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parameters of K = 20, L = 20 (Vijayakumar et al., 2007). Furthermore,
Vesanto and Alhoniemi who reported two-level clustering suggested
that the number of protoclusters N was determined as N = k2,
where Kpax was an estimated maximum number of clusters (Vesanto
and Alhoniemi, 2000). Because we predefined k = 20 from the view-
point of a pathological estimation, the number of protoclusters was
400 according to the formula. According to the previous report and for-
mula, we think the 20 x 20 matrix may be acceptable. Chavez-Alvarez
et al. reported that the neighbourhood function was Gaussian with an
initial radius (Oipitar) of 3.0 when K = 20 and L = 20 in their study
(Chavez-Alvarez et al., 2014). To determine a final radius (Ogpal), we
tested BLSOM with a set of parameters (0.01, 0.05, 0.1, 0.25, 0.5, 1, 2,
3) according to the previous study (Ehsani and Quiel, 2008). Lower
final radius than 2.0 could cause stepping-stone like clusters by the
KM+ + with k = 20, which was the maximum number in the study,
partly because of overfitting. Therefore, we finally applied Ogna; =
2.0, which did not cause any stepping-stone like clusters. As to T,
the number of total iterations of SOM, some previous neuroimaging
studies applied 100 iterations for SOM and suggested that 100 itera-
tions were sufficient to establish convergence of SOM, and, therefore
we followed them (Peltier et al., 2003; Liao et al., 2008). We have im-
plemented BLSOM software (in-house developed products) devel-
oped in C++.

One of the greatest advantages of SOM is the powerful visualization
(Vesanto and Alhoniemi, 2000), which enables SOM to be suited for
data understanding or survey. There are two common methods to visual-
ize the results of SOM, U-Matrix and Component Planes. Especially, the
Component Planes can show the information of each parameter in
each map unit and associations between clusters and variables
(Alhoniemi et al., 1999). We used the Component Planes to visualize
the relation between variables of each DTI-based parameter clearly.
Using the Component Planes, SOM may allow us to evaluate the clas-
sification options different from a fixed diagnosis (Wang et al.,
2002).

2.6. Unsupervised clustering: KM clustering

The KM algorithm is a classic statistical clustering method (MacQueen,
1967) computed in an off-line mode and does not perform competitive
learning as does SOM. Its objective, for K clusters, is to iteratively mini-
mize the within-class inertia by assigning the feature vectors to the
nearest cluster centre and update its value. The number of clusters has
to be determined prior to calculation.

The algorithm of the standard KM is as follows:

1 Start by initializing C that will contain K cluster centres ¢,€R? such
that 1 < K < N. The set C = {c;,¢c2,...,c¢} will be initialized with the

vectors x; randomly chosen from the data set X CR.,
2 Assign each vector x; from the data set to the nearest centre ¢, using

the Euclidean distance metric, d(x;,c) = [|x; — cil|.
3 Update the new cluster centres ¢, with the average value of its mem-

bers by ¢, = (1/Cx) >~ x;, where G, represents the number of
X;€C

elements in the respective cluster.
4 Repeat steps 2 and 3 if any partition was modified since last iteration.

Although the procedure will always terminate, the standard KM
might converge to a local minimum because it uses vectors chosen at
random from the data set to initialize the clusters. Therefore, we used
a modified version of KM, called the K-means+-+ (KM++) algorithm
(Arthur and Vassilvitskii, 2007), that chooses centres at random from
the data points but weighs the data points according to their squared
distance from the closest centre already chosen. The KM+ + algorithm
shows drastic improvement in both speed and accuracy compared with
the classic algorithm. The KM+ + algorithm is defined as follows:

1a Take one centre ¢y, chosen uniformly at random from X,
1b Take a new centre c;, choosing x € X with probability D(x)?/ 3~ D(x)?
xEX

1c Repeat step 1b until we have taken K centres altogether.
2-4, Proceed as with the standard KM algorithm.

In addition to KM+ +-, we repeated KM+ + trials and selected the
best cluster among different clusters from multiple KM+ + trials by
the silhouette index (Rousseeuw, 1987). It calculates the silhouette
index for each datum, average silhouette index for each cluster and
overall average silhouette index for the total data set. Using the method,
each cluster could be represented by so-called silhouette, which is based
on the comparison of its tightness and separation. The average silhou-
ette index can be applied for evaluation of clustering validity. The over-

all average silhouette index (SI) is defined by SI = (1/K) Zf:] Sj, where

Sjis a silhouette local coefficient defined by S; = (1/n;) 2", s;, wheress;
is a silhouette index for the i-th object defined by s; = (b; — a;)/max(b;a;),
where g; is the mean distance between object i and objects of the same
class j and b; is the minimum mean distance between object i and objects
in class closest to class j. In the study, 1000 KM+ +- trials were performed
in each K. We have little prior knowledge about the number of K, and it
can differ according to what users want to know (e.g. tumour detection,
tumour grading or outcome prediction) using the clustered images. In
the present study, we empirically chose the numbers of K = 4, 6, 8, 10,
12,16, 20 according to the number of estimated segmentations in the ab-
normal brain with a glioma. We implemented these algorithms in the in-
house SOM software, which enabled the use of BLSOM followed by
KM++.

2.7. Diffusion tensor-based clustered image (DTcl)

After unsupervised clustering by BLSOM followed by KM+ -+, 400
protoclusters (weighted vectors) with K-class label information were
generated. Label information of the nearest protocluster using the
Euclidean distance metric was assigned to each voxel on the seven
intensity-normalized diffusion tensor images within the binary mask
image from FSL’s BET. Finally, voxel-based images with K-class label in-
formation were obtained. We called them DTcls (Fig. 1). Using the unsu-
pervised clustering method, DTcls can be easily obtained without any
initial segmentation.

2.8. Classification using DTcl: definition of ROI

Gliomas generally show unclear and irregular boundaries with
discontinuities and variety. ROIs were manually traced by two of the au-
thors in the DTI space according to abnormalities on MP-RAGE, without
any knowledge of the clinical or pathological data. It should be noted
that ROIs were defined on the basis of abnormal signal intensities in
MP-RAGE, which could include tumour as well as oedema, necrosis
and cystic parts. For simplicity, we defined ROIs per four axial slices
from the top slice of the abnormal regions and counted the total number
of voxels in each patient. If the number of voxels was <400, we redefined
ROIs per two axial slices to increase the number of total voxels. Finally, the
number of voxels in each ROI ranged from 326 to 9316. We only used
these ROIs for feature extraction for SVM as mentioned in the next
subsection.

2.9. Classification using DTcl: feature extraction for tumour grading

The ratio of each class in DTcls was calculated from ROIs in each
subject. Then, the common logarithmic value of the ratio was calcu-
lated by log;o(p + 1072), where p is a ratio of each class (%) and used
for input features to SVM. The features were defined as log-ratio
values according to U = {x;€RX,1<i<N}, where N is the number of
subjects (Fig. 1).

2.9.1. Classification using DTcl: SVM
SVM (Vapnik, 1998) is a widely used method because of its remark-
able classification performance and the simplicity of its theory and
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implementation. Accordingly, we chose a linear kernel SVM as a classi-
fier to distinguish between LGGs and HGGs. The hyperparameter (C) of
the linear kernel SVM was optimized by using a two-step grid-search
technique with five-fold cross-validation according to the recommenda-
tion described in a practical guide to SVM classification (Hsu et al.,
2003; Ota et al., 2014). First, the best value of Ceyqrse Was found by a coarse
grid-search on log,C = —5, —3, ..., 15. Then, the best value of Cg,. was
obtained by a fine grid-search on 10g2C = Ceoarse — 2, Ceoarse — 1.75,
weer Ceoarse + 1.75, Ceoarse + 2. The best Cspne was used to generate the
final classifier for each training set.

A LOOCV strategy was used to assess the classification performance
because the strategy is widely used in machine learning and allows
using most of the data for training (Dosenbach et al., 2010). During
LOOCV, each subject is designated as a test subject in turn, while the re-
maining subjects are used to train the SVM classifier. The decision func-
tion derived from the training subjects is then used to classify or
calculate a decision value about the test subject. After all LOOCV repeats,
the accuracy, sensitivity and specificity for all folds are averaged togeth-
er to generate the final accuracy, sensitivity and specificity estimate. We
also evaluated decision values (Chang and Lin, 2011) for receiver oper-
ating characteristic (ROC) curves and area under the curve (AUC). Fur-
thermore, we repeated the LOOCV strategy 100 times to calculate
confidence intervals (CIs) of these estimates.

We used C++ and the LIBSVM library (Chang and Lin, 2011; software
available at http://www.csie.ntu.edu.tw/~cjlin/libsvm) to implement a
linear kernel SVM with a two-step grid-search technique and a LOOCV
strategy.

2.10. Statistical analysis

To determine if the classification performances were significantly
different according to the number of K in the KM+ + method (K =
4, 6,8, 10, 12, 16, 20), we repeated the LOOCV strategy 100 times.
AUCGs in different K were then analysed by one-way ANOVA followed
by Tukey’s multiple comparison tests. Differences were considered sig-
nificant for p < 0.05.

DWI

.

