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Abstract: As a new tool to quantify primary motor pathways and predict postoperative motor deficits in chil-
dren with focal epilepsy, the present study utilized a maximum a posteriori probability (MAP) classification of dif-
fusion weighted imaging (DWI) tractography combined with Kalman filter. DWI was performed in 31 children
with intractable focal epilepsy who underwent epilepsy surgery. Three primary motor pathways associated with
"finger," "leg," and "face" were classified using DWI-MAP classifier and compared with the results of invasive
electrical stimulation mapping (ESM) via receiver operating characteristic (ROC) curve analysis. The Kalman fil-
ter analysis was performed to generate a model to determine the probability of postoperative motor deficits as a
function of the proximity between the resection margin and the finger motor pathway. The ROC curve analysis
showed that the DWI-MAP achieves high accuracy up to 89% (finger), 88% (leg), 89% (face), in detecting the three
motor areas within 20 mm, compared with ESM. Moreover, postoperative reduction of the fiber count of finger
pathway was associated with postoperative motor deficits involving the hand. The prediction model revealed an
accuracy of 92% in avoiding postoperative deficits if the distance between the resection margin and the finger
motor pathway seen on preoperative DWI tractography was 19.5 mm. This study provides evidence that the
DWI-MAP combined with Kalman filter can effectively identify the locations of cortical motor areas even in
patients whose motor areas are difficult to identify using ESM, and also can serve as a reliable predictor for motor
deficits following epilepsy surgery. Hum Brain Mapp 35:3216-3226, 2014. ©2013 Wiley Periodicals, Inc.
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INTRODUCTION

The principle of presurgical evaluation for epilepsy is to
determine the spatial relationship between the epilepto-
genic zone and functionally important ("eloquent") cortex

[Rosenow and Luders, 2001]. Without accurate localization
of such brain regions, one cannot secure the ultimate goal
of epilepsy surgery, which is to resect the epileptic tissue
without creating a new sensorimotor or cognitive deficit.
The most vital structures to be preserved include the
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primary cortical motor areas and underlying motor
pathways.

The gold-standard method to define the primary motor
areas is electrical stimulation mapping (ESM) via subdural
electrodes implanted on the brain surface [Lesser et al.,
2010; Wylle and Awad, 1991]. However, ESM is not an
ideal diagnostic modality, because of its insensitivity to
find the motor areas in young children [Chitoku et al.,
2001; Haseeb et al., 2007; Wylle and Awad, 1991]. A previ-
ous study reported that no contralateral hand movement
was elicited by electrical stimulation in 15 of 65 children,
and that the average age of these 15 patients was 3.4 years
[Haseeb et al., 2007]. Inevitable limitations of ESM also
include sampling errors; for example, the primary motor
leg area is difficult to localize by ESM, unless subdural
electrodes are placed exactly on the cortical tissues of
interest in the interhemispheric fissure. An alternative
approach to localize hand motor areas is functional MRI
(fMRI). However, fMRI is highly susceptible to movement
artifacts and demands cooperative behaviors during scan-
ning; thus, its success rate in young children is limited
[Berntsen et al., 2008; de Ribaupierre et al., 2012; Grabski
et al., 2012; Rumpel et al., 2009; Wengenroth et al., 2011].
Indeed, proportional success rate for the completion of an
individual fMRI run in children with epilepsy was
reported to be 60 = 5% at ages of 4-6 years [Yerys et al.,
2010], suggesting limited applicability of fMRI to young
children with epilepsy.

