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Figure 3.

CCEP connectivity pattern to map perisylvian language areas
(Patient 4). Under general anesthesia, single-pulse ES was deliv-
ered to four candidate sites (Plate B) according to the noninva-
sive anatomo-functional mapping, and CCEPs were recorded
from the temporoparietal area (Plate A). Two trials are plotted
in superimposition at each electrode. The vertical bar corre-
sponds to the time of stimulation. Note the CCEP pattern in
Plate A differs evidently among the four stimulus sites. Electrode

changed by an average of 0.7 ms (ranging from —0.2 to
1.8).

Waveforms sequentially recorded from a representative
case (Patient 3) are shown in Figure 4. The maximum
CCEP response was recorded at Electrode B02 on the STG.
In this electrode, the N1 amplitude changed from 215 to
311 uV when the patient awoke from general anesthesia.
The amplitude did not decline after total removal of the
tumor, and she did not have language dysfunction during
or after surgery.

In all patients, online CCEP monitoring was sequentially
performed in the awake condition. The N1 amplitude at
the maximum CCEP response site was compared with that
at the beginning of the awake condition (Fig. 2). In four of
six patients, the N1 amplitude did not decrease after

B05-13 stimulation showed the largest and most discrete CCEP
response in the lateral temporoparietal area (Electrode A04 and
AO05). This site was regarded as the putative anterior language
area. Indeed 50 Hz stimulation of this area showed language
impairment in the awake condition. n.a. = CCEP was not avail-
able due to high impedance in the recording electrode. Other
conventions are the same as for Figure |.

tumor resection. In Patient 2, the N1 amplitude decreased
from 500 to 440 pV (—12%) after tumor resection. She did
not show any language dysfunction during or after sur-
gery. In Patient 4, the N1 amplitude changed from 383 to
260 pV (—32%) after tumor resection (Fig. 2). This patient
showed phonemic paraphasia and dyscalculia immediately
after waking up. This was most likely due to the partial
resection of the left SMG cortex during general anesthesia.
No further language deficits developed during tumor
removal in the white matter despite the 32% decrease of
the N1 amplitude. This patient showed a postoperative
decline in the WAB aphasia quotient (80) but she had
recovered fully 3 months after surgery (100). In Patient 5,
the N1 amplitude of the maximum CCEP response site
was 197 and 227 pV before and after tumor resection,
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TABLE ll. CCEP connectivity pattern

Consistency Consistency

with fMRI with diffusion

Frontal stimulus sites (language tractography

(location of electrode pair) CCEPAL-..p1 response cortex) (the AF tract)
IFGtr IFGop MEG STG MTG ITG AG/SMG AL PL AL PL
Patient 1 + + + ++ Yes Yes Yes Yes
Patient 2 + + + ++ + Yes Yes Yes No
Patient 3 + + ++ + + Yes Yes Yes Yes
Patient 4 + ++ + Yes n.a. Yes Yes
Patient 5 + ++ ) + Yes n.a. Yes No
Patient 6 + + + + ++ Yes Yes No Yes

IFGtr = inferior frontal gyrus pars triangularis; IFGop = inferior frontal gyrus pars opecularis; MFG = middle frontal gyrus; STG = superior temporal gyrus; MTG = middle
temporal gyrus; ITG = inferior temporal gyrus; AG = angular gyrus; SMG = supramarginal gyrus; AF = arcuate fasciculus; AL = anterior language area; PL = posterior lan-

guage area; n.a. = not available (no fMRI activation); ++ the largest CCEP response

TABLE Ill. Intraoperative language network mapping and functional outcome

Cortical SCEP N1 latency (ms)
HFES at the CCEPAr_pL Subcortical
frontal N1 latency HFES at WM SCEPwM-—.aL +
stimulus site (ms) CCEP stimulus site SCEPwM.aL SCEPwm-—pL SCEPwmM—.rL Language disturbance
Language amplitude Language Onset/ Postoperative
impairment Onset Peak decrease (%) impairment Onset Peak Onset Peak peak Intraoperative (day 1)
Patient 1 Yes 7.6 30.8 0 No no response no response no response No No
Patient 2 Yes 12.8 27.4 12 n.a. n.a. na. n.a. n.a. n.a. No No
Patient 3 Yes 12.8 29.2 0 Yes 5.6 24.6 6.4 19.6 12.0/44.2 No No
Patient 4 Yes 11.0 25.0 32 Yes 7.2 19.0 4.2 12.0 11.4/31.0 Yes® Yes
Patient 5 Yes 9.6 32.0 0 Yes 6.2 17.6 4.0 15.8 10.2/33.4 No Yes
Patient 6 Yes 13.0 33.2 0 No 6.6 22.6 32 18.0 9.8/40.6 No No

All latencies were measured in the awake condition.
HFES = high-frequency electrical stimulation; AL = anterior language area; PL = posterior language area; WM = white matter; n.a. = not available (no stimulation).
“Language disturbance was already observed before the CCEP amplitude decreased because of the partial cortical resection of the supramarginal gyrus
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Figure 4.