7y

Then, to evaluate the behaviour of the classifier in the K-class that re-
vealed the best classification performance, we used the pROC library for
R to generate ROC curves with 95% Cls computed with 2000 stratified
bootstrap replicates (Robin et al., 2011).

Wilcoxon-Mann-Whitney tests with exact p-values and CIs cal-
culated by a permutation test were used to compare the log-ratio
values of each class in the K class that revealed the best classification
performance between the LGG and HGG groups (Hothorn et al.,
2006). Because of the multiple comparisons in K classes, a Bonferroni
correction for multiple comparisons was applied, and differences be-
tween the groups were considered to be significant at a level of
p <0.05/K.

The ratios of normalized intensities on the seven diffusion tensor im-
ages of each class in the K class that revealed the best classification per-
formance were analysed with the bootstrapped 95% Cls. The statistical
software package R version 3.0.2 (The R Foundation for Statistical Com-
puting, http://www.r-project.org/) was used to perform all statistical
analyses.

3. Results

3.1. Unsupervised clustering

Fig. 2 illustrates the Component Planes in seven DTI-based variables
by the SOM analysis. Visual inspection of the SOM patterns demonstrat-
ed that the Component Planes of DWI and FA were obviously different
from the others. Although general patterns of MD, SO, L1, L2 and L3
Component Planes seemed similar, the details among them differed.
In the case of K = 16 (Fig. 2), for example, FA values in class number
13, DWI values in class number 15 and MD, SO, L1, L2 and L3 values in
class number 4 were highest among all classes. SOM also showed that
the DWI component of class numbers 1, 2, 9, 12 and 13 had variations
from low to high values, and that the FA component of class numbers
9, 10, 12 and 14 had variations from low to high values. Class numbers
12, 13 and 16 in the L1 Component Plane were higher than those of
the MD, SO, L2 and L3 Component Planes. Class numbers 2, 6, 7 and
8 in the MD, L1, L2 and L3 Component Planes were higher than

Fig. 2. Visualization of seven DTI-based variables on Component Planes with SOM. Each node (protocluster) is colorized from blue to red according to the intensities in each diffusion tensor
image. The white lines between nodes denote inter-class borderlines obtained by KM+ + with K = 16 on SOM. SOM component planes can help to interpret detailed intensity profiles or
patterns in each diffusion tensor image (lower right). The 16-class cluster map on the 20 x 20 SOM. Each class number corresponds to intensity on DTI-based clustered images. DWI =
diffusion-weighted imaging; FA = fractional anisotropy; L1 = first eigenvalue; L2 = second eigenvalue; L3 = third eigenvalue; MD = mean diffusivity; SO = raw T2 signal without dif-

fusion weighting.
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Fig. 3. The representative cases of low- (upper) and high- (lower) grade gliomas, including the 16-class DTcls that showed the highest classification performance. The T1-weighted images,
DTcls, seven diffusion tensor images and the ratios in each class number are shown for each patient. DWI = diffusion-weighted imaging; FA = fractional anisotropy; L1 = first eigenvalue;
L2 = second eigenvalue; L3 = third eigenvalue; MD = mean diffusivity; SO = raw T2 signal without diffusion weighting. Each colour on DTcls and circular charts correspond to each class

number, shown in the colour bar.

those in the SO Component Plane. Class number 9 in the MD and L1
Component Planes was higher than that in the SO, L2 and L3 Compo-
nent Planes.
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Fig. 4. Plots of AUC versus the number of K in the KM+ method. Values are means and
error bars, and light blue shades represent 95% Cls. ***p < 0.001 (versus all the rest).
1Hp <0.001 (versusK = 4,6,8,10,16), one-way ANOVA followed by Tukey’s multiple com-
parison tests. The 16-class diffusion tensor-based clustered images significantly showed
the highest AUC (0.912; 95% Cls = 0.903-0.922).

Representative cases of LGGs and HGGs are shown in Fig. 3. Although
the boundaries of LGGs could be clearly recognized, it was much difficult
to recognize the boundaries of HGGs. Furthermore, DTcIs revealed few
warm coloured classes, such as class numbers 14, 15 and 16 in LGGs,
whereas there were more warm coloured classes in HGGs than in LGGs.
Thus, the clear differentiations between LGGs and HGGs on DTcls could
be visually recognized.

3.2. SVM classification using DTcl

The performances of LOOCV using DTcl and SVM are shown in Fig. 4.
The differences in AUCs were significant among the classes [F(6, 693) =
246.1,p<107'%%,n2 = 0.68]. Tukey’s post-hoc tests showed that AUC
was significantly higher for the 16-class DTcls than for others
(p <0.001). The tests also showed that AUCs were significantly higher
for the 12- and 20-class DTcls than for the 4-, 6-, 8- and 10-class DTcls
(p <0.001). There were no significant differences in AUCs between the
12-class and 20-class DTcls. The tests also showed that AUC was signifi-
cantly lower for the 4-class DTcls than for the others (p < 0.001). AUC of
the 16-class DTcls was the highest among classes (0.912; 95% CI =
0.903-0.922) (Fig. 5). The sensitivity, specificity and accuracy of the 16-
class DTcls were 0.848 (95% CI = 0.845-0.852), 0.745 (95% CI =
0.733-0.757) and 0.804 (95% CI = 0.800-0.809), respectively. In con-
trast, AUC of the 4-class DTcls was the lowest (0.729; 95% CI =
0.718-0.739). There were no significant group differences in AUCs be-
tween in the 6-, 8- and 10-class DTcls (0.856, 0.844 and 0.850,
respectively).
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Fig. 5. ROC curves (dark blue line), with AUC and 95% Cls shown in blue shades surround-
ing the dark blue line, for differentiating high-grade from low-grade gliomas by using the
16-class diffusion tensor-based clustered images.

3.3. Differences in log-ratio values

The log-ratio values of each class of the 16-class DTcls that had
the highest classification performance were compared between
LGGs and HGGs (Fig. 6). The values of class numbers 14, 15 and 16
were significantly higher in HGGs than in LGGs (p < 0.005, r = 0.52;
p < 0.001, r = 0.60; p < 0.001, r = 0.73; respectively). The values
of class numbers 12 and 13 also revealed higher trends in HGGs
(p<0.01,r = 0.48; p<0.01, r = 0.50; respectively).

3.4. Ratio of DTI-based parameters

The ratios of normalized intensities of the seven diffusion tensor im-
ages for each class number in the 16-class DTcls that revealed the
highest classification performance are shown in Fig. 7.

As mentioned above, the ratios of class numbers 14, 15 and 16 were
significantly higher in HGGs than in LGGs. The chart patterns of class
numbers 14 and 15 seemed similar and comprised high DWI values
and low FA values. Class number 15 had the highest DWI values
among all. In FA, class number 14 had higher values than class number
15. The variables of class number 16 comprised high FA and DWI values
and were different from those of class numbers 14 and 15. All three clas-
ses included low values in MD, SO, L1, L2 and L3. Although the variables
of class numbers 3 and 5 included high DWI values and low values for

other features, there were no significant differences in the log-ratio
values between LGGs and HGGs (p = 0.28, r = -0.19; p = 0.84, r =
0.03; respectively).

The indices of class numbers 12 and 13 also revealed higher trends in
HGGs. The chart patterns of class numbers 12 and 13 were very different
from those of class numbers 14, 15 and 16. The highest FA values were
seen in class number 13. The variables of class numbers 12 and 13 in-
cluded low DWI values. Low values in MD, SO, L1, L2 and L3 were seen
in class numbers 12, 13, 14, 15 and 16.

4. Discussion
4.1. Study overview

In this study, we investigated a two-step procedure for predicting
glioma grade. In the first step, the unsupervised clustering method
with SOM followed by KM+ + was used to obtain voxel-based DTcls
with multiple DTI-based parameters. DTcls enabled visual grading of gli-
omas. In the second step, the validity of DTcIs for glioma grading was
assessed in a supervised manner using SVM. The 16-class DTcls revealed
the highest classification performance for predicting the glioma grade.
The sensitivity, specificity, accuracy and AUC of the 16-class DTcls for
differentiating HGGs and LGGs were 0.848, 0.745, 0.804 and 0.912, re-
spectively. The classifier in the 16-class DTcls showed that the ratios
of class numbers 14, 15 and 16 were significantly higher and those of
class numbers 12 and 13 showed higher trends in HGGs than in LGGs.
Thus, these results indicate that our clustering method of seven param-
eters can be useful for determining glioma grade visually, despite not
using a complicated combination of a high number of features from
many modalities.