To overcome the limitations of ESM and fMRI, our
recent study applied independent component analysis
combined with ball and stick model (ICA+BSM) tractogra-
phy [Jeong et al., 2012, 2013a] to achieve an automatic clas-
sification of different primary motor pathway segments,
called a maximum a posteriori probability (MAP) classifier
[Jeong et al., 2013b], which can automatically detect three
important pathways of “finger,” “leg,” and “face” areas
from both corticobulbar tracts (CBT) and corticospinal
tracts (CST), based on their stereotaxic atlases constructed
from healthy children. Compared with fMRI and ESM,
this method achieved high accuracy to detect correct loca-
tions of “finger,” “leg,” and “face” areas derived from clin-
ical diffusion weighted imaging (DWI) data [Jeong et al.,
2013a,b]. The proposed method does not require patient
cooperation and can be ultimately applied to other path-
ways in infants and young children in whom localization
of the primary motor cortex is difficult using fMRI or
ESM. fMRI studies also involve an additional cost,
whereas the proposed DWI approach can be acquired as a
part of the clinical MRI. Therefore, validation using the
clinical outcome is warranted to determine if this can be
considered as a reliable noninvasive, alternative imaging
method for planning surgical intervention in young chil-
dren with focal epilepsy. The specific goals of the present
study were: (1) to assess whether the DWI-MAP classifier
can delineate the primary motor pathways of “finger,”
“leg,” and “face” whose ESM failed to detect motor sites
in children with epilepsy, (2) to assess whether the DWI-

MAP can delineate primary motor areas of “finger,” “leg,”
and “face” in the vicinity of structural lesions, (3) to quan-
tify the baseline of motor function in “finger,” “leg,” and
“face” before surgical resection, and (4) to develop a new
clinical model combining "DWI-MAP classifier" with "Kal-
man filter" [Hamilton, 1994] for prediction of postoperative
motor deficits and for defining the optimal safety margin
of resection to avoid postoperative motor deficits. We
expect that this new paradigm, if validated, will have a
significant impact on the clinical management of epileptic
patients whose epileptogenic zone is in close proximity to
the motor pathways.

METHODS
Study Subjects

Thirty-one children with a diagnosis of focal epilepsy
(age: 8.3+6.9 years, 0.7-17.1 years, 16 boys) were investi-
gated in this study. All participants were right-handed.
None of the patients had significant hemiplegia. Some
patients had minor fine motor deficits but gross motor
function was preserved in all patients before surgery. Fif-
teen children had structural lesions within the rolandic
region or a gyrus immediately adjacent to it on neuroimag-
ing. The 31 patients were selected by using the following
inclusion criteria: (i) a history of intractable focal epilepsy
scheduled for extraoperative subdural ESM as a part of
presurgical evaluation at Children’s Hospital of Michigan,
Detroit, (ii) mapping of motor and sensory functions via
ESM. The exclusion criteria consisted of: (i) history of gross
motor deficits, (ii) history of previous neurological surgery,
and (iii) presence of massive brain malformations (such as
large perisylvian polymicrogyria or hemimegalencephaly
which entirely eliminate the anatomical landmarks for the
central sulcus and sylvian fissure); these patients usually
undergo one-stage hemispherectomy without extraopera-
tive electrocorticography recording in our institute. Patients
with other lesions including focal cortical dysplasia, corti-
cal tubers, brain tumor, gliosis, and inflammation were not
excluded from this study.

All study participants received a set of preoperative
evaluations, such as clinical assessment of gross motor
performance and MRI scans, while 13 participants had the
same evaluations after epilepsy surgery. Post-operative
motor impairment, presence or absence of newly devel-
oped gross motor deficit, was assessed clinically by a pedi-
atric neurologist at the time of post-operative MRI scan.
All studies were performed in accordance with policies of
the Wayne State University Institution Review Board with
written informed consent.

Data Acquisition

MRI scans were performed on a 3T GE-Signa scanner
(GE Healthcare, Milwaukee, WI) equipped with an
8-channel head coil and ASSET. Pre- and post-operative
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DWTI data were acquired as a part of the clinical MRI, with
a multi-slice single shot diffusion weighted echo-planar-
imaging (EPI) sequence at TR =12,500 ms, TE =88.7 ms,
FOV =24 cm, 128x128 acquisition matrix (nominal reso-
lution =1.89 mm), contiguous 3 mm thickness in order to
cover entire axial slices of whole brain using 55 isotropic
gradient directions with b= 1,000 s/ mm?, one b=0 acqui-
sition, and number of excitations (NEX)=1. Approximate
scanning time for this acquisition was about 12 min using
double refocusing pulse sequence to reduce eddy current
artifacts. For anatomical reference, three-dimensional fast
spoiled gradient echo sequence (FSPGR) was acquired for
each participant at TR/TE/TI of 9.12/3.66/400 ms, slice
thickness of 1.2 mm, and planar resolution of 0.94Xx0.94

1’1’11’1’12 .

