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Table II. Univariate analyses of progression-free survival time and overall survival ime of patients with grade II gliomas.

Variable No.of PFS (95% CI) p-value OS (95% CI) p-value
cases (log-rank) (log-rank)

Histology

Astrocytoma 49 3.6Q2.1-7.7) 0.08 83 (4.2-NR) 0.04
Oligodendroglioma/ 23 83 (43-14.4) 11.7 (8.1-182)
oligoastrocytoma

Age

<40 years 38 7.0 (3.6-9.3) 0.2 NR (8.0-NR) 0.02
>40 years 34 3.1(1.8-8.9) 43(3.9-16.3)

IDH mutation
Mutation 42 84 (3.2-10.2) 0.04 16.3 (9.6-18.2) 0.004
Wild-type 30 3.3(1.7-7.0) 4.5(3.9-10.0)

Extent of removal

Total and subtotal removal 14 104 (2.5-14.4) 0.1 183 (4.1-18.3) 0.08
Partial removal and biopsy 58 43 (2.3-83) 10.0 (5.2-16.3)

Largest diameter of initial

tumor (cm)

<6 40 7.7(2.3-104) 0.2 10.0 (8.0-NR) 0.7

=6 32 43(2.1-83) 103 (5.1-16.3)

Initial KPS

<80 4 0.6 (0.4-8.4) 0.01 1.7 (0.5-10.3) 0.0006
=80 68 6.8(3.1-8.9) 11.7 (8.0-18.2)

MIB-1 index

<4% 33 812389 0.6 9.6 (5.1-NR) 0.6
=4% 21 4.3 (1.8-NR) NR (3.9-NR)

1p/19q
1p/19q codeletion (+) 15 6.8 (2.2-NR) 0.4 11.7 (4.3-11.7) 0.2
1p/19q codeletion (-) 45 3.6(2.3-84) 83 (4.4-NR)

Ip
1p deletion 24 58(2.59.3) 0.96 11.7 4.2-11.7) 0.9
Intact 36 4.2(2.1-10.2) 9.6 (4.4-NR)

19q
19q deletion 23 7.0(4.2-9.3) 0.5 11.7(4.5-11.7) 0.5
Intact 37 3.1(1.9-10.2) 83 (3.9-NR)

Initial radiotherapy

+ 58 43(2.9-8.9) 0.98 83(5.1-18.2) 0.2

- 14 7.7(2.5-9.1) 11.7 (4.2-16.3)

Initial treatment
Radiotherapy alone 16 2.9(0.7-4.3) 0.01 42(2.7-5.1) 0.0002
Chemoradiotherapy 42 81(3.2-10.2) 18.2(8.1-18.2)

NR, PFS or median survival time is not reached; CI, confident interval.
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These patients were initially treated with surgery followed
by radiotherapy (22.2%) or chemoradiotherapy (58.3%). The
median follow-up time for all the 72 patients was 6.4 years, and
it was 7.6 years for the patients treated with chemoradiotherapy
(n=42) and 4.0 years for those who underwent radiotherapy
alone (n=16).

Progression-free and OS times according to clinical factors.
The univariate analysis (Table II) showed that the patients with
oligodendroglial tumors (n=23) had longer OS than those with
diffuse astrocytoma (n=49; p=0.04). The PFS and OS were 3.6
and 8.3 years, respectively, in the patients with diffuse astro-
cytoma, and 8.3 and 11.7 years, respectively, in the patients
with oligodendroglioma or oligoastrocytoma (Fig. 1A and B).
The patients younger than 40 years (n=38) had longer OS than
those who were 40 years or older (n=34; p=0.02). The PFS and
median survival time of the patients in the younger age groups
were 7.0 years and still not reached, respectively, whereas the
PFS and OS of the patients in the older age groups were 3.1
and 4.3 years, respectively. The patients with an initial KPS
score =80 (n=68) had significantly longer OS (p=0.0006) and
PFS (p=0.01) than those with a KPS score <80 (n=4). The PFS
and OS of the patients with a KPS score =80 were 6.8 and
11.7 years, respectively, and those of the patients with a KPS
score <80 were 0.6 and 1.7 years, respectively. The patients in
the total or subtotal resection (=90% removal) groups (n=14;
median age, 34.0 years) tended to have longer OS than those
in the partial (<90%) removal or biopsy groups (n=58; median
age, 41.0; p=0.08). The PFS and OS were 10.4 and 183 years,
respectively, in the patients in the total or subtotal resection
groups and 4.3 and 10.0 years, respectively, in the patients in
the partial resection or biopsy groups. The patients who were
initially treated with chemoradiotherapy after surgery showed
significantly longer PFS (p=0.01) and OS (p=0.0002) than those
treated with radiotherapy alone (Fig. 1C and D). The PFS and
OS of the patients who were initially treated with radiotherapy
after surgery (n=16) were 2.9 and 4.2 years, respectively, and
the PFS and OS of the patients who were initially treated with
chemoradiotherapy after surgery (n=42) were 8.1 and 18.2 years,
respectively. According to MIB-1 staining index, there was no
significant difference of survival between groups with cut-off
point at 4, 8 and 15% in our study.

Presence of Ip/19q codeletion, 1p deletion, and 19q deletion and
survival. The presence of 1p/19q deletions was determined for
25 or 26 primary resections and for 7 or 2 secondary resection
samples by MLPA or FISH, respectively. The 1p/19q codeletion
was observed in 15.9% (7/44) of the astrocytomas and 50%
(8/16) of the oligodendroglial tumors. The OS of the patients
with 1p/19q codeletion was 11.7 years, and the OS of those
without 1p/19q codeletion was 8.3 years (p=0.2; Fig 1E and F.
In the patients with astrocytic tumors, the median survival time
of those with 1p/19q codeletion was not reached and the OS of
those without 1p/19q codeletion was 6.3 years (p=0.5). The OS
of the patients with 1p/19q codeletion was 11.7 years, and the O8
of those without 1p/19q codeletion was 10.3 years in the oligo-
dendroglial tumors (p=0.5). The presence of 1p/19q codeletion,
1p deletion, or 19q deletion was not correlated with the PFS or
OS time (Table II).
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Table III. Mutation of IDH1/2.

Diffuse astro- Oligodendro- Oligoastro-

cytoma (%) glioma (%) cytoma (%)
IDH1/2 mutation
by sequence
IDH1 R132H 13 (26.5) 2(50.0) 5(26.3)
IDH1 R1328 1 (2.0 0 (0.0) 0 (0.O)
IDH2 R172K 1 20 0 (0.0 0 (0.0
Wild-type 15(30.6) 1(25.0) 2(10.5)
IDH mutation
by IHC
IDH1 R132H 8(16.3) 1(25.0) 11 (57.9)
IDH1 R1328 0 (0.O) 0 (0.0 0 (0.0)
Mutation (-) 11 (22.4) 0 (0.0) 1 (53)
Total 49 (100) 4 (100) 19 (100)
Mutation 23 (46.9) 3(75.0) 16 (84.2)
Wild-type 26 (53.1) 1(25.0) 3(15.8)

[HC, immunohistochemical staining.

IDH1/2 mutations and survival in the whole series. IDHI1/2
mutations were determined in 55 samples at the primary resec-
tion and 17 at the secondary resection by ITHC alone for 32 cases
(44.4%) and by direct sequencing in 40 cases (55.6%). IDH1/2
mutations were found in 46.9% (23/49) of the astrocytomas,
84.2% (16/19) of the oligoastrocytomas, and 75.0% (3/4) of the
oligodendrogliomas (Table I1I).