Intraoperative online language network mapping by CCEPs
(Patient 3). A: Electrode configuration in the intraoperative view.
B: CCEP distribution map during general anesthesia. CCEP dis-
tributed over the middle to posterior part of the superior, middle
and inferior temporal gyri (the maximum at Electrode B02 in the
superior temporal gyrus). C: CCEP waveforms (Plate B) in the
awake condition (before tumor removal). Two trials are plotted in
superimposition. CCEP distribution did not change between gen-

respectively (Fig. 2). The N1 amplitude itself did not
decline and he did not show any language dysfunction
during surgery. The patient, however, developed a decline
in verbal fluency, detected by routine neurological exami-
nation, immediately after surgery. This temporary symp-
tom might have been caused by postoperative brain
edema as judged from MRI findings, and he had recov-
ered fully 2 months after surgery.

In summary, during tumor resection in the awake condi-
tion, CCEP amplitude decreased by 12 or 32% in two
patients (Patients 2 and 4). One patient (Patient 4) devel-
oped intraoperative language impairment, most likely due

eral anesthesia and awake condition. D: Change of the NI ampli-
tude during surgery at the maximum CCEP response site
(Electrode B02). CCEP waveforms are sequentially shown from
the top to the bottom along the time course of surgery. As the
patient awoke, the N| amplitude increased from 215 to 311 pVv
(+45%). After tumor removal the NI amplitude did not decline
(329 pV). She did not show language dysfunction during or after
surgery. Other conventions are the same as for Figure 3.

because of brain edema. Language function recovered
within a few months in both patients, and none of them
had persistent language impairment.

The results of intraoperative monitoring and functional
outcome are summarized in Table III and partly in Table I
(WAB scores).

Intraoperative Subcortical Stimulation

In four of five patients, white matter stimulation (1
Hz) elicited SCEP both at the ventrolateral frontal area
(the putative AL) and temporoparietal area (the putative

to cortical resection, and another patient (Patient 5) devel- PL) successfully. The results are summarized in
oped language impairment immediately after surgery Table IV.
¢ 4355 »
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Frontal SCEP responses were recorded in the IFGtr in three
patients, the IFGop in three, IFGor in three, and the most cau-
dal part of the MFG in three. In all four patients, the frontal
stimulus site for CCEPs was located within the frontal SCEP
response sites. The location of the frontal SCEP response site
was consistent with that of fMRI activation in all patients and
the cortical terminations of the AF tract in three.

Upon stimulation of the white matter, SCEPs were
recorded from the STG in four patients, MTG in four, ITG
in two, and AG/SMG in one. In all four patients, the tem-
poroparietal site of the maximum CCEP response was
located within the temporoparietal SCEP response sites.
The distribution of SCEP response sites was consistent
with fMRI activation in two patients, and the cortical ter-
minations of the AF tract in two.

In three of five patients (Patients 3-5), high-frequency ES
of the white matter produced language impairment in the
picture naming task. Arrest of naming was elicited in Patients
3 and 4, and slower naming in Patient 5. The results of white
matter functional mapping were consistent with the postop-
erative tractography study (Supporting Information Fig. 1).
Stimulus sites at the floor of removal cavity were close to the
AF tract (<6 mm) in three patients (Patients 3-5) who
showed naming impairment, while the stimulus site was dis-
tant from the AF tract in Patients 1 and 6, who did not.

Waveforms obtained from a representative case (Patient
3) are shown in Figure 5. Circle maps are based on the
SCEP amplitude percentage distribution. The largest
amplitude SCEP at the putative AL (SCEPwy—ar) was
recorded at Electrode B07 on the IFGtr and that at the
putative PL (SCEPww_.pr) was recorded at Electrode A12
on the MTG. Electrode B07 corresponded with the stimu-
lus site for CCEPs. At Electrode B07, the N1 onset latency
of SCEPwm—ar was 5.6 ms and the N1 peak latency was
24.6 ms. At Electrode A12, the N1 onset latency of
SCEPw_.pL Was 6.4 ms and the peak latency was 19.6 ms.
When the latencies of these two SCEPs, namely,
SCEPwa—arL and SCEPwy_.pr, Were compared with that
of CCEPar1_p1, the sum of SCEP N1 onset latencies (5.6
ms + 6.4 ms =12.0 ms) approximately corresponded with
the onset latency of CCEPar—pr. (12.8 ms). The sum of the
SCEP N1 peak latencies (44.2 ms) was larger than that of
CCEParL—PL (29.2 ms). A similar tendency
(SCEPwn_.aL + SCEPwnm_pL &= CCEPAL-.pL) was observed
for the onset latencies in Patients 4 and 5, but not in
Patient 6 [9.8 ms (sum of SCEPs) vs. 13.0 ms (CCE-
Par_p)]. In Patient 6, considering that the stimulus site
was distant from the AF, evoked potentials elicited by
single-pulse ES likely represented cortico-cortical
responses from the cortex in the removal cavity.

DISCUSSION

By applying 50 Hz and single-pulse ES to patients
undergoing awake surgery for brain tumors around the
AF, we demonstrated that (1) the CCEP connectivity pat-
tern, when combined with preoperative neuroimaging
studies, was able to map the AL and PL, (2) combined (50

TABLE IV. SCEP connectivity pattern

Consistency
with diffusion

Consistency

with fMRI
(language

tractography
(the AF tract)

AL

cortex)

SCEPwp..pL response

SCEPwp-—AL T€SpONSse

PL

IFGtr IFGop MFG STG MTG ITG AG/SMG AL PL

IFGor

Yes Yes Yes

Yes

+

++

Patient 3
Patient 4
Patient 5
Patient 6

Yes

Yes

Yes

++
++

RS

No

Yes

n.a.

