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Statistical SPECT processing in

MRI-negative epilepsy surgery

ABSTRACT

Objective: To evaluate the benefit of statistical SPECT processing over traditional subtraction
methods, we compared ictal-interictal SPECT analyzed by statistical parametric mapping
(SPM) (ISAS), statistical ictal SPECT coregistered to MRI (STATISCOM), and subtraction ictal-
interictal SPECT coregistered with MRI (SISCOM) in patients with MRI-negative focal temporal
lobe epilepsy (nTLE) and extratemporal lobe epilepsy (NETLE).

Methods: We retrospectively identified 49 consecutive cases of drug-resistant focal epilepsy that
had a negative preoperative MRl and underwent interictal and ictal SPECT prior to resective epilepsy
surgery. Interictal and ictal SPECT scans were analyzed using SISCOM, ISAS, and STATISCOM to
create hyperperfusion and hypoperfusion maps for each patient. Reviewers blinded to clinical
data and the SPECT analysis method marked the site of probable seizure origin and indicated
their confidence in the localization.

Results: In nTLE and nETLE, the hyperperfusions detected by STATISCOM (71% nTLE, 57%
NETLE) and ISAS (67% nTLE, 53% nETLE) were more often colocalized with surgery resection
site compared to SISCOM (38% nTLE, 36% nETLE). In nTLE, localization of the hyperperfusion
to the region of surgery was associated with an excellent outcome for STATISCOM (p = 0.005)
and ISAS (p = 0.027), but not in SISCOM (p = 0.071). This association was not present in nETLE
for any method.

Conclusion: In an unselected group of patients with normal MRI and focal epilepsy, SPM-based
methods of SPECT processing showed better localization of SPECT hyperperfusion to surgical
resection site and higher interobserver agreement compared to SISCOM. These results show
the benefit of statistical SPECT processing methods and further highlight the challenge of
NETLE. Neurology® 2014;82:932-939

GLOSSARY

ETLE = extratemporal lobe epilepsy; FWHM = full-width at half-maximum; iEEG = intracranial EEG; IRB = institutional
review board; ISAS = ictal-interictal SPECT analyzed by statistical parametric mapping; MEG = magnetoencephalography;
nETLE = MRI-negative extratemporal lobe epilepsy; nTLE = MRI-negative focal temporal lobe epilepsy; SISCOM = sub-
traction ictal-interictal SPECT coregistered with MRI; SPM = statistical parametric mapping; STATISCOM = statistical ictal
SPECT coregistered to MRI analysis; TLE = temporal lobe epilepsy.

In absence of an MRI lesion, epilepsy surgery outcomes are markedly reduced'™ and many patients,
even after undergoing invasive intracranial EEG (iEEG) monitoring, are ultimately not candidates
for resection.'® SPECT has become a routinely used tool in preoperative seizure localization, and
has been further improved by ictal-interictal subtraction and coregistration to a high-resolution
MRI.'""? Subtraction ictal-interictal SPECT coregistered with MRI (SISCOM) has been demon-
strated in a prospective study to alter the consensus decision-making process in epilepsy surgery.'?

SISCOM, however, does not compensate for the physiologic variance in cerebral blood flow
that shows significant asymmetries in multiple areas. Statistical parametric mapping (SPM) was
used to determine statistical significance of perfusion changes in epilepsy patients by comparison

to a control group without epilepsy.'*¢
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A recent study'” showed that ictal-interictal
SPECT analyzed by SPM (ISAS) identified the
region of seizure onset in 83% of cases with
well-localized neocortical epilepsy and in 71%
of cases with mesial temporal sclerosis. Another
study'® showed that statistical ictal SPECT
coregistered to MRI analysis (STATISCOM)
was superior to SISCOM for seizure localiza-
tion in temporal lobe epilepsy (TLE) surgery,
and localization of the STATISCOM focus to
the TLE subtype was associated with a seizure-
free outcome. These studies showed improved
sensitivity of SPM-SPECT for seizure focus
localization, but sensitivity and specificity
of SPM-SPECT in a population of unse-
lected patients with normal MRI focal epilepsy

remains unclear.

