field did not differ with or without
BCNU wafers. In our series, we did not find any correlation
between MGMT positivity and recurrence patterns. The correla-
tion between MGMT status and recurrence pattern based on the
radiation field has differed across studies [13,14,34], which can
be explained by the different methodologies to assess the MGMT
status. We used immunohistochemical staining, which is consid-
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ered unreliable due to poor reproducibility and high interobserver
variability [35].

MR imaging at the terminal stage could show that the first local
and multifocal recurrences presented various progression patterns
such as local, distant, and multifocal. However, all patients with
first distant recurrence showed further distant or dissemination
progression. Surprisingly, they remained free from local tumor pro-
gression until the terminal stage. MR imaging cannot visualize all
tumors, but no obvious radiological local recurrence was observed
at the initial tumor location in the first distant recurrent cases.
Ogura et al. reviewed the initial and cumulative recurrence pat-
terns of glioblastoma in the temozolomide era [36]. They showed
that distant recurrence was cumulatively observed in 89% of
patients with glioblastoma, and 88% of them had an uncontrollable
local lesion before distant recurrence. Our findings of a controlled
local lesion with distant progression are unique; therefore, the
addition of BCNU wafers may affect recurrence pattern. Our previ-
ous findings indicated that CD8-positive and CD68-positive cells
were introduced around the implanted BCNU wafers [16], which
might indicate the induction of antitumor immunity and somehow
affect long-term local tumor control. We also examined an autopsy
case with first distant recurrence that remained free from local
progression. The brain tissue from this autopsy contained many
macrophages but no apparent tumor cells at the initial tumor
location.

Although the median age of our cohort is high (67 years old),
the OS of local recurrent cases reached 25 months, and the OS of
non-local recurrent cases was only 14.5 months. Dorner et al.
investigated glioblastoma patients treated with BCNU wafer and
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Stupp regimen and the OS of local, diffuse, and non-local recur-
rence based on the recurrence pattern was 54, 47, 45 weeks,
respectively [29]. Their study included recurrent glioblastoma
cases, but, consistent with our data, the BCNU wafer implantation
may increase the non-local recurrent cases with shorter OS. One
explanation is due to the retrospective nature of the study, and
all consecutive cases were included. In our series, 41% of the
patients with non-local recurrent cases had negative prognostic
radiological features such as multicentric, butterfly, and dissemi-
nation [23-28], which are generally excluded in a prospective clin-
ical study. We used a cox proportional hazard model to estimate
the hazard ratios (HRs) and the 95% confidence intervals (CI) of
the negative prognostic radiological features, and as expected,
the result was HRs 2.1, 95% CI 1.1-3.8, P = 0.023 (data not shown).
Therefore, cases with negative prognostic radiological features
remained poor in OS even after wafer implantations, indicating
that the wafer’s effect was limited in such cases. Another possible
explanation is that the wafer affects the biology of glioblastoma.
Shorter survival and less local recurrence were observed in a study
about high dose radiation therapy (90 Gy) in glioblastoma [37].
High-intensity treatment on the local region may change the biol-
ogy of glioblastoma.

The present study has some limitations. This study is a single
institute retrospective analysis with relatively small samples with-
out a control cohort. The cohort included all consecutive cases
treated by the BCNU wafers in the temozolomide era and received
different treatments after recurrences; therefore, multiple factors
may affect the survival and recurrence pattern. Indeed, several ret-
rospective studies showed different survival and recurrence pat-
terns based on MR imaging or the radiation field [5,6,33,38]. We
showed that glioblastoma with non-local recurrence presented
shorter OS, but non-local recurrence itself is a poor prognostic fac-
tor [39] without the BCNU wafers implantation. Also, how wafer
implantations affect recurrence and survival cannot be elucidated
by the retrospective data. Therefore, prospective studies with a
large number of patients and analysis of molecular characteristics
are warranted. Currently, a multicenter randomized phase III study
for newly diagnosed maximally resected glioblastoma comparing
BCNU wafer implantation followed by chemoradiotherapy with
temozolomide or chemoradiotherapy alone is ongoing in Japan
(Japanese Clinical Oncology Group (JCOG) 1703) [40] to answer
all these limitations.

We evaluated the clinical features of patients with glioblastoma
treated with surgery, BCNU wafers, RT, and temozolomide admin-
istration with particular consideration of recurrence pattern. BCNU
wafers achieved local tumor control in some patients, which lasted
until the terminal stage, but these patients developed distant pro-
gression. Future studies should elucidate who will obtain the most
benefit from BCNU wafers.
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