Yes

o

No

No

Yes

Yes

o+

++

Only patients in whom SCEP was recorded successfully are shown.

IFGtr = inferior frontal gyrus pars orbitalis; IFGtr

middle frontal gyrus;

= inferior frontal gyrus pars opecularis; MFG

inferior frontal gyrus pars triangularis; IFGop

arcuate fasciculus;

inferior temporal gyrus; AG = angular gyrus; SMG = supramarginal gyrus; AF
white matter; n.a. = not available (no fMRI activation); ++ the largest SCEP response

middle temporal gyrus; ITG

posterior language area; WM

STG = superior temporal gyrus; MTG

AL = anterior language area; PL
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Figure 5.

SCEPs in Patient 3. A: Site of white matter stimulation. Electrode
pair (highlighted by a green circle) was stimulated at the floor of the
removal cavity (right). The stimulus site (cross hairs) was attached
to the AF (long segment) in the neuro-navigation (left). High-
frequency (50 Hz) stimulation at this site induced the arrest of nam-
ing. B: SCEP distribution in the frontal and temporal areas. Circle
maps were made separately for SCEP responses in the frontal
(SCEPwm_.aL) and temporal (SCEPwm_.pl) areas, based on the

Hz and single-pulse) white matter ES delineated both the
function and cortical terminations of the “eloquent” lan-
guage fibers, and (3) intraoperative online CCEP monitor-
ing successfully prevented persistent language impairment
in our case series. To the best of our knowledge, we pro-
posed, for the first time, the intraoperative language net-
work monitoring method by employing ES for functional
mapping (50 Hz) and tract-tracing (1 Hz).

Subcortical Pathway of the Dorsal Language
Network

Hickok and Poepple proposed a dual stream model for
language processing [Hickok and Poeppel, 2004]. The dor-
sal stream engages in auditory-motor integration by map-

SCEP amplitude percentage distribution. C: SCEPywm_.a. (Plate B)
and SCEP\wm_p. (Plate A) waveforms. The largest response was
highlighted with a dotted circle and its onset and peak latencies are
shown in the enlarged waveform at the bottom. n.a. = SCEP was
not available due to the limited number of channels available for
simultaneous monitoring or high impedance in the recording elec-
trode. Other conventions are the same as for Figure 4.

ping acoustic speech sounds to the articulatory
representations, while the ventral stream serves as a
sound-to-meaning interface. Recent diffusion tractography
studies have revealed that the AF is divided into three
components: the anterior, posterior, and long segments.
The long segment of the AF connects the IFGop, IFGtr,
MFG, and the precentral gyrus to the STG, MTG and ITG,
and courses through the parietal lobe without sending
projections to the parietal cortex [Catani et al, 2012;
Glasser and Rilling, 2008]. The trajectory of the long seg-
ment was recently confirmed by a study combining diffu-
sion tractography and postmortem fiber dissection
[Martino et al., 2013].

To probe the function of the “language” fibers such as
the long segment of the AF, high-frequency ES has been
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applied to a part of the white matter tract and induced
phonemic paraphasia [Kamada et al., 2007; Leclercq et al.,
2010]. Even with this gold standard method, we could
only obtain evidence that the white matter tract at the
stimulus site, i.e., that “one spot” is involved in phonemic
processing. We cannot fully argue that this “eloquent
spot” constitutes a part of the dorsal language stream.

By applying single-pulse ES to a part of the cortices and
by recording CCEPs from the remote cortical regions, we
have delineated cortico-cortical networks involved in sei-
zure propagation, as well as various cortical functions, in
the extraoperative setting [Enatsu et al., 2013; Matsumoto
et al., 2004, 2005, 2007, 2012]. By defining the language cor-
tices using 50 Hz ES, we have demonstrated that the AL
and PL are functionally connected with each other [Matsu-
moto et al., 2004]. In the present intraoperative study, we
employed white matter 50 Hz and single-pulse ES in an
attempt to obtain evidence that the “eloquent spot” con-
nects to both the AL and PL, thereby constituting a part of
the eloquent language pathways. In three patients
(Patients 3-5), we were able to functionally map the
“eloquent spot” at or close to the AF (within 6 mm) by 50
Hz ES. By recording SCEPs, single-pulse ES successfully
traced the connections from the stimulus site, i.e., the elo-
quent spot, into the AL and PL as defined by noninvasive
(fMRI, tractography) and invasive (50 Hz ES) findings. In
summary, the present combined cortical- and subcortical
ES study provided the direct evidence, for the first time,
that the AL, PL, and AF (long segment) constitute the dor-
sal language network. The present findings support a previ-
ous noninvasive study in healthy subjects that traced the
AF tract between the frontal and temporal areas activated
during sublexical repetition of speech to propose the exis-
tence of a dorsal language route for sensorimotor mapping
of sound to articulation [Saur et al., 2008]. We failed to pro-
duce phonemic paraphasia during white matter high-
frequency ES probably because we used relatively high
intensity of electric current (10-15 mA). Stimulation at
higher intensity in this pilot study as compared with previ-
ous studies [Duffau et al., 2005; Kamada et al., 2007; Maldo-
nado et al., 2011] likely resulted in the arrest or slowing of
naming. High-frequency white matter ES at a lower inten-
sity may be warranted for functional characterization of the
dorsal language pathway in future investigations.