The patients with /DHI1/2 mutations (n=42) had longer PFS
(p=0.04) and OS (p=0.004) than those without IDH1/2 muta-
tions (n=30; Table II). The PFS and OS of the patients with
IDHI1/2 mutations were 8.4 and 16.3 years, respectively, and
the PFS and OS of the patients without /DH/2 mutations were
3.3 and 4.5 years, respectively (Fig. 1G and H). The diffuse
astrocytoma patients with /DH1/2 mutations (n=23) tended to
have longer survival times than those without /DH1/2 mutations
(n=26), although the difference was not significant (p=0.08).
The median survival time of the diffuse astrocytoma patients
with /DH1/2 mutations was not reached and that of the diffuse
astrocytoma patients without /DH1/2 mutations was 4.4 years.
The oligodendroglial tumor patients with IDH1/2 mutations
also tended to have longer, though not significant, survival times

The survival of the patients with /DH /2 mutations and 1p/19q
codeletion was longer than that of the patients with neither IDH 1/2
mutations nor 1p/19q codeletion (11.7 vs. 4.4 years, respectively),
although the difference did not reach statistical significance
(p=0.1). Furthermore, a combined IDH1/2 and 1p/19q status
did not correlate with the PFS and OS of the patients who were
initially treated with chemoradiotherapy after surgery regardless
of the histological tumor type.
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Figure 1 Kaplan-Meier survival curves of the patients with WHO grade II gliornas grouped according to genetic and clinical factors associated with overall
survival (OF) and progression-free survival (PFS) by univariate analysis. The survival estimates were calculated according to the following variables: (4) PFS,
diffuse astrocytorna (DA) versus oligodendroglial turmors (OA or OL); (B) OS, diffuse astrocytoma (DA&) versus oligodendroglial turnors (O& or OL); (C) FFS,
radiotherapy (RT) versus chemnoradiotherapy (RTicherno); (D) OF, radiotherapy (RT) versus chemoradiotherapy (RTichemo); (E) PFS, 1p/19q codeletion {codel)
# or (3; (F) OF, 1p/19q codeletion (codel) (43 or (3; () PF5, IDHU2 mutation (muf) or wild-type (WT), and (H) OS, IDHY2 mutation {mut) or wild-type (WT).

In the total or subtotal resection group, the patients with
IDH1/2 mutations had longer OS than those without IDH//2
mutations (p=0.04; Fig. 2A). The OS of the patients with /DH /2
mutations (n=6, 2 diffuse astrocytomas, 3 oligoastrocytomas,
and 1 oligodend rogliomas) was 18.2 years; to date, 5 are still alive
and 1 is dead. The OS of the patients without /DH1/2 mutations
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(n=8, 7 astrocytomas and 1 oligoastrocytoma) was 8.0 years. In
the partial resection or biopsy group, the patients with IDH /2
mutations had longer OS than those without JDH /2 mutations
in the partial resection or biopsy group (p=0.01; Fig. 2B). The
OS of the patients with /DH1/2 mutations (=36, 21 diffuse
astrocytomas, 13 oligoastrocytomas, and 2 oligodendrogliomas)
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Figure 2. (A and B) Kaplan-Meiter survival curves of the patients in the total or subtotal tumor resection (TR or SR} (&) and partial resection or biopsy (FR
or BP) (B) groups according to the /DH /2 status. (C-H) Kaplan-Meier survival curves of the patients who were initially treated with radiotherapy (RT) and
chernotherapy (cherma) or radiotherapy alone according to JDH /2 status associated with the overall survival (OS) and progression-free survival (PF) by
univariate analysis: (C) PFSof all the WHO grade [l gliomas, (D) OS of all the WHO grade 11 gliornas, (E) FFS of the diffuse astrocytomas, (F) OS of the diffuse
astrocytomas, (G) FFS of the oligodendroglial tumors, (H) OS of the oligodendroglial tumors.

was 11.7 years, and that of the patients without I/DH1/2 mutations  IDH1/2 mutations and survival in the patients who underwent
in these groups (u=22, 19 diffuse astrocytomas, 2 oligoastrocy-  chemoradiotherapy after surgery. Among the grade II glioma
tomas, and 1 oligodendroglioma) was 4.4 years. patients who were initially treated with chemoradiotherapy
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Table V. PFS and OS in patients with radiotherapy or chemoradiotherapy according to IDH1/2 status.

OKITA er al: IDHI/2 MUTATION IN GRADE II GLIOMAS

Variable No. of cases PFS (95% CI) OS (95% CD
All grade II gliomas
RT+chemo Mut (+) 27 93 (4.3-NAR® 18.2 (9.6-18.2)%¢
RT-+chemo Mut ¢-) 15 2.3 (0.6-7.0%° 8.0 (3.8-8.3)%¢
RT only Mut (+) 7 3.1(0.7-4.3)" 5.1 (3.9-7.5)b8¢
RT only Mut () 9 1.9 (0.4-4.2) 3.1 (0.5-4.2)°¢
Diffuse astrocytoma
RT+chemo Mut (+) 16 8.6 (2.1-10.2) NR (6.3-NR)#*
RT+chemo Mut (-) 13 1.8 (0.6-4.5) 4.5 (3.8-NR»®"
RT only Mut (+) 3 3.1(0.7-3.1) 4.53.9-51)"
RT only Mut (-) 8 2.4 (0.5-NR) 3.6 (0.5-NR)
Oligodendroglioma/oligoastrocytoma
RT+chemo Mut (+) 11 14.4 (2.1-NR)® 18.2 (NR)®
RT+chemo Mut (-) 2 81 (NR)® 8.1 (NR»
RT only Mut (+) 4 3.7 (1.0-4.3) 6.3 (5.1-7.5
RT only Mut (-) 1 0.4 (NR)! 1.6 (NRY

NR, PFS or median survival time is not reached; CI, confident interval; RT, radiotherapy; chemo, chemotherapy; mut, mutation. *p=0.02;
*p=0.01; °p=0.004; 4p=0.008; *p=0.03; p=0.1; &p=0.06; p=0.07; ‘p=0.05.

Table V. Multivariate analyses of PFS and OS of patients with all grade II gliomas.

Variable No. of PFS$ hazard ratio PFS p-value OS hazard ratio OS p-value
cases (95% CI) (Cox) (95% CI) (Cox)
Histology
Diffuse astrocytoma 49 1 0.1 1 0.02
Oligodendroglioma/ 23 0.576 (0.262-1.186) 0.290 (0.086-0.815)
oligoastrocytoma
IDH mutation
Wild-type 31 1 0.08 1 0.01
Mutation 41 0.558 (0.289-1.068) 0.365(0.155-0.819)
Age (years)
=40 34 1 0.5 1 0.02
<40 38 0.802 (0.440-1.460) 0.400 (0.175-0.877)
Extent of removal
Partial removal and biopsy 58 1 0.1 1 0.2
Total and subtotal removal 14 0.556 (0.222-1.217) 0.463 (0.107-1.403)
Initial KPS
<80 4 1 0.01 1 0.0002
=80 68 0.179 (0.063-0.640) 0.045 (0.011-0.198)

CI, confident interval.

after surgery, those with /DH1/2 mutations had significantly An important finding is that the patients who were initially
longer PFS and OS than those without ZDH I/2 mutations (PFS:  treated with chemoradiotherapy after surgery and had IDH1/2
p=0.02, OS: p=0.004; Fig. 2C and D; Table IV). mutations showed significantly longer PFS and OS than those
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Table VI. Multivariate analyses of PFS and OS of patients with all grade II gliomas with radiotherapy + chemotherapy.
Variable No. of PFS hazard ratio PFS p-value OS hazard ratio OS p-value
cases (95% CI (Cox) (95% CI (Cox)
Histology
Diffuse astrocytoma 40 1 0.2 1 ‘ 0.2
Oligodendroglioma/ 18 0.549 (0.209-1.290) 0.490 (0.133-1.445)
Oligoastrocytoma
IDH mutation
Wild-type 24 1 0.05 1 0.01
Mutation 34 0.467 (0.215-0.999) 0316 (0.117-0.793)
Age (years)
=40 28 1 0.5 1 0.5
<40 30 0.758 (0.362-1.559) 0.745 (0.300-1.808)
Extent of removal
Partial removal and biopsy 47 1 0.03 1 0.08
Total and subtotal removal 11 0.364 (0.118-0.918) 0.356 (0.080-1.120)
Initial treatment
Radiotherapy alone 16 1 0.04 1 0.002
Chemoradiotherapy 42 0.408 (0.182-0.948) 0.198 (0.073-0.529)

