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OBJECTIVE Previous meta-analysis has demonstrated that the most important factor in seizure freedom following sur-
gery for focal cortical dysplasia (FCD) is completeness of resection. However, intraoperative detection of epileptogenic

dysplastic cortical tissue remains a challenge, potentially leading to a partial resection and the need for reoperation. The
objective of this study was to determine the role of intraoperative MRI (iMRI) in the intraoperative detection and localiza-
tion of FCD as well as its impact on surgical decision making, completeness of resection, and seizure control outcomes.

METHODS The authors retrospectively reviewed the medical records of pediatric patients who underwent iMRI-as-
sisted resection of FCD at the Children’s National Health System between January 2014 and April 2015. Data reviewed
included demographics, length of surgery, details of iMRI acquisition, postoperative seizure freedom, and complications.
Postsurgical seizure outcome was assessed utilizing the Engel Epilepsy Surgery Outcome Scale.

RESULTS Twelve consecutive pediatric patients (8 females and 4 males) underwent iMRI-guided resection of FCD le-
sions. The mean age at the time of surgery was 8.8 years + 1.6 years (range 0.7 to 18.8 years), and the mean duration
of follow up was 3.5 months + 1.0 month. The mean age at seizure onset was 2.8 years * 1.0 year (range birth t0 9.0
years). Two patients had Type 1 FCD, 5 patients had Type 2A FCD, 2 patients had Type 2B FCD, and 3 patients had
FCD of undetermined classification. iMRI findings impacted intraoperative surgical decision making in 5 (42%) of the 12
patients, who then underwent further exploration of the resection cavity. At the time of the last postoperative follow-up,
11 (92%) of the 12 patients were seizure free (Engel Class I). No patients underwent reoperation following iMRI-guided
surgery.

CONCLUSIONS iMRI-guided resection of FCD in pediatric patients precluded the need for repeat surgery. Further-
more, it resulted in the achievement of complete resection in all the patients, leading to a high rate of postoperative
seizure freedom.
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of intractable epilepsy in children, thus necessitating

surgery. Factors that influence postoperative seizure
outcome include seizure type, location, histopathology,
multiplicity, age of the patient, and relationship to the elo-
quent cortex. However, meta-analysis has shown that the
most significant predictor of postoperative seizure free-
dom is completeness of resection of the dysplastic cortical

l ?OCAL cortical dysplasia (FCD) is a common cause

tissue. 2671519 Gross complete extirpation of the lesion is,
however, limited by difficulty in intraoperative identifica-
tion of FCD tissue.

The application of intraoperative MRI (iMRI) as a safe
and effective tool for real-time assistance in intractable ep-
ilepsy surgery has previously been demonstrated.>8:221.2425
Our objective in this study was to assess the impact of
iMRI on intraoperative evaluation, surgical course of re-

ABBREVIATIONS ECoG = electrocorticography; FCD = focal cortical dysplasia; iMRI = intraoperative MRI; OE = operative event; OR = operating room; SPGR = spoiled

gradient echo recalled; 3DGM = 3D gyral map.
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section, and seizure control outcome in children with in-
tractable epilepsy due to FCD. This report is among the
first to address the technique and outcomes following the
utilization of iMRI for real-time intraoperative guidance
in the resection of FCD.

Methods

The medical records and epilepsy protocol brain MR
images of 12 consecutive pediatric patients undergoing
surgery for intractable epilepsy due to FCD between Janu-
ary 2014 and April 2015 were retrospectively reviewed.
Data collected included demographics, duration of the op-
erative event (OE), use of iMRI, postoperative seizure free-
dom, and complications. Postsurgical seizure outcome was
assessed utilizing the Engel Epilepsy Surgery Outcome
Scale at the last postoperative follow-up visit.* The preop-
erative, intraoperative, and postoperative images obtained
in this study were reviewed by the attending neurosurgeon
and neuroradiologist. We retrospectively reviewed these
images and radiology reports for number of intraoperative
scans, number of sequences acquired per scan, types of
sequences acquired, and completeness of resection. This
study was approved by the institutional review board of the
Children’s National Medical Center.