Extraoperative Electrocorticography and
Electrical Stimulation Mapping (ESM)

All patients underwent subdural electrode placement as
a part of the clinical management for medically uncon-
trolled seizures. Extraoperative electrocorticography was
obtained, and the seizure onset zones were clinically deter-
mined in each case [Asano et al., 2009].

ESM, using the method previously established [Fukuda
et al., 2008; Haseeb et al., 2007], was performed as part of
the clinical care during extraoperative electrocorticography
recordings. A pair of subdural electrodes was stimulated
by an electrical pulse-train of 5-s maximum duration using
pulses of 300 ps duration and frequency of 50 Hz. Initially,
stimulus intensity was set to 3 mA. Stimulus intensity was
increased from 3 to 9 mA in a stepwise manner by 3 mA
increments until a clinical response or after-discharge on
electrocorticography was observed. When an after-
discharge without an observed clinical response, or when
neither a clinical response nor an after-discharge was
induced by the maximally intense stimuli, the site was
declared “not proven eloquent”. When both a clinical
response and after-discharges occurred, another pulse-
train of the same or 1 mA smaller intensity was used until
either a clinical response or an after-discharge failed to
develop. Cortical regions underlying electrodes whose
stimulation induced a contralateral movement, without
after-discharges, were defined as “the primary motor
areas” for a given body part: finger, leg, and face. Those
sites were spatially registered to MRI space [Fukuda et al.,
2008] and then used as the ground-truth for the compari-
son with DWI-MAP classification.

Cortical resection was guided mainly by ictal and inter-
ictal extraoperative electrocorticography, as well as neuroi-
maging data [Asano et al., 2009]. We generally intended to
remove all of the seizure onset zones in most of the
patients. When the seizure onset zones were close to or
within the eloquent cortex such as the ESM-defined senso-
rimotor area, the extent of cortical resection was deter-
mined after the epilepsy surgery team and the family of

Onset
=. Spiking

Figure I.
An example of ESM to determine epileptogenic zone (cyan), fin-
ger area (blue), and resection margin, d (black). Black circles
indicate an array of subdural electrodes placed on the brain.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

the patient had extensive discussions regarding the pros
and cons of surgical resection of such areas. The resection
margin was marked and documented using intraoperative
pictures taken before and immediately after the resection

(Fig. 1).

DWI-MAP Classification to Detect Primary
Motor Pathways

Details of DWI-MAP classifier were reported in our
recent study [Jeong et al., 2013b]. For each participant,
whole brain ICA+BSM tractograpy was performed to
reconstruct white matter fibers, f(x,y,z) in the CBT/CST
pathways. To classify individual fibers, fi(x,y,z) into one
of the following four classes (i.e., C;: mouth/lip CBT,
Cy: finger CST, Cj: leg CST, C4: other remaining CBT/
CST), stereotaxic MNI probability maps of four CBT/
CST pathways, P(x,y,z1Ci—=1,34) were placed into the
participant’s head space by applying the inverse of spa-
tial deformation obtained between the subject’s b0
image and MNI b0 template [Ashburner, 2007; Jeong
et al, 2013b]. Under equal priors for four classes,
Ci=123,4, this study assumes that a posteriori probability
of a fiber fi(x,y,z) to belong to a class C;, P(f;ICy, is
equal to an average value of P(x,y,z|C;) over the entire
trajectory of fi(x,y,z).

PHC) =y XS Yy PwyAC) W)
x Yy oz

where P(x,y,z1C;) represents a stereotaxic probability map
of class C; in native head space obtained via inverse
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Figure 2.