4.1.1. Clustering method

The two-level clustering approach was used in our study since it has
the following two important benefits: noise reduction and computa-
tional cost. Because of the character of KM++ mentioned in the
Materials and methods section, outliers extracted from DTI parameters
can make its clustering accuracy worse. When BLSOM is applied prior to
KM+ +, outliers can be filtered out and the clustering accuracy will be
better. The AUC only with the KM+ + algorithm without BLSOM was
0.646 with K = 16 and remarkably worse than that with the two-level
clustering approach. Another important benefit is the reduction of the
computational cost. In our study, the KM+ + was repeated 1000 times
to obtain more stable results. The computational time of the two-level
clustering approach for 1000 KM+ +- trials was 210 s (204 s for BLSOM
and 6 s for 1000 KM+ + trials) for 117,232 input vectors in the study.
On the other hand, the computational time only for the 1 KM+ + trial
without BLSOM was 305 s and around 85 hours for 1000 KM+ + trials.
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Fig. 6. Strip chart and box plots showing median, interquartile range, inner fence and outliers (O) for log-ratio values of each class by 16-class diffusion tensor-based clustered images in
patients with low- (green) and high- (red) grade gliomas. ***p < 0.001, **p < 0.005, fp < 0.01 by exact Wilcoxon-Mann-Whitney rank sum tests.
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Fig. 7. Radar charts of seven DTI-based variables in each class by 16-class diffusion tensor-based clustered images. Shades surrounding dark-coloured lines represent bootstrapped 95% Cls.
DWI = diffusion-weighted imaging; FA = fractional anisotropy; L1 = first eigenvalue; L2 = second eigenvalue; L3 = third eigenvalue; MD = mean diffusivity; SO = raw T2 signal with-

out diffusion weighting.

For these facts, the two-level approach can be effective especially for clus-
tering of a larger data set.

Deciding optimal parameters for SOM is not easy as previous studies
mentioned in their studies. Although we applied most of the parame-
ters according to previous studies (Vesanto and Alhoniemi, 2000;
Vijayakumar et al., 2007; Ehsani and Quiel, 2008; Chavez-Alvarez
et al., 2014) in the study, it remains unclear, as mentioned in the
Materials and methods section, whether these parameters for SOM
lead to the best performance or not. The parameters might be verified
by undertaking a prospective, randomized controlled study.

Our segmentation method does not need any initial segmentation
for defining tumour lesions because features were extracted from the
whole brain. Indeed, the DTcls can segment the brain as some parts of

normal and abnormal areas unintentionally, but the method does not
need any initial segmentation for defining tumour lesions and it is an
important advantage of unsupervised clustering methods. When defin-
ing tumour lesions as an initial segmentation, it is needed to draw re-
gions of interest intentionally or decide automatically which voxel is
tumour, oedema, necrosis or normal tissue with a supervised clus-
tering method. However, it is impossible to decide the correct
boundary between normal and abnormal pathology on MRI. The
voxel out of the boundary may include tumour cells considered
from the infiltrative nature of glioma, which may influence grading
of gliomas. We think that clustering for images of gliomas without
an initial segmentation is an indispensable advantage and our meth-
od can satisfy this point.
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4.2. Number of classes in DTcls

The 16-class DTcls had the best classification performance between
HGGs and LGGs in this study. It is assumed that brain tumour images
can be segmented at least into four classes (white matter, grey matter,
CSF and abnormality) (Rajini and Bhavani, 2012). Within abnormalities,
they can be consisted of tumour cells (high/low), gliosis, oedema, necro-
sis, haemorrhage, and the mixed structure of some of them. Therefore,
when we consider the combination of those, several kinds of classes
may be reasonable. Furthermore, we found the same cluster in grey
matter and in tumours. Class numbers 14-16 that had significantly
higher HGG values were seen in grey matter and showed low MD
values, which corresponded to increased cellularity (Lam et al., 2002;
Kao et al., 2013). This finding may indicate high cellularity within tu-
mour areas. However, it is difficult to say on the basis of our results
which class would fit to what tissue. Pathological studies of each class
in DTcls by biopsy or resection could clarify the relationship.

4.3. Multiple parameters in DTI

We selected L1, L2 and L3, that are the basis of DTI-related parameters,
in order to compare previous pathological studies using those parameters.
We also selected DWI, FA, ADC and SO that are familiar to neurosurgeons
in order to compare previous studies that used one of those parameters as
a single parameter for glioma grading. In the previous study, Griffith et al.
researched the pathologies of MD [(L1 + L2 + L3)/3], L1 and radial diffu-
sivity [(L2 + L3)/2] and compared each parameter. Although MD was cal-
culated from L1, L2 and L3, they have different information at least from
the viewpoint of pathology (Griffith et al., 2012). We therefore think
that each parameter has an important role clinically and pathologically
and selected these parameters in the study. Some previous studies used
one parameter, especially ADC, for tumour grading. Although one study
suggested that HGGs with lower ADC values corresponded to increased
cellularity (Kao et al., 2013), another reported that there was no signifi-
cant difference in ADC values between LGGs and HGGs (Lam et al.,
2002). These studies suggest that differentiating glioma grade on the
basis of only one parameter is difficult. In our study, we used seven DTI-
based parameters, including DWI, FA, MD, S0, L1, L2 and L3, and the re-
sults suggested that the DTI-based multiple parameters were useful for
predicting glioma grade. However, it remains unclear which parameters
have the most influence on clustering tumours. We identified unique
DWI and FA Component Planes that can be predictive of malignancy. A
previous study revealed no significant differences in DWI between LGGs
and HGGs and indicated that predicting tumour grade only by using
DWI had a limitation (Kono et al.,, 2001). Class numbers 14, 15 and 16
that were significantly higher in HGGs showed similar DWI values but dif-
ferent patterns of values in other DTI-based parameters. In addition to the
results, we also calculated the AUC if using the combination of only DWI
and FA, only DWI and only FA. However, the AUC of two parameters of
DWI and FA was 0.642, 0.645, and 0.637, respectively and they all were
much lower than the AUC of seven parameters. The additional analyses
also support the idea that combined multiple parameters could be useful
for predicting the grade of gliomas. Conversely, although FA values of
HGGs were higher than LGGs in a previous study (Kao et al., 2013),
class numbers 14 and 15 showed low FA values. Although general pat-
terns of MD, SO, L1, L2 and L3 Component Planes in SOM seemed similar,
their subtle differences revealed by multi-variate pattern analysis may be
important for predicting grade. In fact, a pathological study using MRI re-
ported that higher astrocytosis correlated with higher ADC and L1
(Griffith et al,, 2012). Most cases of reactive astrocytosis can be identified
from the infiltrating edge of an astrocytoma (Ironside, 1994), and it may
be difficult to distinguish diffuse astrocytoma from astrocytosis
(Camelo-Piragua et al., 2011). Axonal damage and cellular infiltration
led to a reduction of L1 (Boretius et al.,, 2012), and radial diffusivity
[(L2 + L3)/2] has been proposed as a marker of demyelination
(Klawiter et al., 2011). Furthermore, loss of oligodendrocytes
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correlated with L2 and L3 but not L1 (Griffith et al., 2012). Although
we extracted seven parameters from DTI, it remains unclear which
combination of the parameters is the best or if additional parameters
can increase the accuracy for glioma grading. Several features other
than the seven parameters, for example, eigenvectors, might provide
better results if included. Further studies are needed to assess which
combination of parameters is best for glioma grading.

One of the limitations in our study was the influence of distortions
on voxel-based clustering. Original DWIs for DTI were acquired by
using EPI to reduce acquisition time and artefacts related to physiolog-
ical motion. Unfortunately, this fast acquisition scheme is highly sensi-
tive to eddy currents induced by the large diffusion gradients and to
another distortion induced by susceptibility artefacts (Mangin et al.,
2002). A prominent source of artefacts for EPl is the effect of inhomoge-
neities close to tissue-air and tissue-bone interfaces, such as those
around the frontal sinus and petrous bone (Jezzard and Clare, 1999).
To reduce artefacts by eddy currents, the data were corrected by using
the FDT program (Smith et al.,, 2004). Furthermore, the FUGUE program
was used to reduce susceptibility artefacts for EPI that depend on the
subject’s head geometry. Only DTI-based parameters were used for gli-
oma grading in our study, although conventional MRI sequences, such
as TIWI, T1WIce and T2WI, were scanned. The reason is that these con-
ventional images are spatially different from DTI because of distortions.
The differences require more accurate image registration between them
for calculating voxel-based images. Mulitiple parameters of DTI-based
parameters as well as conventional MRI parameters combined with an
accurate registration algorithm may generate voxel-based clustered im-
ages that predict the grade of gliomas more accurately.

4.4. Ratio of DTI-based parameters in LGG and HGG

The ratios of class numbers 14, 15 and 16 were significantly higher in
HGGs than in LGGs. Class numbers 14, 15 and 16 seemed similar with
regard to high DWI values. There was no significant difference between
LGGs and HGGs in a past study (Kono et al,, 2001), suggesting that grad-
ing tumours only by DWI is controversial. In our study, class numbers 3
and 5, which were not different between LGGs and HGGs, also had high
DWI values. These results support the controversy regarding DWI and
suggest that glioma grading only by DWI may be difficult.

Class numbers 14 and 15 had low FA values. In contrast, class num-
ber 16 had high FA values. Some researchers have reported that changes
in FA in gliomas may indicate tumour cell infiltration (Schluter et al.,
2005; Kallenberg et al,, 2013). A reduction in FA seemed to be the com-
mon denominator among structural abnormalities (Wieshmann et al,,
1999). Lower FA values were seen in LGGs in one study (Inoue et al.,
2005), whereas another study showed no significant differences be-
tween LGGs and HGGs (Goebell et al,, 2006). In our study, both increases
and decreases in FA were seen in tumours. Particularly, class numbers
13 and 16 showed that high FA values were also included in HGGs.