Operative Setup and Surgical Technique

Intraoperative neuronavigation (Brainlab and Stealth-
Station navigation system, Medtronic Sofamor Danek)
was used in lesion localization and craniotomy planning
in all patients. After the craniotomy was performed, gy-
ral recognition and localization of the sulcus within which
the FCD was located (for bottom-of-the-sulcus FCD) was
undertaken using both intraoperative neuronavigation and
3D image renditions of the cortical gyri (Fig. 1). These
“3D gyral maps” (3DGMs) were obtained by postprocess-
ing of the patient’s preoperative brain images using skull
stripping software. The 3DGM helped provide a global
overview of the relationship of this gyrus or sulcus to ad-
jacent gyri and sulci. Visual pattern recognition of this re-
lationship provides a backup to operative neuronavigation
since brain shift may have occurred after the craniotomy
is performed.

Intraoperative electrocorticography (ECoG) using sub-
dural strips, grids, or depth electrodes was then performed
if it had preoperatively been determined as indicated.
Generally, ECoG using a subdural grid or strips was per-
formed for gyral lesions or bottom-of-sulcus FCDs locat-
ed at reasonably superficial locations. For deeper lesions,
depth electrodes were used, except in the insula (due to
a higher risk of vascular injury) and in eloquent cortex.
However, the decision regarding the site for resection was
weighted more toward the structural location of the lesion
rather than the ECoG findings.

Resection of the identified area of cortical dysplasia
was then performed using standard microsurgical tech-
niques. Once the surgeon felt that complete resection of
the lesion had been achieved, the patient was transferred
to the 1.5-T iMRI system (Greenline Achieva Nova Dual,
Philips Medical System). Our iMRI system is located in
an adjoining suite to a dedicated operating room (OR).

Intraoperative MRI in pediatric cortical dysplasia resection

FIG. 1. Representative example of a 3DGM attained from preoperative
MRI. Left: Spatially accurate multimodal images for intraoperative navi-
gation are produced from the data. Right: 3DGM marking the precise
localization of a sulcus. Figure is available in color online only.

The design of this OR incorporates standard MR safety
features. The patient is positioned on a dedicated MRI-
compatible operating table, which is rolled into the MR
suite under maintenance of a sterile field. The duration of
the preparation for transfer, image acquisition time, return
to the OR, and resumption of surgery (if indicated) is ap-
proximately 45—60 minutes. The intraoperative sequences
included a T1-weighted 3D spoiled gradient echo recalled
(SPGR) (TE 3.2 msec, TR 6.7 msec, matrix 240 x 240,
FOV 300 mm, slice thickness 1.6 mm, slab 34 cm), T2-
weighted turbo spin echo (TE 100 msec, TR 4019 msec,
matrix 296 x 225, FOV 280 mm, slice thickness 3 mm),
and diffusion-weighted imaging sequence (TE 103 mm,
TR 5096 mm, matrix size 152 x 106, FOV 230 mm, slice
thickness 4 mm). T1-weighted axial or sagittal 3D SPGR
volumetric images were each reformatted to coronal, sag-
ittal, or axial format. The images were then reviewed in-
dependently by the attending pediatric neuroradiologist,
looking for areas of residual dysplastic tissue. If evidence
of residual FCD tissue was observed, the patient was re-
turned to the OR for further resective surgery. In this situ-
ation, the Brainlab neuronavigation software was updated
using the most recently acquired intraoperative 3D SPGR
volumetric images. This ensured that intraoperative brain
shift was accounted for. Surgery was then continued until
a complete extirpation of the lesion was achieved as evi-
denced by another iMRI scan, unless precluded by intra-
operative safety concerns.