Automatic detection of three pathways using the DWI-MAP
classifier, C;: mouth/lip (blue), C;: finger (red), Cs: leg (green)
obtained from 9 years old child with focal epilepsy and a lesion
involving the pre/post-central gyrus. The ESM sites of mouth/lip
(cyan), finger (pink), and leg (yellow) were compared with C|,
C,, and C; of DWI-MPA classifier, respectively. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

spatial normalization of a standard atlas, P(x,y,z|C;) map-
ping from MNI b0 template to the subject’s b0 image [Ash-
burner, 2007]. The value of f(x,y,z) is equal to a unit when
fiber f; intersects a point (x,y,z). N indicates the total num-
ber of intersections. Since the present study assumes an
equal prior of C; for i=1,23,4, the argument of i having
the maximum posteriori probability, P(f;IC;), determines
the class membership of a given fiber, f;.

Figure 2 shows an example of DWI-MAP classification
obtained from a patient with a lesion involving the pri-
mary motor area in the precentral gyrus. It is apparent
that the DWI-MAP classifier can delineate three motor
pathways near the lesion. Since the DWI-MAP classifier
refers to probabilistic values of individual CST/CBT fibers
ranging from the internal capsule to cortex, it has the abil-
ity to detect CST/CBT pathways that are partially deviated
to an unpredicted direction due to a lesion located in the
region of these pathways.

Comparison of DWI-MAP Classification With
ESM

To train an optimal DWI-MAP classification and avoid a
circular analysis in comparing the DWI-MAP classification
with ESM, we employed a systematic “leave-one-out” trial
approach where M-whole brain tracts, fj—12,.a, of a single
subject was classified into one of four classes, Cij—1534, by
instantaneous DWI-MAP classifier whose P(x,y,z1Ci=134)

was learned on the remaining subjects in the same group
[Jeong et al., 2013b]. At each trial, the cortical points of
individual fibers, f;, in C; defined functional areas of C;
determined by DWI-MAP. Areas of DWI-MAP were com-
pared with their gold standard, ESM grid electrode loca-
tions for children with focal epilepsy, with a match
considered to occur if areas of DWI-MAP contacted and
overlapped areas of the gold standard. Matches between
the DWI-MAP and the gold standard were also assessed
as a function of distance to estimate receiver operating
characteristic (ROC) curves [FitzGerald et al., 1997; Jeong
et al., 2013a,b]. The borders of DWI-MAP areas (Ci—123)
were extended by 5, 10, 15, and 20 mm to determine
whether the number of matches changed. The sensitivity,
specificity, and accuracy of C;—1,3 were assessed in each
subject, separately. Finally group averaging of accuracy,
sensitivity, and specificity for C;—1,3 was performed for
all possible leave-one-out trials.

Kalman Filter Analysis to PredictMotorDeficit
and Optimal Resection Margin

The present study introduces the theory of Kalman filter
[Hamilton, 1994] to determine an optimal margin of resec-
tion to avoid postoperative motor deficits and determine
the probability of motor deficits as a function of distance
between the motor pathways and the resection margin.
We assume that the resection margin, d, is a dynamic vari-
able to control the state vector, x(d), affecting the postoper-
ative change in fiber count, y(d), where the linear dynamic
system models a stochastic process with linear dynamics:
x(d), and linear observation: y(d).

x(d+1)=Fx(d)+w(d),w ~ N(0,Q),x(0) ~ N(x(0), V(0))
y(d)=H*x(d)+v(d),v ~ N(0,R)
2)

where x(d) is the hidden state at a given margin, d and
y(d) is the observation, which is the reduced extent of fiber
count after the surgery. F and H indicate system matrix
and observation matrix in the linear dynamic model,
respectively. Q, R, and v represent system covariance,
observation covariance, and state covariance, respectively.
N(,X) indicates white Gaussian noise with mean, p, and
covariance, X.