METHODS Standard protocol approval, registration,
and patient selection. The study was approved by the Mayo
Clinic institutional review board (IRB) and written informed
consent for SPECT imaging was obtained from the 30 control
subjects without any history of neurologic disease. These scans
were used as a control population for comparison with epilepsy
patients in SPM analysis. Patients with epilepsy undergoing
SPECT had consented and IRB approved for their data to be used

in retrospective clinical studies.

Study subjects. Selection criteria were (1) a diagnosis of drug-
resistant focal epilepsy, (2) surgical resection of the suspected
epileptogenic site, (3) SPECT data sufficient for SISCOM,
STATISCOM, and ISAS analysis, (4) preoperative “seizure
protocol” MRI negative for epileptogenic lesion, (5) age 10 and
older. An additional post hoc analysis was performed on patients
with excellent surgical outcome defined as remaining seizure-free
or having only nondisabling seizures with a minimum period of
1 year postsurgical follow-up.

Based on these criteria, we retrospectively identified 49 cases of
MRI-negative epilepsy, i.c., nonlesional temporal (21 cases) and
extratemporal (28 cases) lobe epilepsy, between January 1997
and December 2005 at Mayo Clinic, Rochester, MN (table 1).

Presurgical evaluation included in all cases history and neurologic
examination by an epileptologist, awake and sleep EEG, seizure-
protocol brain MRI, ictal recording by inpatient video-EEG
monitoring, and ictal and interictal SPECT injection. Results of
presurgical evaluation were presented at a multidisciplinary epilepsy
surgery conference, where the consensus decision about surgery was
made. This decision was based on video-EEG recording and all
other available diagnostic modalities. SPM-SPECT  analysis was
performed after surgery.

All patients with TLE underwent a standardized anterior tem-
poral lobectomy (10 right, 11 left). Extratemporal lobe epilepsy
(ETLE) cases underwent focal cortical resections (22 frontal,
1 occipital, 5 parietal). Postsurgical outcome with respect to seiz-
ures was determined by review of the patient’s medical records

and mail and telephone contact with patients.

Control subjects. Two SPECT scans on subsequent days
between June and August 2007 were taken on 30 normal subjects
(age 18 to 39; 15 male, 15 female; 16 right-handed, 3 left-
handed, hand preference unknown in 11 individuals) to
provide a basis for representing normal cerebral blood perfusion
variability for SPM. Images were acquired on a dual-headed
Elscint Helix gamma camera system (Elscint, Haifa, Israel) with
ultrahigh-resolution fan beam collimators. Projections were
acquired on a 128 X 128-pixel matrix over a 360° circular
orbit, with 120 views obtained at 3° intervals. Images were
reconstructed by routine clinical algorithm with a Metz filter
(power, 3, full-width at half-maximum [FWHM], 6 mm)
rebinned into 64 X 64 matrix with a 2X zoom. Chang
attenuation correction (12 mm) was applied, and standard
series of contiguous images were created in the transaxial,
coronal, sagittal, and transtemporal planes. Reconstructed data

resolution was 1.8 X 1.8 X 3.6 mm.

Patients’ SPECT data. *™Tc-labeled ethyl cysteinate dimer
(ECD) was administered as soon as seizure onset was noted dur-
ing a prolonged video-EEG monitoring session. The duration of
the seizure and the time of initiation of ictal SPECT injection
were determined during analysis of the video-EEG recordings of
the seizure.

Interictal injections were performed after the patient had been
seizure-free for 24 hours (determined by video-EEG), in ambient
room lighting, with the patient’s eyes open and ears unplugged.
Images of ictal and interictal studies were acquired with the same
scanner and identical protocol as in control subjects, within

2 hours of radioisotope injection. Two patients had repeated

[ Table 1 Patient, seizure, and SPECT injection characteristics ]

Female, % (n)

Age, y, median (range)

Age at seizure onset, y, median (range)

Duration of epilepsy, y, median (range)

Injection latency, s, median (range)

Total duration of seizure, s, median (range)

Injection to end of seizure time, s, median (range)

Seizure freedom in patients with >1 year follow-up, % (n)

Generalized seizures, % (n)

2Fisher exact test.