CI, confident interval.

treated with radiotherapy alone with /DH1/2 mutations. The PFS
and OS of the patients with /DH /2 mutations who were initially
treated with chemoradiotherapy after surgery (n=27) were
93 and 18.2 years, respectively, and the PFS and OS of those
treated with radiotherapy alone with /DH1/2 mutations (n=7)
were 3.1 and 5.1 years, respectively (PFS, p=0.01; OS, p=0.008).
In the oligodendroglial tumors, the PFS and OS of the patients
with IDH /2 mutations who were initially treated with chemo-
radiotherapy (n=11) were 14.4 and 18.2 years, respectively, and
the PFS and OS of those treated with radiotherapy alone with
IDHI1/2 mutations (n=4) were 3.7 and 6.3 years, respectively
(PFS: p=0.03, OS: p=0.02; Fig. 2G and H). Similar tendencies,
although not reaching statistical significance, were observed in
the astrocytic tumors (PFS: p=0.1, OS: p=0.07, Fig. 2E and F).

The {DHI/2 status had no impact on the PFS of all the
grade II glioma or diffuse astrocytoma patients who under-
went radiotherapy alone. No significant difference in PFS was
observed between the radiotherapy and chemoradiotherapy
groups in the grade II glioma patients without /DH1/2 muta-
tions. Chemoradiotherapy did not prolong the PFS of the patients
without /DH1/2 mutations in the astrocytic and oligodendroglial
tumors.

Multivariate analysis. Oligodendroglial tumors (hazard
ratio (HR)=0.29, p=0.02), age <40 years (HR=0.40, p=0.02),
initial KPS =80 (HR=0.045, p=0.0002), and {DH1/2 muta-
tions (HR=0.37, p=0.01) were favorable prognostic factors for
OS time, as determined by the multivariate analysis, of the
72 patients included in the study (Table V). The IDHI/2 mutation
status was not a prognostic factor for PFS when all the patients

were considered, including those who did not undergo initial
radiotherapy or chemotherapy (p=0.08). In contrast, total or
subtotal tumor resection (HR=0.36, p=0.03), chemoradiotherapy
(HR=0.41, p=0.04), and IDHI/2 mutations (HR=0.47, p=0.05)
were favorable prognostic factors for PFS, as determined by the
multivariate analysis, of the patients who were initially treated
with radiotherapy or chemoradiotherapy (Table VI). Histological
appearance was not a prognostic marker for PFS in this series
(p=0.2) compared with /DH1/2 mutations (p=0.05).

Discussion

WHO grade III and IV astrocytomas with /DH1/2 mutations
have more favorable prognoses than those with wild-type IDH1/2
(17). IDH1/2 mutations, 1p/19q codeletion, and MGMT promoter
methylation are pivotal prognostic factors in anaplastic oligoden-
droglial tumors treated with radiotherapy or chemoradiotherapy
(EORTC 26951) (27). However, the impact of /DH1/2 mutations
and/or 1p/19q codeletion as biomarkers in grade II gliomas
remains controversial. The present study was therefore aimed
at identifying prognostic and/or predictive factors in grade 11
gliomas.

The presence of IDHI/2 mutations is a favorable prognostic
marker for OS. The results of the univariate analysis revealed
that the presence of IDHI/2 mutations was a prognostic factor
of longer OS (p=0.004) and PFS (p=0.04) in the entire patient
cohort and among the patients who underwent with or without
radiation therapy after initial surgery with or without chemo-
therapy. The multivariate analysis revealed that the presence of
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IDH1/2 mutations was associated with prolonged PFS (p=0.05)
and OS (p=0.01) in the patients who initially underwent radio-
therapy with or without chemotherapy. Our results suggest that
IDHI1/2 mutations may be involved in the response to genotoxic
therapy, such as radiotherapy or chemotherapy, and may act as a
prognostic factor for chemotherapy or radiotherapy in grade 11
gliomas. There are currently increasing numbers of reports
showing that /DH1/2 mutations are prognostic markers for
several malignancies, including grade II gliomas. Houillier ef a/
(19) reported that the presence of [DH /2 mutations is a signifi-
cant prognostic marker for OS and chemosensitivity inlow-grade
glioma patients who were initially treated with temozolomide
(TMZ) before any other treatment except surgery. Hartmann
et al (16) reported that the /DHJ mutation was a prognostic
factor for PFS and OS in grade II glioma patients who underwent
radiotherapy or chemotherapy after surgery. In our study, the
presence of IDH /2 mutations was demonstrated by multivariate
analysis to be a favorable prognostic factor (p=0.01) for OS but
not a prognostic marker for PFS (p=0.08) in whole cohort, which
included 14 patients who did not receive initial radiotherapy. Our
finding that IDH1/2 status did not affect PFS was in line with
the findings reported by Hartmann et af (16) or Houillier et al
(16,19), who showed that IDHT mutations did not affect the PFS
in grade II glioma patients who did not receive radiotherapy or
chemotherapy alone after surgery. Kim et af (21) and Mukasa
et al (22) reported that the presence of IDH1/2 mutations was
not a prognostic factor for the survival of patients with low-grade
glioma in univariate or multivariate analyses. The treatment of
those patients was not fully described in their reports.

The presence of IDH1/2 mutations is a predictive marker for PFS
in the grade II glioma patients treated with chemoradiotherapy.
The patients who were initially treated with chemoradictherapy
after surgery showed significantly longer OS (p=0.0002) and
PFS (p=0.01) than those treated with radiotherapy alone in our
study. Chemoradiotherapy significantly prolonged PFS and OS
compared with radiotherapy alone in all the grade II gliomas
with /DH1/2 mutations (p=0.01 and 0.0008, respectively), diffuse
astrocytoma (p=0.1 and 0.07, respectively), and oligodendroglial
tumors (p=0.03 and 0.02, respectively) in the univariate analysis.
Chemoradiotherapy was shown by multivariate analysis (p=0.04)
to significantly prolong the PFS of grade Il glioma patients
carrying /DH1/2 mutations who underwent radiotherapy with or
without concomitant chemotherapy (p=0.04). In contrast, there
were no differences in PFS between the radiotherapy and chemo-
radiotherapy groups among the grade II glioma patients without
IDHI/2 mutations in the univariate analysis. PFS did not differ
by {DH1/2 status in the grade II glioma patients who underwent
radiotherapy alone. However, the present study was limited by
the small number of samples and the differences in the follow-up
periods between the radiation and chemoradiotherapy groups
@ and 7.6 years, respectively). A prospective study including a
larger patient cohort is required to obtain conclusive evidence
that the presence of [DHI/2 mutations is a predictive marker
for chemoradictherapy in grade II gliomas. Nonetheless, our
results suggest that IDH /2 mutation is a predictive marker for
chemoradiotherapy in grade II glioma patients and indicate that
these patients may benefit from concurrent chemotherapy and
radiotherapy compared with patients who do not carry IDHI/2
mutations.