The Kalman filter is known as a linear quadratic esti-
mation to learn the conditional probability of
P(x(d) ly(1),y(2),...,y(d)) via expectation maximization. By
referering to ESM and DWI-MAP, both d and y(d) are
observed after the surgery. These two variables are then
utilized to estimate the hidden state vector, x(d) in Eq.
(3). To obtain a better estimate of y(d) in a relatively
smaller sample size, this study utilizes the Rauch-Tung-
Striebel (RTS) algorithm [Rauch et al., 1965], which per-
forms fixed-interval offline smoothing. Finally, an opti-
mal margin, d,p, securing no loss of fibers, is found at
Y(dopy)=0. The probability of postoperative motor deficit

¢ 3219 ¢


wileyonlinelibrary.com

¢ Jeong et al. ¢

at a given margin (d): P(deficit| d) is estimated by the fol-
lowing equation:
d
P(deficit|d)=1— J B(d)dd,

o

—
W

=

WhereB(d)—rc,a(d)—y(d)—min (v(d))

0
where B(d) represents a cummerative density function of
a(d) defining the measurement y(d) corrected with its mini-
mal value, min(y(d)).

RESULTS

Accuracy of DWI-MAP Classifier in Children
With Focal Epilepsy

The DWI-MAP classifier showed that the cortical areas
of C; (mouth/lip), C, (finger), and C; (leg), were mainly
localized at or near the pre/post-central gyrus, and these
DWI-defined areas apparently matched well to those of
the gold-standard ESM in 31 children with epilepsy
(Fig. 3). The ROC curves of sensitivity, specificity, and
accuracy of data are shown in Figure 4. Using leave-one-
out cross validation, the sensitivity of the DWI-MAP over
ESM increased from 36% (mouth/lip), 59% (finger), 60%
(leg) to 94% (mouth/lip), 100% (finger), and 100% (leg),
respectively, as the criterion changed from “contact” to

C,: Mouth/Lip

ESM

DWI-MAP

C,: Finger

0
Overlap Percentage
(n=31)

“20 mm away from the center of the electrode”. The speci-
ficity of the DWI-MAP classifier decreased from 98%
(mouth/lip), 96% (finger), 97% (leg) to 87% (mouth/lip),
80% (finger), 84% (leg) as the criterion was relaxed from
“contact” to “20 mm from the tracts to the center of the
electrode”. The DWI-MAP provided high accuracy for the
CST fibers terminating in proximity to the localization of
ESM, 77% for mouth/lip, 76% for fingers, 86% for leg
(contact), and 89% for mouth/lip, 89% for finger, 88% for
leg (within 20 mm).

The ROC analyses obtained from age-gender matched
two groups of children with focal epilepsy, i.e., group 1
(Gy): focal epilepsy with no lesion (n=16), and group 2
(Gy): focal epilepsy with lesion (1=15) are presented in
Figure 5. Comparable accuracy was found in C;/C,/Cs of
the two groups (Gi: 77%/77%/83% and Gy: 77%/75%/
88% at the criterion of contact), suggesting that DWI-MAP
classifier can detect the three motor pathways without
being affected by the presence of structural lesions.

Postoperative Change in Fiber Count Measured
by DWI-MAP Classifier

Figure 6 presents representative examples of C, (finger)
where preoperative and postoperative DWI-MAP classifi-
cations were compared in two children with focal epi-
lepsy. In the first child, the resection of the presumed
epileptogenic zone in the right frontal lobe yielded no
postoperative loss of the finger pathway. In the second

C.:Leg

100

50

Figure 3.
Comparison of overlap percentage maps obtained from ESM (top) and DWI-MAP classification
(bottom) in children with epilepsy (n = 31). Both ESM and DWI-MAP of individual subjects were
spatially transferred into standard MNI space and overlapped across subjects. Color bar indicates
the overlap percentage of all cortical localizations obtained by each modality. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4.
Receiver operator curve analyses for the three pathways, C,: mouth/lip (A), C;: finger (®), and
Cs: leg (M). For each of five separation criteria (contact, 5 mm, 10 mm, |5 mm, 20 mm), the
group average of sensitivity, specificity, and accuracy was evaluated from children with focal epi-

lepsy (n=31).

child, the resection of the right hemispheric cortex includ-
ing a brain tumor resulted in a marked loss of the finger
pathway, yielding significantly reduced CST fibers in the
right hemisphere on postoperative MRI (because the
tumor involved most of primary motor area at the central
sulcus).