Temporal epilepsy Extratemporal epilepsy
(n=21) (h = 28) p Value
67 (14/21) 43 (12/28) >0.05°
34 (13-52) 24 (10-62) 0.003°
17 (2-34) 7 (0-23) <0.001°
15 (2-39) 13 (3-39) >0.05°
6 (11-45) 23 (4-187) >0.05°
73 (22-185) 59 (3-3,600) >0.05°
49 (0-146) 29 (0-3,600) >0.05°
76 (13/17) 38 (9/23) 0.027°
43 (9/21) 37 (11/28) >0.05°

P Two-sample t test; statistical analysis was performed with R version 3.01 (R Foundation for Statistical Computing).
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SPECT studies, yielding in total 51 ictal-interictal SPECT scans.
The dose of the injected radioisotope for both the ictal and inter-

ictal studies was approximately 20 mCi.

Data processing. For SISCOM analysis, ictal and interictal
SPECT images were realigned using an automated registration
algorithm based on a mutual information cost function, normalized
for the global brain signal, and the interictal image was then sub-
tracted from the ictal to produce a difference image. Hyperperfu-
sion and hypoperfusion maps were created from voxels that were
at least 2 SDs from the mean value and were coregistered with
the patient’s structural MRI. Images were generated using image
analysis software (Analyze 11.0, Biomedical Imaging Resource,
Mayo Foundation, Rochester, MN), as described previously."

SPM is a voxel-based method of image analysis that is able to
characterize regionally specific response to experimental factors in
a standard anatomical space. The analysis of data involves spatial
processing (in order to combine data from different scans or sub-
jects), estimating the parameters of a statistical model, and mak-
ing inferences about those parameter estimates with appropriate
statistics. The resulting # statistic maps provide a statistically more
robust activation threshold than is offered by simple subtraction.

ISAS processing was performed using the procedure outlined
in McNally et al.'” Ictal and interictal SPECT images were real-
igned and spatially normalized to the SPM SPECT template,
extracerebral signal was removed using brain mask provided with
SPM. Images were then smoothed with an isotropic Gaussian
kernel of 16 mm FWHM and global intensity normalization to
correct for differences in total brain counts between scan pairs was
performed by using proportional scaling with an analysis thresh-
old of 0.8. Statistical analysis was made by using multigroup
condition and covariate model in SPM5 with each ictal-interictal
pair being compared to the database of healthy controls. Analysis
was performed within MATLAB (version 7.12; The Mathworks,
Natick, MA) using fully scripted version of the ISAS Toolbox
(htep://spect.yale.edu/instructions.html).

For STATISCOM analysis, images were generated using the
procedure described in Kazemi et al.'® Ictal and interictal SPECT
images were realigned and difference and mean images were cre-
ated in the Analyze software. The difference and mean images
were spatially normalized to standardized SPECT template and
extracerebral signal was removed using a brain mask provided
with SPM. Masked and normalized images were smoothed with
the same isotropic Gaussian kernel as in ISAS analysis. Normal-
ized, smoothed, and masked difference images were then com-
pared to the normal control set using an unpaired 2-sample 7 test

in SPM2 software in MATLAB.

Perfusion maps. Contrasts were set up to reflect relative cere-
bral perfusion increases and decreases. A cluster threshold of
125 voxels was used as described by McNally et al., corresponding
to the approximate spatial resolution of SPECT in tissue (1 cm?).
Perfusion maps were created with thresholds p = 0.001 (uncor-
rected) for ISAS, p = 0.027 (uncorrected) for STATISCOM, and
2 SDs for SISCOM (figures 1 and 2). The threshold for SISCOM
was based on a widely clinically used setting. To minimize poten-
tial reviewer bias caused by different sizes of perfusion changes,
thresholds for SPM methods were optimized using a training set
of 5 cases with prominent hyperperfusion to create consistent and
equally sized perfusion maps for all analysis methods. Hyperper-
fusion and hypoperfusion maps were transformed to the patient’s
space and displayed on each patient's MRI. A summary of data

processing comparing all 3 methods is presented in figure 3.