Implication of CCEP and SCEP

In extraoperative settings, CCEP has been extensively
employed to investigate functional cortical networks and
seizure propagation tracts [Catenoix et al., 2005, 2011; Kel-
ler et al., 2011; Koubeissi et al., 2012; Kubota et al., 2013;
Lacruz et al., 2007; Matsumoto et al.,, 2004; Matsuzaki
et al., 2013; Rosenberg et al., 2009]. It has been effective in
locating inter-connected cortical regions, but its precise
generator mechanism still remains unclear. Two possible
modes of impulse propagation have been proposed: direct

cortico-cortical propagation through white matter tracts,
and indirect cortico-subcortico-cortical propagation via
subcortical structures. Our recent parietofrontal connectiv-
ity study showed a linear correlation between the N1 peak
latency and the surface distance from the parietal stimulus
site to the frontal response site [Matsumoto et al., 2012].
This observation favors the direct cortico-cortical white
matter pathway, because the longer the surface distance is,
the proportionally longer the actual white matter pathway
connecting the two cortical sites and, accordingly, its trav-
eling time, is. Indeed, short latency CCEPs were recorded
from the parietal depth electrodes in the superior longitu-
dinal fasciculus by single pulse ES of the premotor area in
another study [Enatsu et al., 2013]. In the present study, a
comparison between SCEP and CCEP latencies provided
further insight into the mode of impulse propagation. In
three patients (Patients 3-5) in whom we successfully
traced the connections from the AF to the cortical lan-
guage areas by SCEPs, it was the sum of SCEP N1 onset
latencies that approximately corresponded with the onset
latency of CCEPar_.p. The N1 onset or the first positive
deflection is proposed to represent the fastest monosynap-
tic impulse projecting into the middle or deep cortical
layers via large cortico-cortical projection fibers, giving rise
to a small positive surface potential [Felleman and Van
Essen, 1991; Terada et al.,, 2012]. If this is the case, our
findings support the hypothesis that the impulse is con-
veyed directly through the white matter pathways. On the
other hand, the sum of the SCEP N1 peak latencies was
longer than CCEPar_pr. N1 peak latency. The CCEP N1
peak likely represents the summation of direct cortico-

cortical impulses conveyed both by small fibers with

slower conduction velocities and by large myelinated
fibers activated through indirect oligo-synaptic cortico-
cortical projections. In this sense, as in intraoperative MEP
monitoring, it is plausible to use the N1 amplitude as a
surrogate marker of the integrity of the white matter tract.

Clinical Relevance of Intraoperative Language
Network Monitoring

Under general anesthesia, single-pulse ES was applied
to several candidate cortical locations for the frontal stimu-
lus site (the putative AL) according to the noninvasive
anatomical (gyral patterns) and functional (fMRI) findings.
By comparing CCEP distribution with the anatomy (termi-
nations of the AF tract) and function (fMRI) in the lateral
temporoparietal area, the frontal stimulus site, namely, the
putative AL, was determined in each patient. Of note, the
CCEP connectivity pattern successfully localized the fron-
tal stimulus site at the core AL where high-frequency ES
produced language impairment in all patients. Functional
cortical mapping with high-frequency ES is regarded as
one of the gold standard methods for mapping language
areas during awake craniotomy, but it may induce seiz-
ures. In the present pilot study, the fMRI shiritori word
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generation task located the AL (100%) and PL in all but
two patients (66%). When we could adopt other language
tasks, such as reading or listening, that activates the PL in
a more efficient way by using fMRI or magnetoencepha-
lography [Kamada et al., 2007; Saur et al., 2008], the CCEP
connectivity pattern, together with preoperative tractogra-
phy and functional mapping, could probe the intercon-
nected AL and PL without high-frequency ES in
individual patients. It should be noted that a wide craniot-
omy was needed for intraoperative language network
monitoring in order to place subdural electrodes to the
perisylvian language areas as is the case with subcortical
or cortical high frequency ES studies to identify language
function [Berger et al., 1989; Kamada et al., 2007; Maldo-
nado et al., 2011].

After defining the frontal stimulus site with the CCEP
connectivity pattern, the integrity of the dorsal language
pathway was monitored online by stimulating the AL and
recording CCEPs from the temporoparietal area in a
sequential manner. Online sequential CCEP monitoring
was feasible during awake craniotomy, because of the
high reproducibility and reliability of CCEP waveforms
(amplitude, latency). Moreover, intraoperative CCEP moni-
toring was performed safely, without provoking any
adverse events such as seizures during surgical procedures
in all patients. A decrease of CCEP amplitude by less than
32% did not produce persistent language impairment in
our case series. However, our pilot study could not yield a
clear cut-off value due to a limited number of participants.
By analogy to MEP [Macdonald, 2006], 50% might be an
appropriate cut-off value, but further case accumulation is
warranted for establishing the sensitivity and specificity of
this method for its clinical usefulness. '