Postoperative fiber count changes in C, (finger) were
analyzed in 13 children with focal epilepsy, all of who had
no presurgical motor impairment (Fig. 7). Six of the 13
children suffered from postoperative hand motor deficits.
All seven children with no postoperative hand motor defi-
cits showed no change or even slightly increased fiber
count in G, (finger), indicating intact (and normally devel-
oping) CST fibers. Conversely, five of the six children in
the group with new postoperative motor deficit showed
significantly reduced fiber counts in C, of DWI-MAP clas-
sification, suggesting that the proposed DWI-MAP can
effectively quantify postsurgical motor deficits.

Prediction of Postoperative Hand Motor Deficit and
Optimal Resection Margin Using Kalman Filter

By adapting the theory of Karma filter in Eq. (2), it was
found that fiber count of C, (finger) increased exponen-
tially as a function of resection margin. An optimal mar-
gin, securing no loss of fibers (or no associated motor
deficit), dopt, was found at 19.5 mm (Fig. 8). Notably, there
were no patients who suffered postoperative weakness
when resection was done beyond this optimal margin.

The probability of motor deficit in C, (finger), estimated
by using Egs. (2) and (3), quadratically decreased as the
resection margin increased (Fig. 9). The probability of
motor deficit, p(deficit| d=d,) in the finger pathway was
approximately predicted at the range of 0.5+ 0.061, imply-

ing that when the resection margin from ESM finger site
(d) is determined at dope=19.5 mm, there is an even
chance to yield a postoperative motor deficit in the finger.

Table I shows how accurately the obtained optimal mar-
gin predicted avoiding postoperative motor deficits. Based
on Fisher’s exact probability test [Agresti, 1992], ESM cases
satisfying d > d,, yielded 100% of no postoperative deficit
while the ones satisfying d <d,. yielded 86% of motor
deficit (P-value of Fisher’s exact test = 0.004). Kalman filter
provided high true positive rate (0.86), low false positive
rate (0) and high accuracy (0.92) to predict an optimal
margin, dqp; ensuring no motor deficit.

To demonstrate how reliably the proposed Kalman filter
predicts the probability of postoperative motor deficit in
clinical practice, safe limits of finger CST denoting discrete
probabilities of motor deficit, p(deficit|d =0 mm,10 mm,20
mm) were separately drawn on the structural MRI of one
patient (Fig. 10). It is clear in this case that the narrow
limit, predicting greater than 80% chance of deficit,
included the lesion (which was resected), indicating a high
chance to have postoperative deficit if the entire lesion
was removed. In fact, the resection of this lesion caused
severe motor impairment of the contralateral fingers.

DISCUSSION

Three major findings emerge from the present study.
First, the proposed DWI-MAP classifier can accurately
delineate three important CST pathways associated with
"finger," "leg," and "face,” that invasive ESM procedure
failed to localize in some children with focal epilepsy. The
ROC curve analysis showed that the DWI-MAP achieved
high accuracy, up to 89% (mouth/lip), 89% (finger), and
88% (leg) in automatically detecting three CST pathways
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Figure 5.

Receiver operator curve analyses for the three pathways, C;: mouth/lip (A), Cy: finger (#), and
Cs: leg (M). For each of five separation criteria (contact, 5 mm, 10 mm, |5 mm, 20 mm), the
group average of sensitivity, specificity, and accuracy was evaluated from epilepsy children with-
out lesion (left column, n=16) and with lesion (right column, n=15).