OKITA et al: TDHI/2 MUTATIONIN GRADE II GLIOMAS

Mutations in /DH1/2 result in the acquisition of new enzy-
matic activity that enables the NA DPH-dependent reduction of
a-ketoglutarate to 2-hydroxyglutarate, and the mutation confers
oncogenic properties (28). /DHI mutations are early events
in the development of astrocytomas and oligodendrogliomas
(11). Another possible function of IDH/2 mutations is the
dominant-negative inhibition of the oxidative decarboxylation
of isocitrate as a result of the formation of a wild-type/mutant
heterodimer (29). Cellular IDHI1 levels are associated with
the protection from apoptosis and cell death after exposure
to reactive oxygen species or ultraviolet B-induced phototox-
icity and IDHI1/2 functions in cellular defense reactions (30).
Glioma cells with /DHJ/2 mutations may be vulnerable to
irradiation and chemotherapeutic agents, which might explain
why /DH1/2 mutations could be a predictive and prognostic
marker for grade II gliomas in patients receiving chemoradio-
therapy. Our findings warrant a prospective large-scale clinical
study addressing the efficacy of chemoradiotherapy in grade I1
glioma patients in association with /DH /2 status.

Grade 11 glioma patients with wild-type IDHI1/2 have poor
prognoses even after total resection. The extent of resection
of tumors has been reported to be significantly associated with
survival and recurrence of disease in low-grade glioma patients
(9,31). In our study, the patients in the total or subtotal resection
(=90% removal) group tended to have longer survival times
than the patients in the partial (<90% removal) or biopsy group
(p=0.08). The patients without /DH1/2 mutations had shorter
OS than those with IDH1/2 mutations in the total and subtotal
resection groups (p=0.04) and in the partial and biopsy groups
(p=0.01). Although the number of patients examined was small,
we believe that this is a very important finding and that it indi-
cates that patients without /DH I/2 mutations may require more
intensive treatment, such as chemoradiotherapy, even after total
resection of the tumor.

Ip/19q codeletion is not a prognostic factor. In our study, the
OS and PFS in the diffuse astrocytomas with 1p/19q codeletion
tended to be longer than those in the patients without 1p/19q
codeletion, but the difference did not reach statistical signifi-
cance. Furthermore, no significant differences were observed
between the grade II glioma patients with regard to 1p/19q
status. Prior studies reported that the presence of the 1p/19q
codeletion was significantly associated with longer OS in low-
grade gliomas (12,13,15,21,32). On the other hand, Houillier
et af and Mukasa et af (19,22) reported that loss of 1p/19q
was not a sensitive prognostic biomarker. Ichimura ef a/ and
Vogazianou et al reported that total 1p/19q loss is rare and that
when present, it is associated with longer survival than other
1p/19q changes in adult gliomas independent of pathological
diagnosis (14,15). Deletion of 1p or 19q was determined mainly
by FISH analysis in our study, and this technique cannot
discriminate between total and partial 1p/19q deletion, which
might explain the discrepancy in the results.

Clinicopathological factors in grade I gliomas. The multi-
variate analysis showed that age =40 years (p=0.02), astrocytic
tumors (p=0.02), initial KPS <80 (p=0.0002), and wild-type
IDH1/2 (p=0.01) were unfavorable prognostic factors in our
series. These results are generally in line with previous reports
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showing that older age, astrocytic histology, presence of neuro-
logic deficits before surgery, largest tumor diameter, and tumors
crossing the midline were important unfavorable prognostic
factors for survival in adult patients with low-grade gliomas
(5-9).

In conclusion, the multivariate analysis showed that age
<40 years, oligodendroglial tumors, initial KPS >80, and /DH /2
mutations were favorable prognostic factors for survival of the
grade 11 glioma patients. The presence of /DH1/2 mutations was
a prognostic factor for grade IT glioma patients with radiotherapy.
Furthermore, it is a predictive factor of response to chemo-
radiotherapy in grade II gliomas. Patients carrying {DHI/2
mutations may benefit more from concurrent chemotherapy and
radiotherapy compared with those without ZDH 1/2 mutations.
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Abstract Carbon monoxide (CO) poisoning leads to
demyelination of cerebral white matter (CWM) fibers,
causing chronic neuropsychiatric symptoms. To clarify
whether fractional anisotropy (FA) from diffusion tensor
imaging in the centrum semiovale can depict demyelina-
tion in the CWM during the subacute phase after CO
inhalation, we examined correlations between FA in the
centrum semiovale and myelin basic protein {(MBP) in
cerebrospinal fluid. Subjects comprised 26 adult CO-poi-
soned patients <60 years old. MBP concentration was
examined for all patients at 2 weeks after CO inhalation.
The mean FA of the centrum semiovale bilaterally at
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2 weeks was also examined for all patients and 21 age-
matched healthy volunteers as controls. After these
examinations, the presence of chronic symptoms was
checked at 6 weeks after CO poisoning. Seven patients
displayed chronic symptoms, of whom six showed abnor-
mal MBP concentrations. The remaining 19 patients pre-
sented no chronic symptoms and no abnormal MBP
concentrations, with MBP concentrations undetectable in
16 patients. The MBP concentration differed significantly
between patients with and without chronic symptoms. The
mean FA was significantly lower in patients displaying
chronic symptoms than in either patients without chronic
symptoms or controls. After excluding the 16 patients with
undetectable MBP concentrations, a significant correlation
was identified between MBP concentration and FA in ten
patients. The present results suggest that FA in the centrum
semiovale offers a quantitative indicator of the extent of
demyelination in damaged CWM during the subacute
phase in CO-poisoned patients.

Keywords Carbon monoxide poisoning - Cerebral white
matter fiber - Demyelination - Diffusion tensor imaging -
Fractional anisotropy - Myelin basic protein

Abbreviation

CNS  Central nervous system

CSF Cerebrospinal fluid

CO Carbon monoxide

COHb Carboxyhemoglobin

DNS  Delayed neuropsychiatric sequelae
DTI Diffusion tensor imaging

FA Fractional anisotropy

ADC  Apparent diffusion coefficient
GCS  Glasgow coma scale
MBP  Myelin basic protein
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MRI  Magnetic resonance imaging
ROI Region of interest
T2WI  T2-weighted magnetic resonance imaging

Introduction

Approximately 30% of patients surviving acute carbon
monoxide (CO) poisoning display various chronic neuro-
psychiatric symptoms [31, 32]. Of these, approximately
two-thirds demonstrate persistent neurological symptoms
from the acute phase to the chronic phase. The remaining
one-third show delayed neuropsychiatric sequelae (DNS),
which are recurrent neuropsychiatric symptoms occurring
after an interval of apparent normality (“lucid interval;”
mean duration 22 days) following apparent recovery from
acute symptoms [6, 33]. Animal experiments and some
clinical studies have led to the hypothesis that damage after
CO poisoning results from complicated mechanisms due to
CO-mediated toxicity: mitochondrial oxidative stress in the
central nervous system {(CNS) following CO-induced tissue
hypoxia [33]; perivascular oxidative stress mediated by
intravascular neutrophil activation [26]; and alteration of
myelin basic protein (MBP), a major myelin component in
the CNS, due to lipid peroxygenation leading to auto-
immunological demyelination of CNS [24, 25]. Auto-
immunological demyelination induces further inflammation
in the cerebral white matter (CWM) [31]. Gray matter
structures, such as the cerebral cortex, basal ganglia and
hippocampus, must be damaged by severe hypoxia, since
these structures display higher cellular activity and higher
oxygen requirements than white matter structures and are
more vulnerable to oxygen deprivation [29]. However,
damage in the CWM is seen in patients both with and
without damage to gray matter structures, and the severity
of CWM damage appears to correlate with prognosis in CO-
poisoned patients [15, 34].