Class numbers 14-16, which had significantly higher values in
HGGs, seemed to have low MD values. However, most classes (numbers
2,3,5,7,8,9,10,11, 12 and 13) with low MD values were not different
between HGGs and LGGs. These results suggest that it is difficult to pre-
dict glioma grade only by using one parameter, such as DWI, FA or MD
as discussed in many previous studies.

4.5. Glioma grading

The current gold standard for determining glioma grade is histo-
pathological assessment. However, the limitations of histopathological
assessment because of the heterogeneity of gliomas are well known.
First, there is a possibility of sampling error. Because only a few small
pieces of tissue are assessed and we tend to examine T1-enhancing le-
sions, the most malignant tissue may not be obtained. Sampling errors
may occur especially for biopsy only (Law et al., 2006). Even if we resect
most tumours, a thorough investigation is not always made in the
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resected tumour, and this is a histopathological limitation at present.
Several studies have been conducted to evaluate more accurate selec-
tion of targets by using positron emission tomography (PET) images
with '8F-labelled fluorodeoxyglucose and 'C-labelled methionine to
reduce sampling errors (Levivier et al., 1995; Pirotte et al.,, 2004). How-
ever, the radiotracer injection in PET is invasive because of radiation ex-
posure. By using DTcls, we can non-invasively predict the grade of
gliomas with accuracy and may perform regional grading of glioma,
which is useful for targeting biopsy. Gliomas are heterogeneous tu-
mours. [f we can preoperatively predict the regional grading of a tu-
mour, we can know which region must be resected, including peri-
tumoural oedematous lesions. Second, some LGGs develop into HGGs,
and >10% of gliomas dedifferentiate into more malignant grades (Law
et al,, 2006). We cannot know when tumour grade progresses. By
using regional grading based on DTcls, we can clarify when LGGs prog-
ress into HGGs during follow-up and provide an appropriate adjuvant
treatment at the optimum time. The potential benefit of the proposed
method in the present study could be emphasized by undertaking a pro-
spective, randomized controlled study.

5. Conclusion

This study applied a two-level clustering approach, which consisted
of SOM followed by the KM~ + algorithm, for unsupervised clustering
of a large number of input vectors with multiple features by DTL The
greatest point of the method is to enable obtaining novel clustering im-
ages called DTcls, that can give visual grading of glioma and be helpful in
differentiating between LGGs and HGGs without pathological informa-
tion. Our new approach could lead to more accurate non-invasive grad-
ing and more appropriate treatment.
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Abstract: Synthetic artificial dura mater materials, such as expanded
polytetrafluoroethylene sheets, are widely used in dura mater recon-
struction in cases involving brain tumors or trauma surgery. In
patients with postoperative infection related to the use of artificial
dura mater, surgical debridement of the infected wound and removal
of the artificial dura mater materials are necessary to control infec-
tion. In cases involving cerebrospinal fluid leakage, dura mater recon-
struction must be performed immediately. Many useful techniques for
performing dura mater reconstruction to treat postoperative infection
have been reported; however, some have drawbacks with respect to
the need for microvascular anastomosis or difficulties in obtaining
watertight closure.

We successfully treated 6 patients with postoperative artificial
dura mater infection using free thigh fascia lata. Some surgeons
believe that the use of free fascia in infected wounds is dangerous
because free fascia is a non—vascularized tissue. However, performing
complete debridement and covering such free fascia with well-
vascularized tissue allow the fascia to become vascularized and toler-
ant of infection. Therefore, if the blood flow in the scalp is acceptable
after a sufficient debridement, free fascia lata can be used for recon-
struction in patients with postoperative infection of artificial dura ma-
ter. Furthermore, skull reconstruction can be performed safely and
casily with solid-type artificial bone, sometimes combined with tissue
expansion, thus resulting in good aesthetic outcomes.
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ynthetic artificial dura mater materials, such as expanded poly-

tetrafluoroethylene (ePTFE) sheets, are often used in dura mater
reconstruction in the field of neurosurgery. However, there are some
reports of infection of artificial dura mater.' With respect to the
treatment of infection, antibiotic therapy alone is inadequate, and
sufficient debridement and removal of alien substances are required.
In cases in which cerebrospinal fluid leakage is observed, the dura
mater must be reconstructed with self-tissue, not an artificial sub-
stance, and watertight suturing is important to prevent hydrorrhea
cerebrospinalis. For reconstruction, free flaps, such as anterolateral
thigh flaps with fascia lata or rectus abdominis muscle and fascial
flaps, and pedicle flaps, such as pericranial flaps or galeal flaps,
are used. Free fascia without any blood flow is also used with mus-
cle or pedicle flaps, which tend to have a rich blood flow.

In cases of postoperative infection of artificial dura mater
material, we use free fascia lata to reconstruct the dura mater and
cover it with a well-vascularized scalp. Using this technique, we
achieved a successful suppression of infection. If necessary, we per-
form a second operation with solid-type artificial bone to obtain
aesthetically satisfactory results.

PATIENTS AND METHODS

A retrospective analysis was performed among the patients
who underwent reconstruction of the dura mater after infection of
artificial dura mater material between May 2009 and August
2013. A total of 6 patients were included in this study.

Free fascia lata was used to cover the dura mater defects in a
watertight fashion. The amount of free fascia lata used in each case
was determined according to the defect size. After reconstruction of
the dura mater with free fascia lata, the free fascia lata was covered
with scalp tissue, which has a rich blood flow.

RESULTS

All 6 patients were treated with free fascia lata. The ages of
the patients ranged from 28 to 63 years, with a mean age of
43 years. The size of free fascia lata needed for reconstruction
ranged from 7 x 5 to 13 x 15 cm. In 5 cases, no capsule formation
was observed under the artificial dura mater. In the remaining case,
the formation of a capsule was found; however, the capsule was
judged to be contaminated and excised so that reconstruction of
the dura mater was required. No patients had diabetes. Subdural
abscesses were observed in 3 cases, and epidural abscesses were
observed in 3 cases. The primary diseases included arteriovenous
malformation, meningioma, glioblastoma, and temporal lobe epi-
lepsy. In 5 cases, pathogenic bacteria were identified in the artificial
dura mater material, 3 cases of which involved methicillin-resistant
Staphylococcus aureus (MRSA). In 1 case, no pathogenic bacteria
were found in either the artificial dura mater material or swab
specimens of the wound, although white blood cells were detected
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TABLE 1. Six Patients Treated With a Free Fascia Lata for Infection of Artificial Dura Mater

Fascia Lata Capsule Phlogogenic Period From Skull Period Between First
Patient Age Sex Diagnosis Size (cm) Formation Primary Disease Fungus Primary Operation Reconstruction and Second Operation
1 28 Female Subdural 15 x 12 * Arteriovenous MRSA 2 mo o 8 mo
abscess malformation
2 38 Female Epidural 10 x 12 = Temporal lobe MRSA 8 mo + 9 mo (6-mo expander)
abscess epilepsy
3 43 Female Subdural 12 x 9 - Convexity Uncertain 2 mo + 6 mo
abscess meningioma
4 63 Male Epidural 6:x 10 = Glioblastoma E. faecalis 1 wk + 4 mo
abscess
5 37 Male Subdural 13 x 15 - Intraventricular MRCNS 2 mo - 2 mo
abscess meningioma
6 48  Male Epidural TRS5 = Hemangioblastoma MRSA 2 wk — -
abscess

E. faecalis, Enterococcus faecalis; MRCNS, methicillin-resistant coagulase-negative Staphylococcus.

in these samples. In all cases, antibiotic therapy was administered
continuously before the surgery (Table 1).

After debridement and reconstruction of the dura mater with
the free fascia lata, we achieved suppression of infection without
complications in all patients. Skull reconstruction was performed
in 5 cases, 1 case of which involved the use of a tissue expander.
The average period from fascia lata grafting to skull reconstruction
was 5.8 months (2-9 mo).

CLINICAL REPORTS

Patient 2

A 38-year-old woman had intractable temporal lobe epilepsy.
Focal resection was performed, and the dura mater was repaired
with an ePTFE sheet. The patient exhibited fluid collection under
her scalp after the surgery, which did not heal despite the adminis-
tration of antibiotics for 2 months. Debridement was performed,
and the bone graft was removed. The patient had no symptoms
of infection and returned for a follow-up visit; however, 6 months
later, a cutaneous fistula developed on the scar. She was therefore
referred to the plastic surgery department for treatment of an ongo-
ing intractable infection.

Computed tomographic (CT) scan showed a low-density area
between the scalp and the artificial dura mater material (Fig. 1A)
with extensive cranial bone loss (Fig. 1B). The diagnosis was an
epidural abscess, and infection of the artificial dura mater material
was strongly suspected. We therefore planned a 2-staged operation.

During the first procedure, a skin incision was created along
the site of the previous incision, sufficient debridement of the
infected area was performed, and the artificial dura mater material
was removed. The dura mater was reconstructed using a free fascia
lata measuring 10 x 12 cm in size harvested from the patient’s left
thigh (Figs. 1C, D). The dural defect was closed with the graft in a
watertight fashion (Fig. 1E). The skin fistula was resected, and the
damaged portion of the skin was debrided. The scalp was directly
closed without excessive tension. Methicillin-resistant S. aureus
was detected in a bacteriological culture of the artificial dura mater
material. No recurrence of infection or cerebrospinal fluid leakage
was observed postoperatively (Fig. 1F).