Duration of the OE was recorded as the time of the pa-
tient’s entry into the OR suite until exit from the OR suite.
Hence, in addition to surgical time, this encompassed time
for anesthesia, placement of peripheral lines, prepping of
the patient, acquisition of all MR images, and anesthesia
recovery. On average, these extra surgical activities took
up to 2-3 hours. We felt it was relevant to include these
extraoperative components because they are a reflection of
the complexity of coordination of care and, therefore, rep-
resent indirect costs in undertaking this type of procedure.

Results

Twelve consecutive pediatric patients (8 females and 4
males) underwent iMRI-guided resection for FCD lesions;
clinical characteristics are presented in Table 1. The age
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TABLE 1. Characteristics of patients undergoing iMRI-assisted FCD resection

Case Age (yrs), Duration of Histopathology Eloquent  Further Engel
No. Sex Epilepsy (mos) Type Location of FCD Cortex ~ Resection Op Time (mins) Class
1 17, F 84 | Lt temporal Yes No 261 |
2 .M 60 1A Rt insular No Yes 508 |
3 6, F 12 1B Lt temporoparietal Yes Yes 382 |
4 1, M 5 NA Rt parietal Yes No 382 |
5 3,F 3 | Rt parietal Yes Yes 482 |
6 9,F 114 1A Rtinsular No Yes 432 |
7 13, F 84 1A Rt parietal Yes No 371 |
8 18, M 150 NA Rt frontal No No 301 |
9 10, F 3 A Lt parietal Yes No 293 |
10 8, M 60 NA Rt parietal No Yes 427 |
" 2,F 26 1B Rt frontal No No 280 |
12 7.F 74 lA Rtinsular Yes No 361 1]

NA = FCD of undetermined classification.

of onset ranged from birth to 9 years (mean 2.8 years), age
at surgery ranged from 0.7 to 18.8 years (mean 8.8 years),
and duration of seizures ranged from 3 to 150 months
(mean 56.3 months). The mean (= SEM) duration of fol-
low-up was 3.5 + 1.0 months (Table 2). Histopathological
analysis of cortical specimens revealed that 2 patients had
Type 1 FCD, 5 patients had Type 2A FCD, 2 patients had
Type 2B FCD, and 3 patients had FCD of undetermined
classification.

In most cases, the FCD had an extratemporal location:
insular (n = 3), temporoparietal (n = 1), parietal (n = 5),
and frontal (n = 2). The dysplastic tissue was located in
eloquent cortex (sensory, motor, and language) in 7 of the
12 patients. Seven of the 12 cases involved reoperations of
previous partial resections.

The duration of OE ranged from 261 minutes to 508
minutes (mean 373 + 23.0 minutes). Total acquisition time
of iMRI sequences (T1-weighted 3D SPGR, T2-weighted
turbo spin echo, and diffusion-weighted imaging) ranged
from 7 to 39 minutes (mean 18.9 + 3.0 minutes) (this is dif-
ferent from the duration for preparation for transfer of the
patient to the iMRI suite, image acquisition time, return
to the OR, and resumption of surgery, which is approxi-
mately between 45 and 60 minutes). A single iMRI scan
series was performed in 9 of 12 patients, with 3 cases (2, 5,
and 6) requiring a second series of acquisitions (Table 3).

A total of 41 iMRI images were acquired (mean per
case 3.4 + 0.5 images). In 5 (42%) of 12 patients (Cases 2,
3,5, 6, and 10), iMRI images indicated residual dysplas-
tic tissue, and these patients were returned to the OR for
reexploration of the resection cavity. This led to further
resection in 4 of the 5 patients (Cases 2, 5, 6, and 10). Con-
firmation of complete resection after lengthened surgery
was performed by a second series of iMRI or postopera-
tive MRI. Overall, we were able to achieve gross-total re-

(Engel Class I). Worthwhile improvement (Engel Class
IIT) was noted in 1 patient (Case 12). Moreover, in each of
the 5 cases in which intraoperative imaging impacted the
course of the surgery, the patient went on to be completely
seizure free.