Assessment of CWM damage caused by CO poisoning
in the acute or subacute phase contributes to predictions of
progress to DNS and prognosis of chronic symptoms, and
appropriate triage of patients with CO poisoning for
observation and treatment. Additional quantitative and
objective examinations are desirable for assessment of
CWM damage after CO poisoning. However, no univer-
sally accepted severity scale in routine examinations, such
as level of consciousness or carboxyhemoglobin concen-
tration, is available for assessing CWM damage caused by
CO poisoning. This is because clinical features are largely
affected by the degree of cellular hypoxia resulting from
binding of CO to myoglobin rather than hemoglobin and
may be markedly affected by various conditions before
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admission, such as the duration before hospitalization and
the care provided before hospitalization [7, 12, 20]. As one
of mechanisms for damage in CWM is auto-immunological
demyelination, measuring the MBP concentration in the
cerebrospinal fluid (CSF) has recently been proposed as an
indicator for the extent of CWM damage after CO poi-
soning [11, 14]. However, detection of MBP using a
lumbar tap is a highly invasive procedure and only indi-
cates white-matter damage somewhere within the entire
CNS. A less-invasive, objective and quantitative exami-
nation that could be used in place of measuring MBP is
therefore desired. Diffusion tensor imaging (DTI), a mag-
netic resonance imaging (MRI) sequence, is potentially
more sensitive for detecting demyelination in CWM.
Among various quantitative parameters such as apparent
diffusion coefficient (ADC) and eigenvalues derived from
DTI, fractional anisotropy (FA) has been recognized as the
most useful for evaluating the integrity of CWM fibers [2].
Indeed, FA is frequently used for evaluating the extent of
damaged CWM fibers in patients with demyelinating dis-
eases such as multiple sclerosis [1, 27]. CO poisoning
causes damage in various regions of the CWM, but the
centrum semiovale has been considered a region more
responsible for chronic neuropsychiatric symptoms after
CO poisoning than other regions [4, 10, 19, 22]. Herein, we
measured FA from DTI at the centrum semiovale in CO-
poisoned patients, and evaluated the correlation between
the FA and concentration of MBP in the CSF. This study
aimed to clarify whether FA in the centrum semiovale
offers a quantitative indicator of the extent of demyelina-
tion in damaged CWM during the subacute phase in CO-
poisoned patients.

Methods
Patients

All study protocols were approved by the Ethics Com-
mittee of Iwate Medical University, Morioka, Japan.
Patients recruited to this study were admitted to Iwate
Medical University Hospital between April 2008 and
February 2011. Entry criteria for this study were: age >20
but <60 years in patients who had suffered from CO poi-
soning caused by a fire or charcoal burning; performance of
DTI and measurement of MBP concentration according to
the protocol in this study; no past history of brain disorders,
including surgical operation, irradiation, stroke, infection
or demyelinating disease; and provision of written
informed consent to participate. Diagnosis was based on
present history of exposure to CO and presence of acute
neurological symptoms such as impairment of conscious-
ness and headache on admission. After excluding patients
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who did not meet the entry criteria, 26 patients were
enrolled. Mean duration from the scene of CO exposure to
arrival at our institute was 5.0 h (range 0.3-81 h). All
patients were treated with hyperbaric oxygenation therapy
(HBO3) (60 min of 100% oxygen inhalation via mask at
2.8 atmospheres absolute) started within 24 h of admission.
HBO; was continued with a single daily session for a week
excluding the weekend. HBO, was further continued for
4-8 weeks in cases with persistent symptoms. If DNS
occurred, HBO, was restarted and continued until
2 months after CO exposure. HBO, was discontinued upon
patient request or when symptoms were sufficiently
improved. Duration of HBO, administration for all patients
ranged from 1 to 60 sessions (mean 12 sessions). The day
of CO inhalation was defined as day 1 in this study.

Measurement of MBP concentration in CSF

MBP concentration in the CSF was examined using a
lumbar tap at 2 weeks after CO poisoning (between day 12
and day 16) for all patients. Obtained CSF was frozen at
—20°C within 1 h after lambar tap, then the frozen CSF
was transported on dry ice to an outside laboratory (SRL,
Tokyo, Japan). MBP in the CSF was assayed and measured
using a MBP ELISA kit (Cosmic Corp., Tokyo, Japan)
immediately after arrival at the laboratory. If the assay was
delayed for a long time, frozen CSF was stored at —80°C.
An abnormal MBP concentration was defined as >102 pg/
ml. When the level of MBP was below the limit of
detection, the result from the laboratory was reported as
MBP <40 pg/ml.

DTI

For all patients, DTI was also performed at 2 weeks
{between day 12 and day 16) using a 3.0-T whole-body
scanner (GE Yokogawa Medical Systems, Tokyo, Japan)
and 8-channel coil. Measurements of FA and ADC were
performed using data from DTI (repetition time,
10,000 ms; echo time, 62 ms; matrix 128 x 128; field of
view, 240 x 240 mm; 4 mm thickness with 1.5 mm gap; 6
motion-probing gradient directions; b value, 1,000 s/mm?).
The region of interest (ROI) was manually placed in the
bilateral centrums semiovale in the CWM on non-diffu-
sion-weighted images (Fig. 1). FA and ADC were mea-
sured bilaterally at the centrum semiovale, using free
MRIcro software (http:/fwww.cabiatl.com/mricro/). The
FA and ADC for each subject were determined as the mean
of values measured twice by the same investigator (S.F.),
who was blinded to clinical data. The second measurement
was performed 1 week after the first test, using a different
randomized order of measurements from the first test.

@ Springer

210

Fig. 1 Measurements of FA and ADC value at the centrum
semiovale in a patient (case 7 in group 8). Regions of interest (ROIs)
were placed bilaterally on the centrum semiovale in non-diffusion-
weighted image

Finally, the mean FA and mean ADC values for the right
and left centrum semiovale were calculated and defined as
absolute values for each subject. The same procedures
described above were performed for 21 age-matched
healthy volunteers as controls (18 men, 3 women; mean
age 41 £ 10 years, range 22-56 years).

Observation of symptoms

Neurological symptoms were continuously observed for
6 weeks after admission using routine neurological exam-
inations. Patients were assigned to one of two groups
according to clinical behavior at 6 weeks (day 40—44) after
CO poisoning: group S, patients displaying neuropsychi-
atric symptoms; group A, patients showing asymptomatic
status. Group S included both patients with symptoms
persisting for 6 weeks and patients with DNS. DNS was
defined as recurrent symptoms after apparent improvement
of acute symptoms followed by a lucid interval. General
intellectual function was also estimated using the mini-
mental state examination (MMSE) [9] at 6 weeks after CO
exposure. We defined the normal range, borderline range
and dementia according to MMSE scores as >27, <26 but
>22, and <21, respectively. When scores were considered
borderline, patients with educational background >9 years
and evidence of obvious personality change according to
interviews with family members were diagnosed with
dementia.
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Statistical analyses

We statistically compared differences in mean age among
group S, group A and controls using the Mann-Whitney
U/ test. The incidence of abnormal (>102 pg/ml) MBP
concentration was compared between the two patient
groups (group S and group A) using the y° for indepen-
dence test. Mean FA and mean ADC values among two
patients groups and controls were compared using the
Mann-Whitney U test. Infra-operator reliability for all
absolute FA and ADC values was evaluated according to
classification of the intra-class correlation coefficient (ICC)
[21]. For ICC(1,1) and ICC(1,k} as intra-operator reliabil-
ity, agreement of all absolute values between the first and
second tests was analyzed for right and left lesions using
one-factor analysis of variance. After excluding patients
showing undetectable concentrations of MBP (<40 pg/ml),
the correlation between MBP and mean FA value was
estimated using Spearman’s correlation coefficient by rank

Table 1 Summary of all patients

test. Statistical significance was established at the p < 0.05
level in all analyses.