Six months later, cranioplasty was planned. In this case,
because there was an insufficient amount of scalp tissue to cover
the artificial bone graft, scalp stretching using a tissue expander
was performed before cranioplasty (Figs. 2 A, B). Cranioplasty with
solid-type artificial bone was performed, which resulted in an

FIGURE 1. A, Preoperative CT scan shows a low-density area between the scalp
and artificial dura mater. B, Three-dimensional CT scan demonstrates extensive
cranial bone loss. C, A cutaneous fistula appeared on the scar. D, A free fascia
lata graft measuring 10 x 12 cm in size harvested from the patient's left thigh.
E, The dural defect was closed using the fascia lata in a watertight fashion.

F, Postoperative CT scan shows the reconstructed dura mater with the fascia
lata in addition to the disappearance of the low-density area.

© 2014 Mutaz B. Habal, MD

FIGURE 2. A, A noticeable contour deformity in the skull before cranioplasty.
B, Scalp stretching with a tissue expander was performed before cranioplasty.

C, After detaching the scalp from the fascia completely, a continuous oozing
from the fascia lata was observed. D, Cranioplasty with solid-type artificial bone
was performed. E, An aesthetically satisfactory result was obtained after
cranioplasty. F, Postoperative CT scan shows symmetry of shape with no
low-density areas. G, Postoperative three-dimensional CT scan of the skull and
the solid-type artificial bone.
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aesthetically successful outcome (Figs. 2C-G). It is notable that a
continuous oozing from the surface of the fascia lata persisted, even
after the scalp was completely detached from the fascia (Fig. 2C).
Careful hemostasis was achieved with bipolar coagulation to pre-
vent epidural hematoma formation.

Patient 5

A 37-year-old man presented with a ventricular meningioma
(Fig. 3A). Endoscopic gross total resection was performed (Fig. 3B).
One week after the surgery, he developed a fever of unknown origin
with a white blood cell count over 10,000/cu mm, and empiric anti-
biotic therapy was started. Despite the administration of antibiotics,
the patient’s consciousness level deteriorated, and CT scan showed
a large low-density area between the left basal ganglion region and
deep white matter (Fig. 3C). This suggested that the hydrocephalus
was caused by an impaired venous return, and the patient underwent
external decompression with an ePTFE sheet. After the operation,
his consciousness level and symptoms improved. Nevertheless,
1 week later, he developed fluid collection under the scalp, and
methicillin-resistant coagulase-negative Staphylococcus was detected
in a bacteriological culture of wound swab specimens. Wound irriga-
tion was repeated; however, the effusion did not decrease, and the pa-
tient was therefore referred to the plastic surgery department for
treatment of an intractable infection.

Computed tomographic scan showed a low-density area
around the artificial dura mater material with extensive cranial bone
loss (Fig. 3D). We therefore planned a 2-staged operation to treat
the infection.

In the first procedure, sufficient debridement in the infected
area was performed, and the artificial dura mater material was re-
moved. The dura mater was reconstructed using a free fascia lata
measuring 13 X 15 cm in size harvested from the patient’s left thigh.

FIGURE 3. A, A ventricular meningioma was diagnosed. B, Endoscopic gross
total resection was performed. C, A large low-density area was observed
between the left basal ganglion region and the deep white matter after the
gross total resection. D, A low-density area was noted around the artificial dura
mater after external decompression.
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chill i /
FIGURE 4. A, Computed tomographic scan performed 2 months after the first
operation. B, Postoperative CT scan showed no low-density areas around the
fascia lata or artificial bone. C, Postoperative three-dimensional CT scan of the
skull and solid-type artificial bone.

The dural defect was closed with the graft in a watertight fashion, and
the scalp was closed directly without excessive tension. External ven-
tricular drainage was used to treat the obstructive hydrocephalus. No
recurrence of infection was observed postoperatively (Fig. 4A).

Two months later, cranioplasty with solid-type artificial bone
was performed, which resulted in a good outcome (Fig. 4B).

DISCUSSION

Synthetic artificial dura mater materials are widely used in
neurosurgery; however, some cases of wound infection after dura ma-
ter reconstruction with synthetic artificial dura mater materials have
been reported. The successful repair of infected artificial dura mater
material depends on sufficient debridement, obtaining a watertight
seal and using a well-vascularized tissue.!” Some surgeons have
reported on the treatment of postoperative infection of artificial dura
mater materials using vascularized tissues. For example, Takagi et al®
used a bipedicled pericranial flap and second-staged cranioplasty
with the outer table of a calvarial bone graft in a patient with trau-
matic dural exposure. Shimada et al* reported reconstructing the dura
mater using an anterolateral thigh flap with the fascia lata in a patient
with a chronic abscess that developed after cranioplasty. Meanwhile,
Soon Sung et al® and West et al® reported the use of the rectus
abdominis muscle combined with a vascularized fascial perforator
flap in patients undergoing skull base surgery. These authors used
vascularized tissue to reconstruct the dura mater. On the other hand,
Uemura et al’ reported treating a case of artificial dura mater infec-
tion using a non-vascularized fascia lata combined with a rectus
muscle free flap and staged cranioplasty. Although some surgeons
have reported that capsule formation can make secondary reconstruc-
tion of the dura mater unnecessary,® others disagree.”

The fascia lata is the most commonly used autograft; it has
been used for decades to yield predictable results.'® A clear advan-
tage of autografts is that the host response is rarely problematic.
However, the use of autografts is limited because of morbidity asso-
ciated with harvesting the tissue (eg, pain, bleeding, infection, her-
nia formation) as well as inconsistencies in the size, quantity, and
quality of tissue."!

Autologous fascia grafts have previously been shown to be-
come vascularized and resist infection compared with synthetic mesh
in a rabbit model.'> A free fascia lata graft has also been reported to
be a reliable adjuvant to abdominal wall reconstruction in cases in-
volving contaminated abdominal wounds in which the use of pros-
thetic materials is contraindicated and local tissue rearrangement
is 1'nadequate.13 In addition, the fascia lata is tractable and can be
sutured to the entire circumference of the dural defect in a water-
tight fashion; thus, the use of a free fascia lata covered with well-
vascularized tissue reduces the rate of cerebrospinal leakage.'* Scalp
flaps allow for sufficient blood circulation and are resistant to infec-
tion, and it is easy to control the size of the epidural area.” Therefore,
we treated the infected artificial dura mater material using a free

© 2014 Mutaz B. Habal, MD
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Usefulness of Free Fascia Lata

fascia lata with a well-vascularized scalp flap in all 6 patients,
achieving successful control of infection in every case.

When performing artificial bone grafting during the second
procedure, it is necessary to detach the adhesion between the scalp
and the fascia lata, remove scar tissue to release contractures, and
create space for the bone graft. Even after releasing the scalp flap
from the fascia over the entire area, we observed a continuous ooz-
ing from the surface of the fascia lata that required coagulation
hemostasis. On the basis of these findings, transplanted free fascia lata
can be nourished through not only the scalp but also the surrounding
dura mater before skull reconstruction, and the fascia remains
vascularized even after skull reconstruction. Therefore, the artificial
bone implant can be wrapped with vascularized tissue.'® Furthermore,
the free fascia lata is sufficiently tolerant of infection and useful for
treating artificial dura mater infection. However, if the scalp defects
are so large that the dura mater cannot be covered with a well-
vascularized local scalp flap, free flaps must be used for reconstruction.

After the infection fully resolves, the second procedure can
be performed. Before performing skull reconstruction, when the
strain of the skin is strong, we use tissue expanders, which consti-
tute a reliable method of providing an additional cutaneous and sub-
cutaneous tissue, thereby optimizing contour and color matching.
Tissue expansion is the most useful method for making up for the
deficit of the scalp and allowing for complete hair coverage. The
expanders, if used, are removed after expansion, and the reconstruc-
tive implant (solid-type artificial bone) is then placed. The postop-
erative skull contour was maintained satisfactorily in all of the
present cases, and aesthetically good results were achieved in terms
of contouring, minimum scaring, and hair coverage.
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Abstract: The preservation of language function during brain surgery still poses a challenge. No intrao-
perative methods have been established to monitor the language network reliably. We aimed to estab-
lish intraoperative language network monitoring by means of cortico-cortical evoked potentials
(CCEPs). Subjects were six patients with tumors located close to the arcuate fasciculus (AF) in the
language-dominant left hemisphere. Under general anesthesia, the anterior perisylvian language area
(AL) was first defined by the CCEP connectivity patterns between the ventrolateral frontal and tempor-
oparietal area, and also by presurgical neuroimaging findings. We then monitored the integrity of the
language network by stimulating AL and by recording CCEPs from the posterior perisylvian language
area (PL) consecutively during both general anesthesia and awake condition. High-frequency electrical
stimulation (ES) performed during awake craniotomy confirmed language function at AL in all six
patients. Despite an amplitude decline (<32%) in two patients, CCEP monitoring successfully pre-
vented persistent language impairment. After tumor removal, single-pulse ES was applied to the white
matter tract beneath the floor of the removal cavity in five patients, in order to trace its connections
into the language cortices. In three patients in whom high-frequency ES of the white matter produced
naming impairment, this “eloquent” subcortical site directly connected AL and PL, judging from the
latencies and distributions of cortico- and subcortico-cortical evoked potentials. In conclusion, this
study provided the direct evidence that AL, PL, and AF constitute the dorsal language network. Intra-
operative CCEP monitoring is clinically useful for evaluating the integrity of the language network.
Hum Brain Mapp 35:4345-4361, 2014.  © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