In Patient 2, brain edema surrounding the tumor was too
extensive to trace the AF tract into the posterior temporal
area, even by probabilistic diffusion tractography. Despite
brain edema, CCEP was recorded from the STG and MTG
where the PL was indicated by the fMRI shiritori word gen-
eration task. The discrepancy in the positive rate between the
fMRI language task and tractography is well documented in
patients with brain tumors. Bizzi et al. [2012] reported that in
19 patients with glioma in the ventrolateral frontal region,
the IFGop was identified with fMRI (verb generation task) in
17 patients (95%), while the AF was detected only in five
patients (26%), dislocated in eight patients, and interrupted
in six patients. In Patient 2, although the CCEP amplitude
decreased by 12%, language function was preserved during
and after surgery. The integrity of the subcortical language
pathway could be monitored intraoperatively by CCEPs
even when diffusion tractography failed to trace the AF tract
beyond the region of brain edema.

Because of possible brain shift during awake craniot-
omy, the exact relationship between the site of subcortical
ES and the AF was evaluated by postoperative MRIL The
stimulus sites corresponded with the AF in three of five
patients (60%). The concordance rate was similar to the
one reported in a previous study combining subcortical

high-frequency ES and diffusion tensor tractography [Ell-
more et al., 2009]. The disconcordance usually resulted in
negative findings as in Patient 1. Alternatively, stimulation
of other language-related tracts [Ellmore et al.,, 2009] or
that of the sulcal part of the cortex at the floor of removal
cavity might lead to false positive findings, e.g., language
impairment or SCEP responses whose latencies did not fit
CCEPpL-.p latency as in Patient 6. Combined 50 Hz and
single-pulse subcortical ES would complement diffusion
tractography and help clarify the site of stimulation for
intraoperative language mapping.

Kokkinos et al. [2013] reported that delayed responses
evoked by single-pulse ES showed similar topography
between general anesthesia and awake condition. In the
present study, although the amplitudes were less than
those recorded in the awake condition, CCEPs were well
recorded under general anesthesia and the CCEP connec-
tivity pattern could localize the AL and PL in all patients.
In patients in whom electrode location did not change
throughout surgery, the CCEP distribution did not change
(ie., did not get larger) in the awake condition. When
combined with noninvasive functional and anatomical
neuroimaging techniques, intraoperative language network
mapping under general anesthesia would be promising for
preservation of the dorsal language network. Comparing
the findings under general anesthesia with those during
the awake condition in a larger number of patients is war-
ranted to establish its clinical utility. Moreover, a similar
intraoperative network mapping would be applicable for
the ventral language pathway involved in language com-
prehension. The target white matter pathways for this net-
work would be either the inferior longitudinal fasciculus
or the inferior frontooccipital fasciculus, since 50 Hz white
matter ES elicited semantic paraphasia [Duffau et al., 2005;
Mandonnet et al., 2007]. To this end, combined 50 Hz and
single-pulse ES should be applied first during awake cra-
niotomy to probe the cortical and white matter function
and their connections.
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Abstract

Background: Central neurocytoma was initially believed to be benign tumor type, although atypical cases with more
aggressive behavior have been reported. Preoperative estimation for proliferating activity of central neurocytoma is one
of the most important considerations for determining tumor management.

Purpose: To investigate predictive values of image characteristics and quantitative measurements of minimum apparent
diffusion coefficient (ADCmin) and maximum standardized uptake value (SUVmax) for proliferative activity of central
neurocytoma measured by MIB-I labeling index (LI).

Material and Methods: Twelve cases of central neurocytoma including one recurrence from January 2001 to
December 2011 were included. Preoperative scans were conducted in |1, nine, and five patients for computed tomog-
raphy (CT), diffusion-weighted imaging (DWI), and fluorine- | 8-fluorodeoxyglucose positron emission tomography (FDG-
PET), respectively, and ADCmin and SUVmax of the tumors were measured. Image characteristics were investigated
using CT, T2-weighted (T2W) imaging and contrast-enhanced T |-weighted (T W) imaging, and their differences were
examined using the Fisher’s exact test between cases with MIB-| LI below and above 2%, which is recognized as typical
and atypical central neurocytoma, respectively. Correlational analysis was conducted for ADCmin and SUVmax with
MIB-I LI. A P value <0.05 was considered significant.

Results: Morphological appearances had large variety, and there was no significant correlation with MIB-1 LI except a
tendency that strong enhancement was observed in central neurocytomas with higher MIB-1 LI (P=0.061). High linearity
with MIB-1 LI was observed in ADCmin and SUVmax (r=—0.91 and 0.74, respectively), but only ADCmin was stat-
istically significant (P=0.0006).