Results

A total of 31 patients were admitted to our institute for
treatment of CO poisoning between April 2008 and Feb-
ruary 2011. After excluding 25 patients who did not meet
the entry criteria for this study, a total of 26 patients (24
men, 2 women; mean age 40.1 £ 11.4 years) were enrol-
led. All patient data are summarized in Table 1. In 19
(73%) of 26 patients, acute symptoms resolved completely
within 4 days after admission, and no neuropsychiatric
symptoms were present at 6 weeks from CO-inhalation
{group A). The remaining seven patients (27%) displayed
chronic neuropsychiatric symptoms at 6 weeks (group S),
including four patients with continuous persistence of
symptoms for 6 weeks and three patients exhibiting DNS

Case Group Age Etiology COHb GCS MBP Mean Mean Main symptom at 6 weeks MMSE

(%) (pg/ml) FA ADC score
1 S 25 Suicide 24.8 11 252 0.345 0.622 Dementia (persistent) 23
2 S 57 Suicide 251 10 176 0.344 0.548 Parkinsonism (persistent) 27
3 S 38 Suicide 1.5 6 468 0.239 0.454 Apallic syndrome (persistent} NS
4 S 55 Suicide 397 3 376 0.346 0.548 Dementia (persistent) 16
5 S 56 Suicide 13.5 11 130 0338 0.584 Akinetic mutism (DNS) NS
6 S 29 Suicide 3.6 14 99 0353 0.498 Parkinsonism (DNS) 28
7 S 48 Suicide 28.6 6 110 0317 0.565 Dementia (DNS) 23
1 A 22 Suicide 20.5 15 52.8 0488 0.452 None 29
2 A 31 Suicide 473 13 40.6 0354 0.494 None 30
3 A 22 Suicide 83 12 63.6 0447 0.555 None 30
4 A 47 Heating 333 14 <40 0441 0.496 None 30
5 A 44 Heating 13.7 15 <40 0388 0.528 None 30
6 A 26 Suicide 1.5 15 <40 0395 0.504 None 30
7 A 47 Heating 22.6 14 <40 0353 0.551 None 29
8 A 28 Suicide 15.2 15 <40 0440 0.521 None 30
5 A 41 Suicide 27 11 <40 0381 0.487 None 30
10 A 55 Heating 14.0 13 <40 0.366 0.504 None 30
11 A 35 Suicide 253 8 <40 0425 0.497 None 30
12 A 56 Suicide 12.2 15 <40 0.395 0.501 None 30
13 A 36 Suicide 44.1 12 <40 0.398 0.513 None 30
14 A 34 Suicide 31.0 12 <40 0.394 0.530 None 30
15 A 57 Heating 40.1 13 <40 0400 0.541 None 30
16 A 32 Suicide 15.3 10 <40 0.358 0.505 None 30
17 A 34 Suicide 38.6 5 <40 0406 0.535 None 30
18 A 36 Suicide 23.5 10 <40 0.358 0.520 None 30
19 A 48 Suicide 44.0 6 <40 0352 0.539 None 30
COHb and GCS indicate results of the initial examination
COHb carboxyhemoglobin, GCS Glasgow coma scale, NS no study performed because of unconsciousness
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after apparent improvement of acute symptoms followed
by a lucid interval. DNS in three patients occurred after
DTI and measurement of MBP on day 21 in case 5, day 19
in case 6 and day 18 in case 7. Mean age was
45 £ 12 years in group S, 38 & 11 years in group A and
41 + 10 years in controls. No significant differences in age
were found between groups S and A (p = 0.24), between
group S and controls (p = 0.51), or between group A and
controls (p = 0.40).

In the seven patients in sroup S, six showed abnormal
MBP concentrations {(>102 pg/ml), and one patent
showed a level of 99 pg/ml. None of the 19 patients in
group A showed abnormal concentrations of MBP, with 16
patients showing undetectable concentrations of MBP
(<40 pg/ml). The incidence of an abnormal MBP levels
was statistically different between groups P and A
(p < 0.001). MBP concentrations for the four patients with
persistent symptoms in group S, for the three patients with
DNS in group S and for the three patients in group A were
more than >150 pg/ml, around 100 pg/ml and around
50 pg/ml, respectively (Table 1).

Table 2 shows ranges and means of FA and ADC for
each group. The range of FA for group S slightly over-
lapped that for group A, but differed markedly from that
for controls. Ranges of FA for group A and controls were
similar. The mean FA for group S was significantly lower
than those for group A (p <0.001) and controls
(p < 0.001), whereas no significant difference was found
between group A and controls (p = 0.57) (Fig. 2a). In

Fig. 2a, individual mean FA values of the three patients
with DNS were not obviously different from those of the
four patients with persistent symptoms in group S. Group S
patients were clearly differentiated from group A patients
at a cutoff of 0.353 (100% sensitivity, 94.7% specificity)
and from controls at a cutoff of 0.360 (100% sensitivity,
100% specificity). On the other hand, the range of ADC in
each group was similar, and the mean ADC did not differ
significantly among any of the three groups (Fig. 2b). Intra-
operator reliability for absolute FA was classified as
“almost perfect” for the centrum semiovale bilaterally;
ICC(1,1) and ICC(1,k) were 0.88 and 0.93 for the right
side, and 0.95 and 0.98 for the left side, respectively. Intra-
operator reliability for absolute ADC was also classified as
“almost perfect” for bilateral centrum semiovale; ICC(1,1)
and ICC(1,k) were 0.98 and 0.99 for the right side, and 0.91
and 0.95 for the left side, respectively.

After excluding 16 patients showing undetectable levels
(<40 pg/ml), the ten remaining patients (all patients in
groups S and 3 patients in group A) showed a strong cor-
relation between the mean FA and MBP (r = —0.79,
p = 0.02) (Fig. 3).

Discussion
Ide et al. [11] have documented that MBP concentration in

patients with DNS showed marked elevation arcund
2 weeks after CO poisoning, peaking at around 30 days.

Table 2 Range and mean value

32
of FA and ADC for each group FA ADC (x10 ™ mm'/s)
Range Mean Range Mean
Group S 0.239-0.353 0.326 =& 0.040 0.494-0.622 0.551 £ 0.045
Group A 0.352-0.447 0.395 + 0.02% 0.487-0.601 0.517 £ 0.021
Controls 0.363-0.445 0.400 + 0.027 0.472-0.580 0.517 £ 0.023
Fig. 2 Differences of mean FA A B
{a) and mean ADC (b) values in i * |
the centrum semiovale 0.5- * 0.7
bilaterally among group S, ) < a0
group A and controls. In group o & =
S, black and white squares o S § &
represent patients with DNS and 0.4 g o 0.61
persistent symptoms, § é =2 * &
i #* = Y
respectively (¥p < 0.001). g % \)L % % &
= N 8 z
0.3+ < 054 * §
o =
0.2 0.4 4
GroupS  GroupA  Controls GroupS  GroupA  Controls
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Fig. 3 Correlation between FA and MBP concentration in ten
patients showing MBP concentration >40 pg/ml. White circle, patient
with persistent chronic symptoms in group S; black circle, patient
with DNS in group S; #riangle, patient in group A

The timing for MBP measurements in the present study
was thus established at 2 weeks (between day 12 and day
16) after admission. As a result, the incidence of abnormal
MBP concentration was significantly higher in patients
with chronic neuropsychiatry symptoms (group S) than in
patients without chronic symptoms (group A) or controls.
These results suggest that patients in group S certainly
suffered from demyelinating changes somewhere in the
CWM and support the theory that chronic neuropsychiatric
symptoms after CO intoxication result from progressive
demyelination in the CWM [24, 25]. The MBP concen-
tration in case 6 was slightly lower (99 pg/ml} than the
abnormal level, but the patient displayed akinetic mutism
compatible with DNS at 1 week after measurement of
MBP. The concentration of MBP in this patient might have
been on the way to reaching abnormal levels, as demye-
lination of CWM in patients with DNS has been considered
to undergo gradual progression during the lucid interval
[13]). MBP concentrations of DNS patients were between
those of patients with persistent symptoms in group S and
those of patients in group A (Table 1; Fig. 3). These
findings may indicate that demyelination begins to progress
during the lucid interval before DNS. Although measuring
MBP concentrations thus offers a useful indicator for
assessing the extent of demyelination due to CO poisoning,
detection of MBP using a lumbar tap is a highly invasive
procedure and only indicates white-matter damage some-
where within the CNS.