Reviewing. A custom software tool for reviewing and annotating
the image data was created. The BlindStudy software tool (based
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on the Analyze/AVW software platform, Biomedical Imaging
Resource, Mayo Clinic) displays hyperperfusion and hypoperfu-
sion images after thresholding in sagittal, axial, and coronal
planes simultaneously on patient’s MRI. Three reviewers (V.S.,
L.C.W.-K,, ].W.B.), blinded to all clinical data and analysis method
used (ISAS, STATISCOM, or SISCOM), marked up to 3 regions
of the most prominent hyperperfusion or hypoperfusion and
rated their confidence (scale of 1 to 4) in the significance of the
localization.

Each of the cerebral hemispheres was divided into frontal,
temporal, insular, parietal, and occipital region for a total of 10
regions per patient. In total, each reviewer marked 153 scans pre-

sented in random order by the software tool.

Statistical analysis. We compared SISCOM, STATISCOM,
and ISAS with the following variables:

1. Localization of perfusion changes (side and region colocalized
with resection)

2. Interobserver agreement among the 3 reviewers

3. Identification of dominant hyperperfusion focus

4. Association of excellent outcome and localizing perfusion

changes in patients with longer than 1 year follow-up

Interobserver agreement among primary reviewers was deter-
mined using Fleiss kappa scores. Agreement was considered poor
for kappa <<0.4, good for kappa >0.4 but <0.75, and excellent for
kappa >0.75.> McNemar x> test was used to compare the propor-
tion of patients localized by SPM-based methods vs SISCOM evalu-
ation. For nonpaired data, the Mann-Whitney U test (2-tailed) was
used for ordinal and continuous variables (excellent outcome and

localization to the region of surgery).

RESULTS Localization value. Concordance of SIS-
COM (38%) to the resection site (relevant temporal
lobe) in MRI-negative focal TLE (nTLE) was lower
than in STATISCOM (71%, p < 0.001) and ISAS
(67%, p < 0.001). In MRI-negative ETLE (nETLE),
concordance of SISCOM to the resection site (36%)
was also lower than in STATISCOM (57%, p =
0.0017) and ISAS (53%, p = 0.0046).

Dominant hyperperfusion focus. Dominant hyperper-
fusion focus, concordant or discordant to the resec-
tion, was identified in significantly more patients by
SPM-based analysis than SISCOM. In nTLE
patients, SISCOM was localizing in 68% vs 97% in
STATISCOM (p < 0.001) and 97% in ISAS (p <
0.001). In nETLE patients, SISCOM was localizing
in 51% vs 93% in STATISCOM (p < 0.001) and
94% in ISAS (p < 0.001).

Interobserver agreement. Interobserver agreement (kappa
score, Fleiss kappa) for chosen region (resection site)
was also higher for SPM-SPECT analysis. In nTLE,
kappa score was 0.32 for SISCOM vs 0.55 for
STATISCOM and 0.67 for ISAS. In nETLE, the
agreement was 0.40 for SISCOM, 0.56 for
STATISCOM, and 0.46 for ISAS.

The confidence with which the reviewers believed im-
ages were localizing was also higher for SPM-SPECT
analysis. Mean confidence rating with SISCOM in
nTLE was 1.90 (SD * 1.00), with STATISCOM
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Figure 1
temporal lobe epilepsy

A. siIscom
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B. sTATISCOM

SISCOM, STATISCOM, and ISAS images demonstrate areas of hyperperfusion in a patient with

C. I1sAs
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(A) Subtraction ictal-interictal SPECT coregistered with MRI (SISCOM), (B) statistical ictal SPECT coregistered to MRI
analysis (STATISCOM,), (C) ictal-interictal SPECT analyzed by statistical parametric mapping (ISAS). Areas of hyperperfu-
sion (red and yellow) and hypoperfusion (blue and white) were identified by blinded reviewers.

2.94 (SD = 0.79), and with ISAS 2.92 (SD = 0.80).
Mean confidence rating in nETLE with SISCOM was
1.51 (SD = 0.83), with STATISCOM 2.34 (SD =
0.79), and with ISAS 2.33 (SD = 0.83). The differences
between SPM methods and SISCOM for nTLE and
nETLE were statistically significant (p < 0.001).