The preservation of brain functions during surgery still
poses a challenge in patients with brain tumors at or close
to the eloquent areas. Motor evoked potentials (MEPs)
have become one of the gold standard measures for moni-
toring the motor function in tumor and epilepsy surgery,
since MEPs can indicate the integrity of the whole motor
network: the motor cortices and the output pathway, the
pyramidal tract [Macdonald, 2006]. The online, sequential
recording of MEPs is of great clinical significance, since it
can be performed under general anesthesia in patients
with tumors at or close to the motor cortex or the pyrami-
dal tract. On the contrary, no intraoperative methods have
been established to monitor language function under gen-
eral anesthesia. Therefore, intraoperative monitoring dur-
ing awake craniotomy is often required to evaluate
language function when the tumor is located at or around
the language cortex or its white matter pathways.

Electrical stimulation (ES) during awake craniotomy has
been developed by introducing a biphasic current-constant
pulse and optimizing the intraoperative tasks [Berger
et al., 1989; Whitaker and Ojemann, 1977]. After propofol
was introduced in awake craniotomy in early 1990s, func-
tional mapping with ES during awake craniotomy has
become popular all over the world [July et al., 2009; Silber-
geld et al., 1992]. High-frequency ES is commonly per-
formed to identify the eloquent cortices such as the
language area around tumors. In addition to the functional
cortical mapping, the “eloquent” language fibers, namely
the association fibers related to language function, have
been extensively investigated with ES in pioneering work
by Duffau [Duffau, 2008; Duffau et al., 2005]. However,
these cortical- and subcortical ES methods could map only
part of the language network, namely, the language cortex
itself, or some (i.e., stimulus site) of the language fibers.
As a result, even during awake craniotomy, no methods
have yet been established to monitor the integrity of the
language network during surgery, as opposed to MEPs for
the motor network.

Recently, the development of diffusion tractography has
enabled us to visualize the in vivo dissection of large white
matter pathways in the living human brain. This noninva-
sive technique is widely applied for the preoperative eval-
uation of neurosurgery to trace major white matter
pathways related to important brain functions, e.g., the
pyramidal tract and the arcuate fasciculus (AF). It should
be noted, however, that these white matter pathways are
solely determined by the calculated anisotropic diffusion
of water molecules, and thus the technique itself does not

probe their functional properties [Mori and van Zijl, 2002].
This limitation should be acknowledged, especially when
the tracts representing the association fibers are traced into
the cortices, since the terminations cannot be completely
traced with this technique because of technical limitations
such as the low signal-to-noise ratio at and around the cor-
tices and fiber-crossings. Probabilistic diffusion tractogra-
phy has been developed to overcome these limitations
[Behrens et al., 2007], but it would be prudent to obtain
complementary supporting evidence for clinical applica-
tion to neurosurgery.

We have recently developed the in vivo electrical tract-
tracing method using cortico-cortical evoked potentials
(CCEPs) [Matsumoto et al., 2004]. In an extraoperative set-
ting for presurgical evaluation of epilepsy surgery, single-
pulse ES was applied directly to the cortex, and CCEPs
were recorded from the remote cortex through cortico-
cortical connections. In contrast to high-frequency (50 Hz)
ES that aimed to define brain functions such as language,
this invasive tract-tracing method with single-pulse ES
provides us with a unique opportunity to track functional
connectivity among different cortices electrophysiologi-
cally. This method has successfully delineated the lan-
guage, motor, and parietofrontal networks [Enatsu et al.,
2013; Matsumoto et al., 2004, 2007, 2012]. CCEP studies are
relatively easy to perform: for each averaged result from a
given stimulus site, it takes only 1-2 min with little patient
cooperation; the chance of provoking seizures is extremely
low, and the reproducibility or reliability of the data is
very high [Matsumoto et al., 2007]. Therefore, the CCEP
technique could be applicable in an intraoperative setting
to identify and monitor the functionally important net-
works at or in the vicinity of lesions such as tumors.

The objective of the present study was to apply this
single-pulse ES technique and to establish it as a novel
intraoperative method tp monitor the language network.
Similarly to the intraoperative MEP recording, we aimed
to monitor the degree of integrity of the language network
by stimulating Broca’s area and by recording CCEPs from
Wernicke’s area sequentially during the resection of the
tumor located around the AF. In addition, during awake
craniotomy, we attempted to obtain data supporting that
the connections we traced by CCEPs and diffusion tractog-
raphy were indeed involved in language function; 50 Hz
ES was applied to the cortex and the white matter tracts to
define their function, and 1 Hz ES was applied to the
deeply seated tract in order to trace its cortical termina-
tions at the language cortices by recording the cortical
evoked responses [subcortico-cortical evoked potentials
(SCEPs)].
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TABLE 1. Patient demographics

WAB aphasia quotient

After surgery

Tumor Language Preoperative Before 2-6 3
Age  Gender location dominancy symptoms Tumor pathology ~ surgery weeks months

Patient 1 28 Male Ins, STG Left seizure, right anaplastic 99.9 99.6 n.a.

hemiparesis astrocytoma
Patient 2 31 Female Ins, STG, MTG Left cognitive WHO grade II-1II nl? 95.6 n.a.

impairment, astrocytoma

quadrantanopsia
Patient 3 19 Female AG, SMG, PoCG  Left seizure DNT 100 100 n.a.
Patient 4 44 Female AG, SMG, PoCG  Left seizure diffuse astrocytoma 99.5 80 100
Patient5 38  Male IFG Left seizure oligodendroglioma 97.7 68.3 93
Patient 6 36  Female SMG Left asymptomatic DNT 100 100 n.a.

Ins = insula; MTG = middle temporal gyrus; PoCG = postcentral gyrus; SMG = supramarginal gyrus; AG = angular gyrus; STG = supe-
rior temporal gyrus; IFG = inferior frontal gyrus; DNT = dysembryoplastic neuroepithelial tumor; n.a. = not available.

*Normal language function by clinical examination.

MATERIALS AND METHODS
Subjects

Subjects were six patients (mean age 33 years, ranging
from 19 to 44; 2 males) with brain tumors located close to
the perisylvian language areas in the language-dominant
left hemisphere. Language dominance was defined by the
Wada test, which was performed using intra-carotid infu-
sion of propofol [Takayama et al., 2004]. On neurological
examination, four patients were unremarkable, one
showed mild hemiparesis, and the other was found to
have mild cognitive impairment and right upper quadran-
tanopsia. None of the patients showed any language
impairment preoperatively, which was evaluated by the
Japanese version of the Western Aphasia Battery (WAB) in
five patients and formal neurological examination in one
patient. Four patients had a history of partial seizures. The
pathology of the tumor was a dysembryoplastic neuroepi-
thelial tumor in two patients and glioma in four (diffuse
astrocytoma, anaplastic astrocytoma, oligodendroglioma,
and WHO Grade II-1II astrocytoma; Table I).

Language function was evaluated with the WAB before
and after surgery. Postoperative evaluation was performed
within 6 weeks of surgery. For those who showed lan-
guage impairment in the postoperative evaluation, a
follow-up evaluation was performed 2 or 3 months after
surgery.

Informed consent was obtained from all patients, and
the present study was approved by the Kyoto University
Graduate School and Faculty of Medicine, Ethics Commit-
tee (IRB C573).

In all patients, awake craniotomy was performed. A
wide craniotomy exposing the distal end of the Sylvian fis-
sure, the frontal operculum, and the posterior part of the
superior and middle temporal gyri (STG and MTG) was

performed under general anesthesia using propofol. After
the patients awoke, ES was performed mainly under local
anesthesia.

Experimental Paradigm for Language Mapping
and Preservation

Since the clinical goal was to preserve language function
during surgical procedures, we attempted to map the dor-
sal pathway of the language network [Hickok and Poep-
pel, 2004]. By using 50 Hz and single-pulse ES for
functional cortical/subcortical mapping and electrical
tract-tracing, respectively, we aimed to map and monitor
the dorsal language pathway in individual patients in the
following order:

1. Before surgery, we localized the language cortex and
the underlying white matter pathway (AF) by using
functional magnetic resonance imaging (fMRI) and
probabilistic diffusion tractography.

2. Under general anesthesia, we applied single-pulse ES
to cortical regions around the anterior perisylvian
language area (AL) that was localized based on ana-
tomic criteria or by using fMRI before surgery. Based
on the CCEP distribution in the lateral temporoparie-
tal area, ie., the CCEP connectivity pattern between
the AL and the posterior perisylvian language areas
(PLs), we determined the stimulus site (i.e., the puta-
tive AL) most appropriate for online CCEP monitor-
ing. The integrity of the dorsal language pathway
was then evaluated by online sequential CCEP moni-
toring during surgical procedures.