Conclusion: Central neurocytoma had a wide variety of image appearance, and assessment of proliferative potential was
considered difficult only by morphological aspects. ADCmin was recognized as a potential marker for differentiation of
atypical central neurocytomas from the typical ones.
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round cells with neuronal differentiation constituting
approximately 0.25-0.5% of all intracranial tumors.
It occurs typically in young adults and is located in
the lateral or third ventricle around the foramen of
Monro (2). The clinical course of central neurocytomas
was initially believed to be benign, however, more
aggressive behavior including rapid tumor progression,
recurrence, extra-ventricular extension, and craniosp-
inal dissemination has been described (3,4). The term
atypical central neurocytoma has been proposed for an
aggressive variant, which is classified if MIB-1
(Immunotech, Marseilles, France) labeling index (LI),
an index of cellular proliferation, is higher than 2% (5)
or atypical histologic features of focal necrosis, vascu-
lar proliferation, and increased mitotic activity are
observed (6). MIB-1 is a monoclonal antibody to
Ki-67 antigen that is a nuclear protein associated with
cellular proliferation. ,

For patients with an atypical central neurocytoma,
complete resection is the best treatment for better local
control and survival (7). Therefore, preoperative esti-
mation for proliferating activity of a central neurocy-
toma is one of the most important considerations for
determining the appropriate surgical strategy. There are
some reports discussing imaging features of the central
neurocytoma. They reported varying degrees of con-
trast enhancement with or without cystic appearance
and calcification of tumors (8,9), but focused mainly
on differentiating neurocytomas from other intraventri-
cular tumors. The relationship between proliferative
potential and morphological imaging findings has not
been clarified.

As quantitative imaging marker of malignancy, dif-
fusion-weighted imaging (DWI) provides further
physiologic information as apparent diffusion coeffi-
cient (ADC), which is helpful in grading brain tumors
(10,11) including central neurocytoma (12). ADC cor-
relates with tumor cellularity, prognosis, and MIB-1 LI
in gliomas (13-15). Standardized uptake value (SUV)
measured by 18F-fluorodeoxyglucose-positron emis-
sion tomography (FDG-PET) reflects increased glucose
metabolism and correlates with histological grade of
gliomas (16). Mineura et al. reported rapid regrowth
of central neurocytoma that increased the cerebral
metabolic rate of glucose (17). Ohtani et al. reported
a case of central neurocytoma with intense FDG
uptake, which had a high MIB-1 LI and atypical patho-
logical features (18). These cases indicate that SUV may
also predict the proliferation potential of central neu-
rocytomas. However, preoperative estimation of the
proliferative activity of the central neurocytoma has
not been conducted.

Therefore in this study, we investigated if image
characteristics and quantitative values of ADC and
SUV could distinguish central neurocytomas with

MIB-1 LI higher than 2% from those with lower
values.

Material and Methods

This study was approved by institutional review board,
and informed consent was waived, because retrospect-
ive analysis was conducted.

Patients

Eleven patients from January 2001 to December 2011
at our institute were enrolled. Inclusion criteria was
pathological confirmation of central neurocytoma and
presence of preoperative imaging studies (computed
tomography [CT], magnetic resonance imaging [MRI],
and FDG-PET). There was one recurrent case at
3 years after partial tumor resection (patient 4 in
Table 1). This case was enrolled as patient 4’, and
images just before the secondary operation were also
analyzed.

CT imaging

CT images were obtained parallel to the
orbitomeatal line. Resolutions of all CT images were
0.4 x 0.4 x 7-8 mm.

MRI

MR scans were conducted with 1.5 T scanners for six
patients (patients 1, 3, 4, 4, and 6 with MAGNETOM
Symphony, Siemens Medical Systems, Erlangen,
Germany; patients 2 and 5 with Signa Genesis, GE
Healthcare, Milwaukee, WI, USA) and 3 T scanners

for five patients (patients 7, 8, and 9 with
MAGNETOM Trio; patients 10 and 11 with
MAGNETOM Skyra, Siemens Medical Systems,

Erlangen, Germany). In addition to conventional axial
Tl-weighted (T1W) imaging (TR/TE, 450-616/8.1-
12ms) and T2-weighted (T2W) imaging (TR/TE,
3180-7960/93-130ms), contrast-enhanced axial TIW
images were acquired after administration of the gado-
linium contrast agent (0.1 mmol/kg) in 11 cases. DWI
was acquired in nine cases with in-plane reso-
lution =0.69-1.38 mm and slice thickness/spacing = 3—
5/1-1.5mm using a single-shot echo-planar sequence
with motion-probing gradients (b=0, 1000s/mm?
applied in three orthogonal directions, and ADC map
was calculated.

PET imaging

FDG-PET scans were conducted using a PET scanner
for one patient and a PET/CT scanner for four patients
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Table 1. Characteristics of the patients and tumor images.

Cystic appearance on
T2WI distribution/
uniformity/size

Enhancement on
Gd-TIW imaging degree/
homogeneity

Patient Sex/Age Size Calcification on CT
no. (years) Location (mm) distribution/density
i M/31 LtLlV~3V 54 x 43 Diffuse/dense
2 F/34 RtLV 61 x 39 Patchy/dense
3 M/35 RtLV 39x 18 None
4 F/21 RtLV 42 x 37 Patchy/faint
4 F/24 RelV 27 x 20 None
5 F/38 Lelv 39x 25 Patchy/dense
6 F/54 Lelv 63 x 44 None
7 M/22 LtlV~3V 59 x 40 Patchy/faint
8 ™M/28 LtV 27 x 19 None
9 M/34 ReLV 29 x 25 Patchy/faint
10 M/34 LeLv 21 x 17 None
I M/26 LeLv 15 x 13 None

Diffuse/non-uniform/large
Diffuse/non-uniform/large
Diffuse/uniform/small
Partial/non-uniform/small
Partial/uniform/small
Diffuse/non-uniform/large
Partial/non-uniform/large
Diffuse/non-uniform/small
Partial/uniform/small
Diffuse/non-uniform/large
Diffuse/uniform/small
Partial/uniform/small

None/n.a.

n.a./n.a.