within 2 cm. Second, the postoperative deficit in motor
function was associated with postoperative reduction of
CST fiber count on DWI data. By comparing fiber count
of finger pathway between pre-/post-operative measure-
ments, this study showed that postoperative decrease in
fiber count of the finger pathway results in postoperative
motor deficit of the hand/finger. This finding suggests
that postsurgical motor outcome may substantially differ
according to the extent of resected white matter encom-
passing the CST, and DWI-MAP classifier can improve the
prediction of motor outcome. This result clearly substanti-
ates our hypothesis that the DWI-MAP classifier can moni-
tor postoperative motor deficits. Third, the proposed
Kalman filter analysis determined the probability of motor
deficit as a function of surgical resection margin deter-

mined by the ESM procedure. As demonstrated in 13 chil-
dren with focal epilepsy, an optimal margin securing no
motor deficit in finger was found when the resection mar-
gin was set to be 19.5 mm, leading to 100% of no postop-
erative deficit at the margin >19.5 mm and 86% of motor
deficit at the margin <19.5 mm. This could be an impor-
tant reference for clinical practice in planning the resection
margin for preservation of vital motor functions in epi-
lepsy surgery.

Several studies have reported the feasibility of using
DWI at the early stage of neurosurgical planning and
follow-up to predict and manage motor deficit after surgi-
cal treatment [Kovanlikaya et al., 2011; Laundre et al.,
2005; Puig et al., 2010]. However, those studies have been
limited to assess the medial part of the CST associated
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Figure 6.

Representative examples of C, (finger) pathways (red fibers)
obtained from preoperative DWI-MAP classifier (left column)
and postoperative DWI-MAP classifier (right column). The
resection of the presumed epileptogenic zone in the right frontal
lobe yielded no loss of the finger pathway (top); in contrast, the
resection of the right hemisphere including a tumor resulted in
significant loss of the finger pathway (bottom). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

mostly with motor function of the leg and trunk due to
the intravoxel crossing fiber problem [Jeong et al., 2012;
Qazi et al, 2009; Singh et al, 2010]. By adapting
ICA+BSM tractography into the DWI-MAP classifier, the
present study could effectively demarcate lateral projec-
tions of CST to assess motor functions associated with "fin-
ger" and "face". This has an important implication to
monitor primary motor functions in many pediatric neuro-
logical disorders such as Sturge-Weber syndrome (SWS)
with common cortical/subcortical pathology in the vicinity
of the sensori-motor area [Bodensteiner and Roach, 2010;
Riela and Roach, 2004]. Conventional MRI during the early
disease course often provides false assurance by showing
a normal brain or underestimating brain damage in young
children with SWS who later develop signs of motor defi-
cits [Lo et al., 2012]. By performing longitudinal studies to
monitor the changes in fiber counts of individual segments
for finger, leg, and face, it will become possible to assess
the severity of cortical and white matter injury affecting
specific motor functions and predict subsequent motor
deficits in young children with SWS and other pathologies
in the vicinity of the motor pathways.
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Figure 7.
Fiber counts in C, (finger) of two different DWI data obtained
from before and after surgery (n =13, 7 children with no post-
operative motor deficit and 6 children who developed postoper-
ative hand motor impairment). The month of surgery is
indicated by 0. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

DWI tractography of structural lesions requires careful
consideration of data analysis to avoid the effect of pseudo-
diffusion created by slow blood flow in the lesion capillary

5S¢ optimal margin securing
no loss of fibers = 19.5 mm

(95% confidence interval)

O no deficit
¢ weaker
==+ * smoothed

-15 T S—
0 0 10 20 30 40 50

post-surgical change
in fiber count, C:finger

resection margin, d (mm)

Figure 8.

Prediction of postsurgical change in C,: finger regressed by
Eq. (2). Interval changes in fiber count, |presurgical C,: finger -
postsurgical Cy: finger|, of thirteen children who had no preop-
erative motor deficit were plotted with the corresponding
resection margins. Eclipses represent uncertainties at 95% confi-
dence. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9.
Probability of finger motor deficit at a given resection margin.
The value of P(deficit|d) was converted to % by multiplying 100
to that of Eq. (3). Vertical bars indicate *one standard devia-
tions scaling the degree of uncertainty at the resection margin.