3. After the patient woke up, language assessment with
batteries and CCEP recording was sequentially per-
formed during surgical procedures. High-frequency
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(50 Hz) ES was applied to the frontal stimulus site
(the putative AL) to confirm its language function.

4. After tumor resection, we applied 50 Hz ES to the
floor of the removal cavity to evaluate the function of
the underlying white matter tract. We also applied
single-pulse ES to the removal floor and recorded
SCEPs from the ventorolateral frontal area and the
lateral temporoparietal area. This white matter stimu-
lation was performed in an attempt to trace the
language-related tracts into the cortex so that we
could evaluate the whole dorsal language pathway.

We describe the actual procedures of the aforemen-
tioned methods in the following paragraphs. Intraopera-
tive methods are described first, followed by the
preoperative noninvasive methods.

Intraoperative CCEP Mapping During
General Anesthesia

After craniotomy under general anesthesia, strip or grid-
type subdural electrodes were placed on the ventrolateral
frontal and lateral temporoparietal cortices (see Fig. 1 for
electrode configurations). The area of electrode placement
was determined according to the noninvasive presurgical
fMRI and tractography findings. The electrodes were
made of platinum with a recording diameter of 3 mm and
an inter-electrode distance of 1 cm (Unique Medical Co.,
Ltd., Tokyo, Japan).

The details of CCEP recording have been reported else-
where [Matsumoto et al., 2004, 2007, 2012]. A 32-channel
intraoperative monitoring system (MEE 1232 Neuromaster,
equipped with MS 120B electrical stimulator; Nihon-
Kohden, Tokyo, Japan) was used for delivering electric
currents and for recording CCEPs and raw electrocortico-
gram (ECoG). All the data were digitized at a sampling
rate of 5,000 Hz. To electrically trace the cortico-cortical
connections in vivo, single-pulse ES was applied to the cor-
tex in a bipolar fashion through a pair of adjacently placed
electrodes. Square-wave electrical pulses of alternating
polarity with a pulse width of 0.3 ms were delivered at a
fixed frequency of 1 Hz and intensity of 10-15 mA.
Recordings from subdural electrodes were referenced to a
scalp electrode placed on the skin over the mastoid pro-
cess contralateral to the side of electrode implantation.
CCEPs were online obtained by averaging ECoGs time-
locked to the stimulus onset, with a time window of 400
ms (Patients 1, 2, 4, 5, and 6) or 1,000 ms (Patient 3), and a
band-pass filter of 0.5-1,500 Hz (Patients 4-6) or 1-1,500
Hz (Patients 1-3). The baseline was set at 4.8 ms (Patients
1,2,4,5, and 6) or 12 ms (Patient 3) before stimulus onset.
Two to three trials of 30 responses each were averaged
separately to confirm the reproducibility of the responses.
During recording, the patients were requested not to per-
form any tasks, including language tasks, while the
patients fully awoke. Raw ECoG was simultaneously

recorded to monitor afterdischarges and possible ECoG
seizures and to record raw ECoG data for offline analysis.

The candidates for the frontal stimulus site were deter-
mined by checking the anatomy carefully [the pars opercula-
ris (TFGop), the pars triangularis (IFGtr) and adjacent areas],
the activation area in the {MRI language task, and the cortical
terminations of the AF tract drawn by probabilistic diffusion
tractography, all of which were implemented in a neuro-
navigation system (Vector Vision Compact, BRAINLAB,
Heimstetten, Germany). Three to eight pairs per patient were
selected as the candidate stimulus sites. Single-pulse ES was
delivered to each candidate site and CCEPs were recorded
from the electrodes on the lateral temporoparietal area cover-
ing the putative PL. A large CCEP response with an N1 peak
at 20-40 ms in the lateral temporoparietal area was consid-
ered to represent the cortico-cortical connections between the
AL and PL [Matsumoto et al., 2004]. Based on the CCEP dis-
tribution, namely, the localization of the maximum CCEP
response in the lateral temporoparietal area, the frontal stim-
ulus site was selected for online sequential CCEP recordings.
In other words, we determined the putative AL based on the
locus of that led to peak CCEP amplitude evoked in PL (i.e.,
optimal CCEP connectivity pattern).

During the surgical procedure, under general anesthesia,
the integrity of the dorsal language pathway was monitored
online by stimulating the putative AL and by recording
CCEP from the temporoparietal area, i.e., at and around the
putative PL, in a sequential fashion at 1015 min of intervals.

Intraoperative CCEP Mapping
During Awake Craniotomy

After the patients woke up, during the surgical proce-
dure, language function was evaluated during tumor
removal by (1) 1 Hz stimulation to monitor the language
network online, i.e., sequential CCEP recording and (2)
examining the patient with language batteries: spontane-
ous speech, reading, picture naming, and word repetition.

In order to confirm language function at the frontal
stimulus site, namely, the putative AL, language mapping
was performed by conventional 50 Hz cortical ES (square-
wave pulse of alternating polarity with a pulse width of
0.3 ms, 3-5 s, 5-12 mA). Reading and picture naming tasks
were used. We judged the behaviors as significantly
impaired when the findings were reproducible in the
absence of afterdischarges [Matsumoto et al., 2011].

Intraoperative SCEP Mapping During Awake
Craniotomy

In five out of six patients, after the removal of the
tumor, we further evaluated the function and connectivity
of the white matter pathway beneath the floor of the
removal cavity. In Patient 2, subcortical stimulation was
not feasible because of intraoperative brain edema. Strip or
grid-type electrodes [1 X 4 strip (Patients 1, 3, 4, and 6), 2
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tumor

Patient 1

Patient 2

Patient 3

Patient 4

Patient 5

Patient 6

QO  visible electrode
invisible electrode
@@ stimulus site

language fMRI

' tumor

"D arcuate fasciculus
@ fMRI activation

arcuate fasciculus
(long segment)

m—— central sulcus

mmmmes precentral sulcus

Figure 1.

Noninvasive anatomo-functional mapping of the dorsal language
network. The left column: 3D MRI shows the long segment of
the AF (green) and the tumor (red) around the AF. The middle
column: The anterior and posterior perisylvian language cortices
defined by shiritori word generation fMRI (dark yellow) are
shown in comparison with the subdural electrodes. Only the
activation areas outside the pre- and postcentral gyri are shown

for clarity. White circles denote visible electrodes in the opera-
tive view, and gray circles invisible electrodes. Note that the
frontal CCEP stimulus site (a black pair of electrodes) corre-
sponded with the anterior language area defined by fMRI in all
patients. The right column: The AF tracts (green) were shown
in comparison with subdural electrodes.

* 4349 »

314



¢ Yamao et al. ¢

X 8 grid (Patient 5)] were placed so that the stimulus site
(a pair of two adjacent electrodes) became the closest to
the AF tract integrated in the neuro-navigation. To define
the function of the white matter tract, reading and picture
naming tasks were performed when high-frequency ES (50
Hz, 3-5 s, 10-15 mA) was applied to the white matter at
the stimulus site. Only the impaired behaviors that were
reproducible without afterdischarges in ECoG were
adopted as significant. To trace the connection from the
subcortical stimulus site to the frontal and temporoparietal
cortices, single-pulse ES (1 Hz, 10-15 mA, 2 X 30 trials)
were delivered to the stimulus site. SCEPs were recorded
from the electrodes on the frontal and temporoparietal cor-
tices. Since a 32-channel intraoperative monitoring system
was used, SCEPs and raw ECoG were recorded from the
selected electrodes around the frontal stimulus sites and
temporoparietal CCEP response sites. The averaging meth-
ods of SCEPs were the same as those of CCEPs.

Display and Analysis of CCEP and SCEP

As previously reported [Matsumoto et al.,, 2004], CCEPs
consist of an early (N1) negative potential and a late (N2)
negative potential. The N1 peak was visually identified as
the first negative deflection that was clearly distinguishable
from the stimulus artifacts. The onset, peak latency, and
amplitude of N1 were measured as reported previously else-
where [Matsumoto et al.,, 2004]. Briefly, a line was drawn
from the onset to the offset of the N1 potential for each data
point, and the N1 amplitude was measured as the height of a
vertical line drawn from the negative peak of N1 to the inter-
section of the vertical line with the above-described line.

In order to illustrate the distribution of each activity
over the cortices, a circle map was employed based on the
amplitude percentage distribution, in which the diameter
of the circle at each electrode represented the percentile to
the maximal amplitude of that particular activity (Fig. 2).
Since we had not performed intraoperative MRI, the place-
ment of electrodes was identified based on operative
observation and neuro-navigation data.

The CCEP amplitude was continually monitored in com-
parison with the largest CCEP amplitude recorded at the
PL immediately after the patients were awakened. The
baseline CCEP amplitude was adopted at this awake con-
dition since general anesthesia could reduce -cortical
evoked potentials [Howard et al., 2000], and surgical pro-
cedures at and around the language cortex and fibers were
usually planned during the awake condition.