Neuroimaging is minimally invasive and can visualize
any region in the CWM. T2-weighted imaging (T2WI)
often depicts abnormalities in the CWM in CO-poisoned
patients. However, the interpretation of findings from
routine MRI is difficult, as hyperintense foci in the CWM
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on T2WI can represent various progressive histological
changes, including vasogenic edema, multiple necrosis,
extensive axonal destruction and/or demyelination without
axonal destruction [4, 12]. We therefore performed DTI in
the same period as detection of MBP, since DTI is poten-
tially more sensitive for assessing the extent of demyelin-
ating changes in the CWM than other MRI sequences. As
progressive reduction of FA values with age has been
reported [3], we compared patients <60 years old with age-
matched controls in this study. The finding of no significant
difference in mean age among groups S, group A and
controls suggests a negligible contribution of aging to FA
values in this study. Previous reports have documented
damage in various regions of the CWM after CO poisoning
[8, 18, 28]. Indeed, some studies have reported correlations
between FA values in various regions of the CWM in the
chronic phase and cognitive dysfunction among CO-poi-
soned patients with DNS [16, 23, 30]. However, the cen-
trum semiovale in the CWM has been suggested as a key
region responsible for chronic neurological symptoms [4,
10, 19, 22]. A study using DTI at various phases after CO
poisoning has also shown that FA in the centrum semiovale
changes in parallel with cognitive impairments or neuro-
logical symptoms [17]. Based on these reports, we placed
the ROI on the centrum semiovale to measure FA and ADC
from DTI. As a result, mean FA for group S presenting
with chronic neuropsychiatric symptoms was significantly
lower than that for group A presenting with no chronic
symptoms or that for controls consisting of healthy vol-
unteers, whereas no significant difference was evident
between group A and controls. In contrast, mean ADC did
not differ significantly among the three groups. FA must be
more sensitive for detecting CWM damage than ADC.
Furthermore, these findings suggest that white matter fibers
in the centrum semiovale were demyelinated in the suba-
cute phase (2 weeks after poisoning) in CO-poisoned
patients presenting with chronic symptoms. Notably,
reductions in FA, suggestive of demyelination, were
already present in the centrum semiovale before the
recurrence of symptoms in the three patients with DNS.
The reliability of this finding is supported by the result that
MBP concentrations in DNS patients showed greater
increases than those in group A patients at 2 weeks. These
findings indicate the possibility of using FA in the centrum
semiovale as an appropriate examination for predicting
DNS during the lucid interval.

Our pilot study of DTI for CO-poisoned patients showed
that FA enables representation of damage to white matter
fibers in the centrum semiovale of patients with chronic
neuropsychiatric symptoms [3]. That report, however,
failed to demonstrate any correlation between FA in the
centrum semiovale and MBP concentration, presumably
because of the small sample size. Although subject criteria
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were more strictly established in the present study than in
our previous investigation, the greater number of subjects
in this study allow us to show a linear correlation between
FA and MBP in ten patients showing MBP concentrations
>40 pg/ml. This finding validated the use of the centrum
semiovale to represent various demyelinated lesions in the
CWM, and FA in the centrum semiovale obviously offers a
quantitative indicator of demyelination in CO-poisoned
patients with chronic neuropsychiatric symptoms.

Some limitations must be considered in the interpreta-
tion of the study results. First, FA in the centrum semio-
vale may not strictly mirror the amount of demyelination
in the whole CWM,, although FA in the centrum semiovale
correlated with MBP concentration. In group S, FA values
in the centrum semiovale of the three DNS patients were
not clearly different from those of the four patients with
persistent symptoms (Fig. 2a), whereas MBP seemed to
allow differentiation between subgroups in group S
(around 100 pg/ml in patients with DNS and >150 pg/ml
in patients with persistent chronic symptoms). This dis-
crepancy might hypothetically be explained if demyeli-
nated lesions in patients with persistent symptoms vary
more than those in DNS patients. FA measured in this
study suggests the magnitude of demyelination in the
centrum semiovale, whereas MBP concentration not only
indicates the magnitude, but also the width of demyelin-
ation in the whole CNS. We think that FA in the centrum
semiovale cannot allow differentiation of the severity of
CWM damage among subjects including patients with
DNS and those with persistent symptoms. Second, the
chronic neuropsychiatric symptoms seen after CO poi-
soning may not be solely attributable to demyelinating
changes in fibers of the centrum semiovale. However,
knowing to the focus on the region of the CWM is
obviously very useful when evaluating the extent of CO-
induced CWM damage using neuroimaging. We consid-
ered that the centrum semiovale represents the main region
of damage and should be the focus of attention on neu-
roimaging in the subacute phase after CO poisoning [10].
Third, the sample size in this study was still small, with
markedly fewer subjects in group S than in group A. The
small number of DNS patients resulted in difficulties with
statistical comparisons between subgroups in group S and
other groups. However, the small sample size resulted
from the strict entry criteria for this study. Furthermore,
we did not select subjects with any bias other than the
criteria established for this study. Indeed, percentages for
patients with and without chronic symptoms in this study
were in agreement with the results of previous reports [6,
33]. Fourth, findings in this study cannot be applied to
patients over 60 years old. In senior patients, FA values
may be overestimated as aging may lead to reduced FA
values.
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Conclusions

This is the first report to find that FA in the CWM corre-
lates with MBP concentrations in the CSF during the
subacute phase in CO-poisoned patients. The identification
of a significant negative correlation between FA in the
centrum semiovale and MBP concentration validates the
concept that the centrum semiovale can reveal various
demyelinated lesions in the CWM and that FA in the
centrum semiovale offers a quantitative indicator of
demyelination in CO-poisoned patients with chronic nen-
ropsychiatric symptoms.
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Purpose: This study investigated the clinical impact of *’C-labeled methionine-positron emis-
sion tomography (MET-PET) for stereotactic radiation therapy with intensity modulated radia-
tion therapy (SRT-IMRT) in metastatic brain tumors.

Methods and Materials: Forty-two metastatic brain tumors were examined. All tumors were
treated with SRT-IMRT using a helical tomotherapy system. Gross tumor volume (GTV) was
defined and drawn on the stereotactic magnetic resonance {(MR) image, taking into account
the respective contributions of MR imaging and MET-PET. Planning target volume (PTV) en-
compassed the GTV-PET plus a 2-mm margin. SRT-IMRT was performed, keeping the dose for
PTV at 25-35 Gy in 5 fractions. The ratio of the mean value of MET uptake to the contralateral
normal brain (/N ratio) was plotted for the PTV prior to SRT-IMRT, at 3 months following
SRT-IMRT, and at 6 months following SRT-IMRT. Tumor characteristic changes of MET
uptake before and after SRT-IMRT were evaluated quantitatively, comparing them with MRI
examination.

Results: Mean + SD L/N ratios were 1.95 + 0.83, 1.18 £ 0.21, and 1.12 £ 0.25 in the pre-
SRT-IMRT group, in the 3 months post-SRT-IMRT group, and in the 6 months post-SRT-
IMRT group, respectively. Differences in the mean L/N ratio between the pre-SRT-IMRT group
and the 3-month post-SRT-IMRT group and between the pre-SRT-IMRT group and the 6 month
post-SRT-IMRT group were statistically significant, irrespective of MRI examination.
Conclusions: We showed examples of metastatic lesions demonstrating significant decreases in
MET uptake following SRT-IMRT. MET-PET seems to have a potential role in providing addi-
tional information, although MRI remains the gold standard for diagnosis and follow-up after
SRT-IMRT. The present study is a preliminary approach, but to more clearly define the impact
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‘examination. MET-PET may

have a potentialrolc in © 2012 Elsevier Inc.

of PET-based radiosurgical assessment, further experimental and clinical analyses are required.

providing additional inforf -
mation for the diagnosis and
follow-up after SRT-IMRT.