There were no reported accidents associated with iMRI
utilization in our cohort. No patients experienced adverse
effects associated with intraoperative ferromagnetic ex-
posure, infection, or prolonged anesthesia. Postsurgical
neurological complications included expected transient
hemiparesis in 4 patients (Cases 4, 5, 7, and 9), all of whom
were patients who had FCD lesions in the motor cortex.
Expected transient alteration of sensation in the lower ex-
tremity occurred in 1 patient (Case 7) whose lesion was
in the central sulcus and extended to the sensory cortex.

Discussion

In our cohort of 12 pediatric patients who had under-
gone iMRI-assisted resection of FCD, we observed a high
rate of postoperative seizure freedom. We demonstrate
that iMRI provided both near real-time assurance of com-
pleteness of resection and prevented later-date returns to
the OR for resection of residual lesions. We present evi-
dence to support the use of iMRI guidance in the OR to
improve rates of complete resection and achieve superior
seizure-freedom outcomes in patients with FCD.

We previously reported that the most significant predic-
tor of postsurgical seizure freedom in children undergoing
resection of FCD is completeness of resection.’* However,
intraoperative detection of epileptogenic cortical dyplas-
tic tissue remains a challenge, often precluding a com-

TABLE 2. Descriptive statistics of patient clinical parameters

section of dysplastic cortical tissue in all 12 patients in our Parameter Mean + SEM
cohort, which was confirmed by 1.5-T iMRI or 3-T post- Age at op (yrs) 88+16
operative MRI. No patients required a return to surgery Duration of seizure (mos) 56.3 + 3.8
at a later date for reoperation of residual dysplastic tissue. Age at seizure onset (mos) 28+10
At the time of the last postoperative follow-up, 11 _
Duration of follow-up (mos) 35+1.0

(92%) of the 12 patients in our cohort were seizure free
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TABLE 3. iMRI acquisition details for patients who underwent reexploration of the resection cavity following iMRI

1st iIMRI Sequence

2nd iMRI Sequence

Case No. Description Result Description Result  Postop Imaging
2 T1 3D SPGR, T2 TSE axial, T2 TSE I T1 3D SPGR, T2 TSE axial, T2 TSE I C
coronal, DWI coronal, DWI
3 T1 3D SPGR, T2 TSE 3D, T2 TSE c* NP — —
coronal
5 T1 3D SPGR, T2 TSE axial I T1 3D SPGR, T2 TSE axial C —
6 T1 3D SPGR, T2 TSE axial, DWI I T1 3D SPGR, T2 TSE axial C —

10 T1 3D SPGR, T2 TSE axial, T2 TSE I

coronal, T2 TSE sagittal, DWI

NP

C = complete resection; DWI = diffusion-weighted imaging; | = incomplete resection; NP = not performed; TSE = turbo spin echo; T1 = T1-

weighted; T2 = T2-weighted.

* Neuroradiologist reported “There is small amount of questionable residual abnormal cortex at the anterior and deep margin of the new resec-
tion.” Upon further intraoperative exploration it was confirmed that abnormal tissue in the lesional area had been completely resected.

plete extirpation and resulting in unnecessary repeat op-
erations. Neuronavigation with iMRI guidance has been
previously reported to aid in increased rates of complete
resection and seizure freedom in temporal and extratem-
poral lobe epilepsy.”** Drawing on the established role of
iMRI guidance in tumor resections, our center began uti-
lizing 1.5-T MRI intraoperatively for resection of FCD in
January 2014.

iMRI images obtained in this cohort detected residual
tissue, impacting surgical decision making in almost half
of our cases. This resulted in further resection in 4 of those
cases (2, 5, 6, and 10), leading to complete resection, as
confirmed by a second iMRI scan (Cases 5 and 6) or post-
operative MRI (Cases 2 and 10). Thus, the utilization of
iMRI increased our overall completeness of resection rate
by one-third. Moreover, each of these patients achieved
seizure freedom postoperatively, and none has required
further reoperation.