In order to avoid intraoperative artifacts, CCEPs and
SCEPs were also analyzed offline in MATLAB (Math-
works, Inc., Natick, MA) by averaging ECoGs time-locked
to the stimulus onset, with a time window of 600 ms
(from 100 ms before to 500 ms after the stimulus onset)
and a band-pass filter (the same as intraoperative online
methods). The baseline was set at 95 ms before stimulus
onset.

MRI Data Acquisition Before and After Surgery

MRI scans were performed before and after surgery.
Postoperative MRI scans were usually done between 2 and
6 weeks after surgery. Diffusion-weighted images (DWI),
fMRI, and a T1 weighted anatomical image were acquired
on a 3-Tesla Trio scanner (Siemens, Erlangen, Germany).
The parameters of DWI, the T1-weighted image, and the
dual gradient field map are reported elsewhere [Oguri
et al.,, 2013]. fMRI was performed only preoperatively by
using echo planar imaging in an axial orientation with the
following parameters: repetition time=2,500 ms, echo
time = 30 ms, flip angle = 90°, voxel size=3 mm X 3 mm
X 3 mm, field of view =192 mm X 192 mm, matrix
size = 64 X 64, 40 slices.

fMRI Language Task and Data Analysis

The Japanese shiritori word generation task was used.
“Shiritori” is a popular Japanese word chain game to gen-
erate an appropriate noun that starts with the last kana let-
ter of the noun presented just before it in tandem. For
example, when “ringo” (apple) is presented, the patient
must generate a noun beginning with the kana letter “go,”
such as “gorira” (gorilla). The activated brain areas are
similar to those activated in Western word generation
tasks: the left inferior frontal gyrus (IFG) [including IFGop,
IFGtr, and the pars orbitalis (IFGor)], the left superior and
middle frontal gyri (MFG), the right IFG, and the right cer-
ebellar hemisphere in right-handed healthy subjects [Inoue
et al., 2011].

Patients were instructed to do shiritori silently in the
activation block and to fixate on a white crosshair, without
any body movements, in the rest block following the vis-
ual stimuli through a mirror built into the head coil. Each
fMRI session consisted of four activation blocks (30 s
each), and five rest blocks (30 s each). Two sessions were
performed in each patient.

Functional data were analyzed by FMRIB Software
Library (FSL 4.1.6; www.fmrib.ox.ac.uk/fsl) [Smith et al.,
2004] and Statistical Parametric Mapping (SPM) 8 (Well-
come Department of Cognitive Neurology, London, UK;
www fil.ion.ucl.ac.uk/spm), as reported elsewhere [Oguri
et al., 2013]. Statistical maps comparing the shiritori word
generation and rest were calculated at a threshold of
P <0.001 (uncorrected).

Diffusion Tractography of the AF

The AF was reconstructed by placing two regions of
interest (ROI) in the cerebral deep white matter on a coro-
nal directional color-coded map [Matsumoto et al., 2008;
Wakana et al., 2007]. To reconstruct the AF tract, an ante-
rior ROI was identified in the coronal slice at the level of
the midpoint of the posterior limb of the internal capsule
as a triangle-shaped region where the fibers were running
in an anterior-posterior orientation. A posterior ROI was
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CCEP waveform at the maximum response site

Patient 1 before and after removal
N1 CCEP N1 amplitude
—— before removal: 342 uV
—— after removal: 368 pV
—
100 v
. 50 ms
Patient 2
—— before removal: 500 nV
— after removal: 440 uV
T (12% decrease)
100 pV
. 50
Patient 3 "
—— before removal: 311 pV
S — after removal: 329 uV
100 puV
. 50
Patient 4 "
—— before removal: 383 pV
—— after removal: 260 pV
(32% decrease)
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— before removal: 197 pV
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Figure 2.

Behavior of the CCEP NI amplitude during tumor removal in  response site. The right column shows the NI waveform at the
the awake condition. The left column shows the CCEP distribu- maximum CCEP response site in each patient. The black line
tion with a circle map in each patient in the awake condition. represents the NI waveform immediately after the awake condi-
The diameter of the circle at each electrode represented the tion, and the red line that after tumor removal. A NI amplitude
percentile to the largest amplitude at the maximum CCEP decrease was noted in Patient 2 (12%) and Patient 4 (32%).
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identified in the axial slice at the level of the anterior com-
missure as a region where the fibers in the superior-infe-
rior orientation were running lateral to the sagittal stratum
[Wakana et al., 2007].

Probabilistic diffusion tractography was drawn from the
anterior ROI to the posterior ROI by using tools from FSL,
as reported elsewhere [Oguri et al., 2013]. To exclude erro-
neous connections, samples were discarded if they passed
into the interhemispheric fissure, thalamus, or ipsilateral
peduncle. The threshold of tractography was set to 0.1% of
the maximum connectivity value. The connectivity value
was the number of samples that pass through the voxel,
which was automatically output by the FSL software. This
threshold was set lower than in the previous tractography
study [Yogarajah et al., 2010], in order to describe the trac-
tography until cortices and to avoid the influence of brain
edema caused by the tumor. All the ROI manipulations
were performed by one author (Y.Y.) who had sufficient
experience with fiber tractography.

Validation of the CCEP/SCEP Stimulus and
Response Sites

During the awake condition, language function was con-
firmed by 50 Hz ES at the stimulus sites for CCEP (the
frontal cortex) and SCEP (white matter pathway). In addi-
tion, the anatomical locations of the CCEP/SCEP stimulus
and response sites were compared with the activation area
of fMRI by the shiritori word generation task and with the
cortical terminations of the AF tract. We regarded the find-
ings of the invasive and noninvasive tests as consistent
when the distance between the stimulus/response site
(either electrode between a pair) and either the activation
area of fMRI or the cortical termination of the AF tract
was within 7 mm, as reported in a previous combined
study of CCEP and tractography [Conner et al., 2011]. As
for the CCEP/SCEP response site, the electrodes showing
>20% of the amplitude of the maximum response were
defined as CCEP/SCEP-positive electrodes, and adopted
for validation of the findings of the noninvasive test. We
regarded the findings of the AF tract and high-frequency
ES in the white matter as consistent when the distance
between the AF tract and the stimulus site was within 6
mm, as described in a previous study [Kamada et al,
2007].

RESULTS

CCEP Connectivity Pattern Between the
Perisylvian Language Areas

~In all patients, single-pulse ES was delivered, under gen-
eral anesthesia, to the candidate cortices for the frontal stim-
ulus site (3-8 sites per patient), according to the
preoperative evaluation. As shown in a representative case
(Patient 4, Fig. 3), four candidate stimulus sites were stimu-

lated in the left IFGtr and IFGop, and CCEPs were recorded
from the 2 X 8 grid placed in the left temporoparietal area.
CCEP connectivity was changed considerably by shifting
the stimulus site by 1 cm along the rostrocaudal dimension.
It was the stimulation at the IFGtr (the electrode pair of
B05-13) that elicited the maximum CCEP response (Elec-
trode A04, N1 peak latency of 25.8 ms) in the posterior part
of the STG. The candidate stimulus site that showed the
maximum CCEP response in the left lateral temporoparietal
area with a relatively early N1 peak was defined as the
putative AL. This putative AL was then used as the stimu-
lus site for subsequent online CCEP monitoring. In all
patients, the CCEP connectivity pattern successfully
delineated the frontal stimulus site (the putative AL) and
the maximum CCEP response site (the putative PL) for the
sequential monitoring of CCEP amplitude (Fig. 2).

The results of CCEP are summarized in Tables II and
HI. The frontal stimulus site (the electrode pair in the puta-
tive AL) was located in the IFGtr in four patients, the
IFGop in three, and the most caudal part of the MFG in
one. In all patients, the frontal stimulus site was confirmed
as the core AL by high-frequency ES; speech arrest was
observed in four patients (Patients 1, 4, 5, and 6), and
slowing of speech in two (Patients 2 and 3) during the pic-
ture naming task. As expected from the results of high-
frequency ES, the location of the frontal stimulus site was
consistent with that of fMRI activation in all patients and
the cortical terminations of the AF tract in five.

Upon AL stimulation, CCEPs were recorded from the
posterior part of the STG (six patients)) MTG (four
patients), and the inferior temporal gyrus (ITG, three
patients) in the temporal lobe, as well as the angular and
the supramarginal gyri (AG/SMG, three patients) in the
parietal lobe (see Table III for N1 latency). In the lateral
temporoparietal area, fMRI activation was observed in
four patients, and the cortical terminations of the AF tract
could be traced into the cortex in all but Patient 2 who
had a large tumor and surrounding edema in this area.
The distribution of CCEP response sites was consistent
with fMRI activation in four patients, and with the cortical
terminations of the AF tract in four.

Online CCEP Monitoring and Functional
Outcome

Except for two patients in whom the grid was replaced
or moved because of clinical necessity when the patients
awoke, CCEPs were monitored with the exact same elec-
trode position during both general anesthesia and awake
condition (four patients). In these four patients, when the
patients woke up, the N1 amplitude increased by an aver-
age of 116 iV (ranging from 96 to 139), increased by 60%
at the maximum CCEP response site. The CCEP distribu-
tion did not change (i.e., did not get wider). As for the N1
latencies, the onset latency changed by an average of 1.0
ms (ranging from —0.8 to 3.3), and the peak latency
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