None/n.a.
Marked/heterogeneous
Marked/homogeneous
Slight/lhomogeneous
Marked/homogeneous
None/n.a.
Moderate/heterogeneous
None/n.a.
Moderate/homogeneous

None/n.a.

3V, third ventricle; Gd-TIWI, gadolinium-enhanced T |-weighted imaging; LtLV, left lateral ventricle; n.a., not applicable; RtLV, right lateral ventricle;

T2WI, T2-weighted imaging.

(patient 4 with Advance; patients 8 to 11 with
Discovery ST Elite, GE Healthcare, Waukesha, WI,
USA). Patients fasted for at least 4 h prior to the
scans. After intravenous administration of 4 MBq/kg
of FDG, patients rested in a waiting room for 30 min.
Emission scans of the brain were conducted for 15 min.
Resolutions were 2.0 x 2.0 x 4.25mm (35 slices) and
2.0x2.0x3.27mm (47 slices), respectively, for the
scanners.

Image analysis

Appearance of the tumors was reviewed with regard to
location, size, calcification on CT image (present/
absent: if present, distribution=diffuse or patchy;
density = faint or dense), cystic components on T2W
imaging (distribution =diffuse or partial; uniformity =
uniform or non-uniform; size=small or large), and
degree of enhancement on contrast-enhanced TIW
imaging (degree=none to slight or moderate to
marked; homogeneity =homogeneous or heteroge-
neous), and categorized by two board-certified neuror-
adiologists in consensus (RS and TK, both with
experience in diagnostic imaging for 8§ years).

For quantitative analysis, regions of interest (ROIs)
were defined independently by two neuroradiologists
(RS and TK) at different areas (2 to 3 areas) within
the tumors of the ADC maps and SUV images (ROI
size, 50-361 mm? and 114-513 mm?, respectively) using
free software (MRIcro, http://www.mccauslandcenter.
sc.edu/mricro/, provided by Chris Rorden,
Neuropsychology Lab, Columbia SC, USA). Care

was taken to exclude macroscopic calcifications and
cysts on each modality referencing to CT image and
T2W imaging. From the values of the ROIs, minimum
ADC (ADCmin) and maximum SUV (SUVmax) were
extracted.

Proliferative activity

Proliferative activity was measured as MIB-1 LI in for-

‘malin-fixed paraffin embedded pathological specimens
with immuno-histochemical staining using MIB-1
monoclonal antibody. Areas with highest number of
positive nuclei were identified, and a minimum of
1000 cells were counted in each tissue section (by
YM, a board-certified pathologist majoring in surgical
neuropathology). MIB-1 LI was defined as the percent-
age of tumor cells which stained positively for Ki-67
nuclear antigen.

Statistical analysis

Intra-class correlation coefficients (ICCs) for measured
values in the ROIs were evaluated. Image characteris-
tics were compared between two tumor groups with
MIB-1 LI lower to equal to or higher than 2% using
Fisher’s exact test. ADCmin and SUVmax values were
assessed by linear regression analyses with values of
MIB-1 LI. ROC analysis was conducted to investigate
differential capability of atypical central neurocytomas
from typical ones, when there was a significant correl-
ation. A P value <0.05 was considered statistically sig-
nificant. Statistical analyses were conducted using
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commercially available software (MedCalc, version
12.4.0; MedCalc Software, Acacialaan 22, B-8400
Ostend, Belgium).

Results

Characteristics of the patients and tumor images are
summarized in Table 1. All of the tumors were located
in the lateral ventricle and had an attachment to the
ventricular wall or septum pellucidum. CT scans
showed calcifications of variable density and distribu-
tion. Almost all tumors had heterogeneous appearance
with solid portions and cysts that were variable in
number and size. MRI showed that most tumors were
iso- to hypo-intense on T1W imaging and hyper-intense
on T2W imaging. Contrast enhancement of tumors was
homogenous or heterogeneous, and degree of enhance-
ment varied. Six tumors showed none to slight enhance-
ment and five tumors had moderate to marked
enhancement. It was a tendency that strong enhance-
ment was observed in tumors with higher MIB-1 LI
(P=0.061). There was no significant difference in
other image characteristics. Fig. 1 shows representative
case images (patient 10) and Fig. 2 visually summarizes
image characteristics.

The quantitative values of MIB-1 LI, ADCmin, and
SUVmax are listed in Table 2. Fig. 3 shows DWI, ADC
map, and FDG-PET/CT images of a representative
case. MIB-1 LI was in the range of 0.09-5.62%
(mean £ SD, 3.26 +1.88%). Four tumors had MIB-1
LI lower than 2%, and eight tumors had those higher
than 2%. ICCs of the ROI analyses were 0.97 for
ADCmin and 0.96 for SUVmax, which means excellent
agreements. ADCmin values ranged from 0.23 to
1.05x 107> mm?/s, and significant linear correlation
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Fig. 2. Box plots show the relationship of MIB-1 Ll values with the
following image characteristics: (a) calcification on CT (none or
present, patchy or diffuse, and dense or faint), (b) cysts on T2W
imaging (diffuse or partial, uniform or non-uniform, and small or
large), and (c) contrast enhancement on T | W imaging (none to slight
or moderate to marked, and homogeneous or heterogeneous).
Image characteristics of tumors varies greatly and only the difference
in contrast enhancement between none to slight and moderate to
marked is marginally significant (P = 0.061) between tumors with
MIB-1 LI lower or higher than 2% using Fisher’s exact test.