We use Case 6 to illustrate the capacity of iMRI to guide
the real-time decision making of the surgical approach for
FCD resections. This patient presented with intractable
epilepsy secondary to an FCD located in the right poste-
rior insula and the posterior aspect of the right sylvian fis-
sure (Fig. 2A). Resection was carried out until the surgeon
felt a sufficient radical resection was performed, at which
point iMRI images were obtained. It should be noted that
during the surgery, this area of cortical dysplasia did not
appear grossly distinct (from a visual or tactile perspec-
tive) from the rest of the cortex, so it was impossible to
define margins. iMRI showed a small residual lesion just
anterior to the resection cavity (Fig. 2B). The patient was
returned to the OR, and further resection was carried out
in the depths of the sulcus and anterior to the resection
cavity until it was felt that complete resection had been
achieved. Another iMRI scan was then performed, which
confirmed a complete resection (Fig. 2C). The patient re-
mains seizure free since surgery.

Improvement in postoperative seizure outcome for pa-
tients presenting with perirolandic FCD is linked to com-
pleteness of resection.?’ The utility of iMRI guidance for
resection of epileptogenic lesions in regions of eloquent
cortex has been previously documented.?* This was also
demonstrated in our patients. For example, the patient in

Case 5 presented with intractable epilepsy secondary to
partial resection of parietal FCD localized in the peri-
rolandic region (Fig. 3A). Resection of dysplastic tissue
within the depths of the rolandic sulcus was carried out
under the guidance of preoperative neuronavigation tra-
jectory guidance. At this point, the surgeon used iMRI to
define the extent of the resection. Residual tissue was iden-
tified immediately overlying the internal capsule (Fig. 3B).
Further resection of the residual abnormal cortical tissue
was undertaken with caution toward immediately adjacent
eloquent cortex. At this point, the surgeon felt that a full
resection had been accomplished, and a second iMRI con-
firmed complete resection (Fig. 3C). The patient is report-
ed to be seizure free postoperatively. Transient right hemi-
paresis occurred immediately following surgery but was
resolved within 2 days. The addition of iMRI to existing
protocols for resection of FCD lesions in close proximity
to eloquent cortex may thus aid in the completeness of re-
section, while preserving important functional capacities.
As has been shown in resection of gliomas localized to
eloquent cortex, we found the combination of iMRI with
intraoperative neurophysiological monitoring to be criti-
cal to attaining a balance between achieving a complete
resection, while not being unduly aggressive and causing
postoperative neurological deficits to language, motor, or
speech capacity.??

We found iMRI to be a useful part of the surgical arma-
mentarium that enhanced intraoperative decision making.
Despite this advantage, one of the patients in our cohort
had a poor seizure-control outcome. The patient in Case
12 presented with intractable epilepsy secondary to FCD
in the right posterior superior insula (Fig. 4A). Resection
was carried out until the surgeon felt all lesional tissue
had been removed, at which point iMRI was performed,
confirming a complete resection (Fig. 4B). At the postop-
erative Day-42 and Day-74 follow-ups, the patient reported
having seizures on multiple days resembling her preopera-
tive seizures. 3-T MRI obtained on postoperative Day 74
further confirmed a complete resection (Fig. 4C). While
the etiology of these recurring seizures is unknown, this
case presents 2 important concerns of iMRI utilization.
In our study, iMRI was obtained from a 1.5-T unit, which
has an inferior resolution compared with a 3-T unit."* Ad-
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FIG. 2. Case 6. MR images obtained in a 9-year-old girl presenting with intractable epilepsy secondary to an FCD. A: Preopera-
tive T2-weighted MR image showing an area of blurring of the gray-white matter margin, suggestive of an FCD deep within the
right posterior sylvian fissure (arrows). B: Sagittal reconstruction of T1-weighted SPGR MR image obtained intraoperatively show-
ing residual cortical dysplasia tissue just anterior to the resection cavity in the right posterior insula (arrows). C: Intraoperative
T2-weighted MR image confirming complete resection of the area of FCD.