bed, probably increasing isotropic components in DWI sig-
nals. As reported in our previous study [Jeong et al., 2012],
the ICA+BSM has an isotropic ball compartment, which
can comprehensively model water diffusivity in lesion tis-
sue, leading to better accuracy to resolve the orientations of
CST in the vicinity of a structural lesion. Furthermore, the
DWI-MAP classifier refers to probabilistic values of individ-
ual CST/CBT fibers, P(x,y,z| Ci-134), ranging from internal
capsule to cortex, suggesting that it may readily detect
CST/CBT pathways deviated to an unpredicted direction
due to a lesion located in the region or vicinity of these path-
ways. Nonetheless, this study assumes that no significant
reorganization takes place in the development of CST path-
ways in children with focal epilepsy having structural
lesion. Also, postoperative motor deficits in neurosurgery
are not only caused by removal of the brain tissue but can
also be caused by ischemic lesions. The early sign of ische-
mic changes could have been seen on early postoperative
DWI scan, which was not available in most patients

TABLE I. 2 X 2 contingency table in |13 surgical patients
where d,,. was applied to predict the finger motor

deficit
d>dopy d <dgpt Total (n)
No deficit 6 1 7
Deficit 0 6 6
Total (n) 6 7 13

“Fisher’s exact probability test [Agresti, 1992] was performed for
2 X 2 contingency table (P-value of Fisher’s exact test=0.004).
True positive rate (0.86), false positive rate (0) and accuracy (0.92)
were obtained to predict an optimal margin, dope ensuring no
motor deficit.

narrow
(d=10mm)

AN
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(d=20mm)

P(deficit|d)
C,: fingers

Figure 10.

Safe limits to preserve finger CST defined by discrete resection
margins predicting the probability of motor deficit, P(deficit|d) in
Figure 9. Three boundaries at the margins of d =0 mm, [0 mm,
and 20 mm were overlaid to MRI of a 9-year-old child with epi-
lepsy and structural lesion. Each colored contour indicates the
safe limit to avoid the color-coded value of P(deficit|d). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

included in this study. In addition, comparing ESM with the
DWI-MAP classifier, it is notable that the ESM showed less
overlap percentage than DWI-MAP classifier, especially in
C; (face) and C; (leg). ESM had a greater failure rate to
detect the areas of face and leg, due to patient fatigue and
sampling errors, which may limit its comparison with DWI-
MAP classifier to identify the tracts associated with face and
leg areas. Future studies should carefully investigate how
the performance of DWI-MAP classifier is affected by those
confounds: size and location of ischemic lesions, reorganiza-
tion, and lower sensitivity of ESM in patients with focal
epilepsy.

The ideal goal of epilepsy surgery is to maximize the
resection of the epileptogenic zone and minimize postopera-
tive motor deficit by avoiding unnecessary resection of pri-
mary motor areas. While a 1 cm margin has been shown to
result in significantly fewer language deficits [FitzGerald
et al., 1997], and 8 mm was reported as the largest preopera-
tively measured tumor-to-tract distance with a positive stim-
ulation result [Zolal et al, 2012], there has been no
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quantitative study for children with epilepsy to predict the
probability of motor deficits in terms of the resection margin.
The proposed Kalman analysis found a relatively greater
margin, 19.5 mm, to avoid severe postoperative motor deficit
under 50% of probability. A significant nonlinear pattern
was observed between the resection margin and the proba-
bility of motor deficit. Although this optimal margin and
pattern was estimated from a limited sample-size, the find-
ings of this study might be useful to facilitate an objective
benefit-risk analysis. Future studies will thoroughly investi-
gate the variations of this optimal margin and pattern in
larger groups and across developmental ages.

CONCLUSIONS

To overcome clinical limitation of fMRI and ESM in children
with focal epilepsy, this study investigated whether DWI-
MAP classifier combined with Kalman filter analysis can be
an effective alternative of fMRI and ESM to localize three
important motor areas (“finger,” “leg,” “face”) and predict
postoperative motor deficit after epilepsy surgery in children.
The results demonstrated that the proposed method could be
clinically useful for presurgical planning in young children
who cannot follow task instructions for fMRI and are insensi-
tive to electrical stimulations in ESM procedure. Moreover,
the proposed method can be used to optimize resection mar-
gin preserving vital axonal pathways by predicting the proba-
bility of postoperative motor deficit as a function of resection
margin determined by the ESM procedure.
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