Comparison with other diagnostic modalities. Comparison
with other diagnostic modalities is shown in table 2. In
nTLE, the dominant focus localization by STATIS-
COM and ISAS was comparable to the results from
ictal EEG, and concordance of resection site and
marked focus was lower than in iEEG. In nETLE,
the concordance of SPM SPECT analysis to the resec-
tion site was similar to results of ictal EEG. Overall,
these results were complementary, as some patients
with indeterminate findings from ictal EEG had pos-
itive SPECT results (in 8 cases with STATISCOM, in
8 cases with ISAS, and in 2 cases with SISCOM).

Surgical outcome and pathology. Analysis was performed
for patients with longer than 1 year follow-up. In

nTLE (n = 17), localization to the region of surgery
and excellent outcome was significantly higher in
STATISCOM (p = 0.008) and ISAS (p = 0.046),
but not in SISCOM (p = 0.17). In nETLE (n = 23),
association with excellent outcome was not significant
for any modality. Seizure generalization in nTLE
was associated with nonlocalizing findings by
STATISCOM (p = 0.043), but not by ISAS (» =
0.095) or SISCOM (p = 0.055). In nETLE, there
was no significant correlation of seizure generalization
and localizing findings for any method used.

Pathology in nTLE patients showed 17 cases of
nonspecific gliosis, 3 cases of mesial temporal sclero-
sis, and 1 case of a cortical dysplasia. In nETLE,
pathology showed nonspecific gliosis in 25 cases
and a cortical dysplasia in 3 cases.

DISCUSSION The ultimate goal of epilepsy surgery
is to render a patient seizure-free. To achieve this
outcome, precise localization of epileptogenic zone
is necessary. In MRI-negative cases, scalp EEG is
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[ Figure 2 SISCOM, STATISCOM, and ISAS demonstrate areas of hyperperfusion ]

B. sTAaTISCOM

A. siIscom

C. 1sAs D. Post-op

The images ([A] subtraction ictal-interictal SPECT coregistered with MRI [SISCOM,], [B] statistical ictal SPECT coregistered
to MRI analysis [STATISCOM,], [C] ictal-interictal SPECT analyzed by statistical parametric mapping [ISAS]) show area of
hyperperfusion in right frontal lobe in a patient who was ultimately rendered seizure-free. Postoperative MRI (D) demon-
strates good overlap of hyperperfusion (in warm color scale) with the region of focal cortical resection.

helpful in localizing the epileptogenic zone but it is
often difficult to interpret, especially in ETLE, and it
lacks the spatial resolution of diagnostic imaging
methods. Functional imaging modalities such as PET
and ictal SPECT can show localized metabolic or
perfusion changes that are independent of structural
abnormities and can help guide implantation of
intracranial EEG electrodes.”” A study in children
with focal cortical dysplasia® showed that ictal
SPECT was comparable to MRI and EEG and
favorable surgical outcome was achieved when the
ictal hyperperfusion was completely resected. Another
study compared magnetoencephalography (MEG),
SPECT, and PET and found that SISCOM and
PET had higher odds ratio for predicting seizure-free
outcome compared to MEG.** In ETLE patients,
SISCOM frequently localized extratemporal seizures
when neither EEG nor MRI was localizing. "'
Previous studies of SPM-based SPECT analysis in
epilepsy were limited to a small number of MRI-
negative patients (n = 6 extratemporal and n = 7
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temporal)'” or inclusion of only temporal epilepsy
patients.'® Using only ictal SPECT image with data-
base of healthy controls, SPM analysis was compara-
ble to the subtraction method in TLE, but a majority
of studied patients had MRI findings of hippocampal
atrophy.” Furthermore, without an interictal study,
when interictal hypoperfusion is profound, the ictal
increase in perfusion may not exceed that in control
subjects.*** We specifically analyzed only patients
with MRI-negative epilepsy, and our results show that
use of a control group for analyzing ictal-interictal
perfusion difference further improves the localization
value of ictal SPECT. The higher confidence rating
and interobserver agreement also suggest that SPM-
processed images are easier to interpret, probably
due to suppression of perfusion differences caused
by physiologic interscan variability.