ditionally, surgical trauma, swelling, and blood products
have the ability to distort intraoperative imaging, making
it hard to discern areas of residual dysplastic tissue. Fi-
nally, this points to the limits of resolution of MRI, which
is about 1 mm."® Thus, better tools for the identification of
the structural substrate of epileptogenesis (in this case, the
area of cortical dysplasia) are indicated. In this regard, the
use of optical coherence tomography (OCT) has been pro-
posed, since OCT can improve this structural resolution to
about 10 microns."®

In our study, seizure freedom (Engel Class 1) was
achieved in over 90% of patients through the duration of
follow-up. A literature review of seizure freedom follow-
ing non—-iMRI-guided resection of FCD yielded a range
between 46% and 67%.!5610-12.1623 Qur results demonstrate
that by improving rates of gross-total resection of cortical
dysplasia tissue, the addition of intraoperative imaging to
existing epilepsy surgery techniques results in improved
rates of seizure freedom and reduces the need for reopera-
tion. Further randomized and blinded studies should com-

pare the utilization of iMRI to standard epilepsy surgery
protocols, addressing the variables of operative time, post-
surgical outcomes, and morbidity. Moreover, one of the
greatest assets of intraoperative imaging is the ability to
confirm completeness of resection in near real time, thus
reducing the potential need for extended hospital stays,
postsurgical complications, and the need for reoperation.
The health economics of the addition of iMRI use in FCD
resections should, thus, be analyzed in comparison with
established standard protocols.

This study is limited by a relatively small cohort of 12
patients, presented at a single center and reviewed retro-
spectively. To address this point, a randomized prospec-
tive multiple-center study of a larger cohort may further
support the efficacy of iMRI guidance for FCD resection.
Completeness of resection while using iMRI was assessed
with a 1.5-T scanner. The limitations of spatial resolution
in the 1.5-T scanner compared with a 3.0-T scanner may
have impacted our assessment. Mean duration of postsur-
gical follow-up for our study was relatively short at 3.5

FIG. 3. Case 5. MR images obtained in a 3-year-old girl presenting with intractable epilepsy secondary to partial resection of an
FCD. A: Preoperative T2-weighted MR image showing an area of FCD in the depths of the right central sulcus just adjacent to

the internal capsule (arrows). B: Intraoperative T2-weighted axial MR image showing a residual area of FCD just adjacent to the
internal capsule (circled area). C: Intraoperative T2-weighted axial MR image showing complete resection of the area of cortical

dysplasia (circled area).

676 J Neurosurg Pediatr Volume 17 + June 2016

Unauthenticated | Downloaded 03/11/22 12:42 PM UTC



Intraoperative MRI in pediatric cortical dysplasia resection

FIG. 4. Case 12. MR images obtained in a 7-year-old girl presenting with intractable epilepsy secondary to an FCD. A: Preopera-
tive T2-weighted MR image showing an area of FCD in the posterior aspect of the right insula (arrow). B: Intraoperative T2-
weighted axial MR image showing complete resection of the area of cortical dysplasia. C: Postoperative T2-weighted MR image
(3T) obtained on postoperative Day 74 confirming complete resection of the area of cortical dysplasia.

months. Further studies need to assess long-term outcomes
of seizure freedom in patients undergoing iMRI-guided
resections.

Conclusions

iMRI-guided resection of FCD in pediatric patients
resulted in a high rate of postoperative seizure freedom
and eliminated the need for repeat surgery. It enabled de-
tection of residual FCD in near real time, thus ensuring
complete resection in the same operative session. Our re-
sults suggest that the addition of iMRI to existing epilepsy
surgery techniques and protocols can refine intraopera-
tive decision making, leading to high rates of complete-
ness of resection and improved seizure-control outcomes.
Importantly, iMRI should be viewed as complementary to
existing time-proven neurosurgical assistive technologies,
including neuronavigation, ECoG, and neurophysiological
monitoring.
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