Introduction

The higher specificity and sensitivity of *'C-labeled methionine-
positron emission tomography (MET-PET) in imaging of brain
tumors has been demonstrated in previous studies and may be
helpful for detection of the tumor and for assessment of radio-
surgical treatment (1-3). Recently, a technique has been developed
that allows routine integration of PET in stereotactic radiosurgery
@-7).

Thig study investigated the clinical impact of MET-PET for
stereotactic radiation therapy with intensity modulated radiation
therapy (SRT-IMRT) in brain metastases. In this preliminary
study, MET-PET images were imported into the planning soft-
ware for SRT-IMRT dosimetry, and the final target volume was
defined and drawn on the stereotactic magnetic resonance (MR)
image. Finally, we investigated the characteristic changes of
MET-PET in tumors for monitoring after SRT-IMRT and evalu-
ated differences between the image changes on MET-PET
compared to those on MRIL

Methods and Materials
Patient population

Twenty patients with a total of 42 metastatic brain tumors were
treated with SRT-IMRT at Kizawa Memorial Hospital between
February 2008 and May 2010. Patients and metastases charac-
teristics are shown in Tables 1 and 2. Computed tomography,
MR, and MET-PET were performed separately within | week in
all 20 patients for SRT-IMRT treatment planning. Eight patients
had multiple metastatic brain tumors. Kamofsky performance
status levels were between 70% and 100% (mean, 80%). Our
institutional ethics committee approved the study protocol, and all
patients provided written informed consent.

PET methods

The PET scanner was an Advance NXi Imaging System
{General Electric Yokokawa Medical System, Hino-shi, Tokyo),
which provides 35 transaxial images at 4.25-mm intervals. The
in-plane spatial resolution (full width at half-maximum) was 4.8
mm, and scans were performed in standard 2-dimensional
mode. Before emission scans were performed, a 3-min trans-
mission scan was performed to correct photon attenuation,using
a ring source containing **Ge. A dose of 7.0 MBg/kg MET was
injected intravenously inmto the cubital vein within 1 min.
Emission scans were acquired for 30-min, beginning 5 min after
MET injection. During MET-PET data acquisition, head motion
was continuously monitored using laser beams projected onto
ink markers drawn over the forehead skin and was corrected as
necessary.
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MRI methods

MRI for radiation treatment plamming was performed using 1.5-T
equipment (Signa Horizon LX; General Electric, Waukesha, WI).
Acquisitions were made using a standard head coil without rigid
immobilization. An axial, 3D gradient echo T1-weighted sequence
with contrast medium (0.1 mmol/kg body weight, gadolinium-
diethylenetriamine-pentaacetic  acid [Gd-DTPA]; Magnevist,
Schering, Berlin, Germany), and 2.0-mm slice thicknesses were
acquired from the foramen magnum to the vertex, perpendicular to
the main magnetic field.

Treatment protocol

Image registrations were performed using Syntegra software
(Philips Medical System), using a combination of automatic and
manual methods. Quantitative accuracy of the mutual information
registration was evaluated and approved by 3 observers, (e,
a neurosurgeon, a radiation oncologist, and a nuclear medicine
specialist). The 3 observers delineated gross target volume (GTV)
by using MRI Planning began with a separate analysis of each
stereotactic imaging modality. A 3D volumetric contour was
drawn on stereotactic MR images, corresponding to the area of
Gd-DTPA enhancement. Then, the stereotactic PET images are
analyzed independently by the 3 observers together. Abnormal
PET signal suitable for target definition corresponded to areas of
increased tracer uptake compared with the surrounding normal
brain. A 3D volumetric PET contour delineating these areas was
drawn on a visual basis and projected onto the corresponding MR
images. Finally, GTV was defined and drawn on the stereotactic
MR image, taking into account the respective contributions of
MET-PET and MRI, as well as the anatomic location of the tumor
and the functional areas at risk (Fig. 1). The planning target
volume (PTV) of SRT-IMRT encompassed the GTV plus a 2-mm
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Table 2  Metastases characteristics

Characteristic No. of patients (n=42%)
Gender

Male 12 (29)

Female 30 (70
Diagnosis :

NSCLC 23 (55)

Breast cancer 15 (36)

Colon cancer. 205

Renal cell cancer 1(2)

Other e

1@

Abbreviation: NSCLC = non-small cell lung cancer.

margin. SRT-IMRT was performed using HT (helical TomoTher-
apy; TomoTherapy Inc) in 5 fractions, keeping the dose for PTV at
25 Gy in 10 lesions, 30 Gy in 17 lesions, and 35 Gy in 15 lesions.
This dose was prescribed using the 95% isodose line, which
covered the PTV.

Follow-up study

For the follow-up study, each patient underwent a series of MET-
PET and MRI examinations consisting of a baseline examination
prior to SRT-IMRT, at 3 months after SRT-IMRT, and at 6 months
following SRT-IMRT. Patients who died after SRT-IMRT were
excluded from follow-up at that point. In each case, characteristic
changes of MET uptake in lesions post-SRT-IMRT were evaluated
quantitatively.

Quantitative evaluation consisted of measurement of the MET
uptake value at the PTV. As a normal control, several circular
regions of interests with a diameter of 10 mm were located over the
gray matter of the contralateral frontal lobe. The lesion vs normal
(I/N) ratio was defined as the mean counts of radioisotope per pixel
in the lesion of the PTV divided by the mean counts per pixel in the
contralateral normal frontal lobe. The L/N ratio within the PTV was
calculated prior to SRT-IMRT, at 3 months after SRT-IMRT, and at
6 months after SRT-IMRT. Differences between the 3 groups were
examined statistically (see Statistical analysis below).

Fig. 1. Dose map of a representative case with MRI (A) and
["'CIMET-PET (B). In this case, the lesion’s abnormal MET
uptake (yellow line) extended beyond the gadolinium-enhanced
lesion on MRI (red line). We defined GTV including the lesion
of abnormal MET uptake, and the PTV encompassed the GTV-
PET plus a 2-mm margin.

On MRI, the tumor responses of SRT-IMRT were classified
into 3 types: complete response or partial response (type A), no
change (type B), or progressive disease (type C), all determined by
the changes in the volume of Gd-DTPA enhancement at 3 months
after SRT-IMRT. In each type classified by MRI examination, the
L/N ratio of the MET uptake within the PTV was calculated prior
to SRT-IMRT, at 3 months after SRT-IMRT, and at 6 months after
SRT-IMRT.

A definitive diagnosis of recurrent tumor or radiation necrosis
was determined as follows. Recurrence was defined as a case in
which pathologic diagnosis was confirmed by tumor resection or
biopsy. Diagnosis of radiation necrosis was based on pathologic
examination or clinical course. Cases in which lesions showed
spontaneous shrinkage or remained stable in size on MRI after
a long-term follow-up were assumed to be a delayed tumor
response, which could represent radiation necrosis.
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Fig. 2. (A) The ratio of the mean value of [M'CIMET uptake to

the contralateral normal brain (L/N ratio) plotted at the PTV prior
to SRT-IMRT, at 3 months after SRT-IMRT, and at 6 months after
SRT-IMRT. (B) Boxplots divide data into 4 qualities. Lower and
upper borders of the box represent the 25th and the 75th percen-
tiles, respectively; the middle line represents the median value.
The difference in the L/N ratio between the pre-SRT-IMRT group
and the 3-month post-SRT-IMRT group was significant
(P<.0001), as was the difference between the pre-SRT-IMRT
group and the 6-month post-SRT-IMRT group (P<.0001).
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