In the current study, the concordance between
SISCOM localization and surgical site in temporal
epilepsy was only 38%, which is lower than in previ-

ous SISCOM studies that included both lesional and
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influenced their decision in localizing the SISCOM
abnormality. The sensitivity of SISCOM in nETLE
was 36%, which is consistent with previously re-
ported results in patients with normal preoperative

Table 2

SIscCoM
STATISCOM
ISAS

Ictal scalp EEG

Interictal scalp EEG

Temporal lobe epilepsy, % (n)

Comparison of SISCOM, STATISCOM, ISAS, and other diagnostic test results for all studies in the
group

Extratemporal lobe epilepsy, % (n)

Dominant focus
localization

68 (43/63)
97 (61/63)
97 (61/63)
100 (21/21)
81 (17/21)

Concordant
localization

38 (24/63)
71 (45/63)
67 (42/63)
95 (20/21)
62 (13/21)

Dominant focus
localization

51 (46/90)
93 (80/90)
94 (81/90)
57 (16/28)
21 (6/28)

Concordant
localization

36 (32/90)
57 (51/90)
53 (48/90)
54 (15/28)
21 (6/28)

Abbreviations: ISAS = ictal-interictal SPECT analyzed by SPM; SISCOM = subtraction ictal-interictal SPECT coregistered
with MRI; STATISCOM = statistical ictal SPECT coregistered to MRI analysis.
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MRI.7?¢?” The concordance rate of MRI, PET,
SPECT, and pathologic diagnosis in nETLE is
known to be lower than in nTLE.?*! This may be
caused by multiple factors that include more rapid
and variable seizure propagation, shorter duration of
seizure, and delayed time of radionuclide injection,
although in our study the only statistically significant
differences between the 2 groups were patients’ age
and age at seizure onset. The reason for the relative
better sensitivity of SPM methods in TLE compared
to ETLE in this study is unclear. SPM analysis with
ISAS** and STATISCOM enhanced localization of
epileptogenic brain in nETLE by SPECT by at least
15% and its localizing rate was comparable with those
of ictal EEG.

A limitation of our study is that a fixed perfusion
threshold was used, but having multiple threshold levels
would be impractical for a blind review. A study on
determining an optimal SISCOM threshold was
recently published® and showed that the z score of
1.5 was significantly more sensitive and specific than
traditionally used z score of 2. In a clinical setting,
reviewers are usually fully aware of results of other diag-
nostic methods used, which could bias the reported area
of hyperperfusion, e.g., in the reported EEG onset loca-
tion. It is important to note that the patient cohort was
highly selected and includes only patients with nonle-
sional MRI who underwent epilepsy surgery. The num-
ber of patients with MRI-negative epilepsy considered
for epilepsy surgery is approximately 3—4 times higher
than the final number that proceed to surgery.’® Con-
cordance of diagnostic studies is usually lower in non-
candidates than in the epilepsy surgery group and the
overall sensitivity of SPM-SPECT lower."® The need
for normal controls for statistical analysis can be a lim-
iting factor in practice. However, it is possible to use
freely available control images provided that the
SPECT tracer is the same."”

Statistical analysis of SPECT data using a group of
normal controls is a useful addition to the standard
clinical practice of SPECT processing and can further
improve localization value of already available SPECT
data. SPM-SPECT is especially useful in MRI-
negative epilepsy where localized perfusion changes
complement other diagnostic modalities in guiding
iEEG electrode implantation and subsequent surgical
resection.
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The Premier Event for the Latest Research on Concussion

Registration is now open for The Sports Concussion Conference—zhe premier event on sports
concussion from the American Academy of Neurology—set for July 11 through 13, 2014, at the
Sheraton Chicago Hotel & Towers in Chicago. You won’t want to miss this one-of-a-kind oppor-
tunity to learn the very latest scientific advances in diagnosing and treating sports concussion, post-
concussion syndrome, chronic neurocognitive impairment, and controversies around gender issues
and second impact syndrome from the world’s leading experts on sports concussion. Early regis-
tration ends June 9, 2014. Register today at AAN.com/view/ConcussionConference.

Neurology 82 March 18, 2014

939