Fig. I. A representative case of a central neurocytoma located at the left lateral ventricle (patient 10). Diffusely distributed small cysts
on T2W imaging (a) and moderately enhanced solid portion on contrast-enhanced TIW imaging (b) are noted. Calcification is not

identified on CT (c).
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Table 2. MIB-1 LI, ADCmin, and SUVmax of the central was observed with MIB-1 LI (r=-0.91, P=0.0006).
neurocytomas. ROC analysis showed that atypical central neurocyto-
Pati ' i % . 3 mas could be differentiated from typical ones with
atient no. MIB-1 LI (%) ADCmin (1077 mm’/s) SUVMax 650, sensitivity (95% CI, 47.8-100.0%) and 100%

[ 0.77 0.92 n.a. specificity (39.8-100.0%), when the threshold value of
2 5.42 n.a, na. ADCmin was set at 0.55x 10 *mm?/s (P <0.0001).
3 0.09 0.95 na. The SUVmax was in the range of 3.35-7.61. The
4 5.62 0.45 . values had high correlation with MIB-1 LI (r=0.74),
4 468 — 761 bpt it was not signiﬁcaqt (3:0.15). These linear rela-
5 115 1.05 na tionships are presented in Fig. 4.

6 3.03 n.a. n.a.

7 1.98 0.73 na. Discussion

3 A58 048 560 Although central neurocytomas have been considered
9 3.28 0.55 3.35 indolent, there are some cases with aggressive biologic
10 412 026 4.55 behavior including postoperative rapid regrowth
I 5.03 0.23 5.61 (19,20). Among many pathologic features, elevated

MIB-1 LI correlates with an increased recurrence rate

ADCmin, minimum value of ADC in the tumor ROI; MIB-| LI, MIB-I . .
and poor outcome (5,21) and is thought to be a reliable

labeling index; n.a., not applicable; SUVmax, maximum of SUV.

Fig. 3. The solid portion of the tumor in the representative case shows high signal on DWI (a) and restricted diffusion on ADC map,
where a ROI for ADCmin is drawn (b). A ROI for SUVmax is defined at the same location on FDG-PET (c), referring to simultaneously

acquired CT image (d).
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Fig. 4. (a) Linear regression analyses shows significant negative
correlation (r=—0.9) between ADCmin and MIB-1 LI

(P=0.0006). (b) There is high correlation between SUVmax and
MIB-1 LI (r=0.74), but it is not statistically significant (P="0.15).

immune-histopathologic marker (5). No significant cor-
relation was found between other histopathologic char-
acteristics and clinical outcome (22,23). In this study, a
large variety was observed in calcification and cystic
changes, and only strong enhancement suggested
increased proliferative potential as in the former case
reports (24,25).

Our result of MIB-1 LI is congruent with the previ-
ous reports ranging from less than 0.1 to 11.2%
(5,21,23). There was a significant negative linear correl-
ation between MIB-1 LI and ADCmin as in other types
of brain tumors (13). ADC values have an inverse rela-
tionship with tumor grades (10,26), and poor survival
has been reported in malignant glial tumors with lower
ADCmin (14,27). Our result indicates that lower
ADCmin reflects malignant potential of central neuro-
cytomas. In the case of patient 4, the tumor had a
high MIB-1 LI (5.62%) with a lower ADCmin
(0.45x 102 mm?/s) than the proposed threshold.
After partial resection, the tumor regrew gradually in
the 3-year follow-up (patient 4°). The recurrent tumor
showed a high SUVmax (7.61) before a second

operation, and the pathologic specimen revealed that
tumor maintained high proliferative activity (MIB-1
LI=4.68%).

Increased glucose metabolism indicates higher pro-
liferative activity of the brain tumor (28). Our study
presented high linearity between SUVmax and MIB-1
LI. This result may help to facilitate the usage of FDG-
PET examinations in central neurocytomas as in a pre-
vious case report, which demonstrated that a central
neurocytoma with higher FDG uptake showed an
increased proliferative index associated with atypical
histological features (18).

There are several limitations in this study. First, the
number of cases is small. However, it is considered
inevitable, because the central neurocytoma is relatively
rare. Because of this rarity, the enrollment period was
very long. Therefore not all image examinations were
available, and different scanners and parameters were
used, particularly in MRI.

In conclusion, central neurocytomas have a variety
of image appearances, with no significant correlation
with MIB-1 LI except a tendency that central neurocy-
tomas with higher MIB-1 LI demonstrated stronger
enhancement. Assessment of proliferative potential
would be difficult if only morphological aspects are
considered. ADCmin showed significant linear correl-
ation with MIB-1 LI, and SUVmax had the same ten-
dency. Both quantitative imaging values of ADCmin
and SUVmazx, especially for ADCmin, are considered
as potential markers for predicting high MIB-1 LI of
central neurocytoma.
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