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Summary
Purpose—With the success that surgical approaches can provide for localization-related
epilepsy, accurate seizure localization remains important. Although magnetic resonance (MR)
spectroscopy has had success in earlier studies in medial temporal lobe epilepsy, there have been
fewer studies evaluating its use in a broader range of localization-related epilepsy. With
improvements in signal-to-noise with ultra-high field MR, we report on the use of high resolution
7T MR spectroscopic imaging (MRSI) in 25 surgically treated patients studied over a 3.5-year
period.

Methods—Patients were included in this analysis if the region of MRSI study included the
surgical resection region. Concordance between region of MRSI abnormalities and of surgical
resection was classified into three groups (complete, partial, or no agreement) and outcome was
dichotomized by International League Against Epilepsy (ILAE) I–III and IV–VI groups. MRSI
was performed with repetition time/echo time 1.5 s/40 msec in two-dimensional (2D) or three-
dimensional (3D) encoding for robust detection of singlets N-acetyl aspartate (NAA), creatine
(Cr), and choline with abnormalities in NAA/Cr determined with correction for tissue content of
gray matter.

Key Findings—The concordance between MRSI-determined abnormality and surgical resection
region was significantly related to outcome: Outcome was better if the resected tissue was
metabolically abnormal. All 14 patients with complete resection of the region with the most severe
metabolic abnormality had good outcome, including five requiring intracranial
electroencephalography (EEG) analysis, whereas only 3/11 without complete resection of the most
severe metabolic abnormality had good outcome (p < 0.001).
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Significance—This is consistent with the seizure-onset zone being characterized by metabolic
dysfunction and suggests that high resolution MRSI can help define these regions for the purposes
of outcome prediction.
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For the neurosurgical evaluation of intractable epilepsy, localization of seizure onset is a
critical step. Achieving localization is commonly the result of an integrated analysis of
multiple lines of evidence, including semiology, electroencephalography (EEG; scalp and
intracranial), imaging, and cognitive performance. Nonetheless, the challenges of identifying
seizure onset are well known, given the varying clinical expression of different brain regions
and the strong possibility for rapid seizure propagation. It remains that identification with
intracranial EEG data of seizure onset with accuracy that is sufficient for surgery is the goal
for many magnetic resonance imaging (MRI)–negative (or MRI–ambiguous) patients. Given
this, a more practical goal for improving seizure localization would be to more accurately
assess candidate regions for electrode placement. In the past, MR spectroscopy and
spectroscopic imaging have been suggested to be informative for localization (Connelly et
al., 1994; Kuzniecky et al., 1997; Maudsley et al., 2010a); this is premised on the known
role that N-acetyl aspartate (NAA) plays for neuronal mitochondrial function (Bates et al.,
1996; Pan & Takahashi, 2005). As suggested by Connett (1988); the use of total creatine
(Cr, being a key component of phosphocreatine that serves as a buffer for ATP) in the
normalization of bioenergetics parameters is highly informative over a cross-section of
species and within a given tissue type. Therefore, many groups have used the ratio of NAA/
Cr as a normalized parameter, which we characterize as the bioenergetics of the neuronal/
glial unit (“bGNU”), finding it to be informative for identifying regions of energetic and
neuronal dysfunction (Suhy et al., 2000; Muñoz Maniega et al., 2008; Guevara et al., 2010).

However, MR spectroscopic imaging has been challenging (Goelman et al., 2007; Maudsley
et al., 2010a,b) because of the need to cover wide brain territories, because available
localization may be lobar or hemispheric. In addition, studies need to be done with sufficient
spatial resolution to sensitively identify dysfunctional areas, that is, to avoid extensive
partial volume effects that could otherwise dilute small abnormalities. Because of these
issues, it is evident that single voxel spectroscopy is not adequate for seizure localization.
With spectroscopic imaging, the technical factors of adequate signal-to-noise (SNR),
consistency of coverage, and study duration have been problematic, continuing
improvements in imaging technology have been made. In this report we describe the
systematic use of ultra-high field (7T) MR spectroscopic imaging to evaluate seizure
localization in a range of temporal and neocortical localization-related epilepsy eases. 7T is
used because of the goal for high SNR in the face of relatively small voxel sizes (Vaughan et
al., 2001; Inglese et al., 2006). Because of challenges intrinsic to the 7T field strength and its
implementation in humans (Vaughan et al., 2001; Van de Moortele et al., 2005), this study
made use of several advances in B0 shimming and radiofrequency (RF) technology to
achieve consistent spectroscopic imaging performance (Avdievich et al., 2009; Hetherington
et al., 2010; Pan et al., 2012a). We report on 25 patients who were included in this analysis
if there was a surgical resection (rather than solely transection or device-based therapy) and
there was regional overlap between the MRSI data and surgically executed plan. We
assessed the concordance (complete, partial, or discordant) between the region of surgical
resection and the MRSI data, and determined how this concordance related to available
outcome data.
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Methods
Patients

Patients were recruited by referring physicians at the Yale and Columbia Comprehensive
Epilepsy Centers to participate in our 7T MR spectroscopic imaging for epilepsy study. We
studied 25 patients (Table 1) from 2009 to 2012. Patients were included in this study if a
surgical resection was performed, and if the preoperative MRSI data over-lapped with the
surgical resection. Definition of overlap was determined from the operative note, available
postoperative MRI (generally available for patients whose outcome was poor), and 7T
structural imaging data. In all cases, localization and decision for surgical resection were
determined by expert review and consensus opinion of the Yale or Columbia
Comprehensive Epilepsy Programs and did not make explicit use of MRSI data. The MRSI
studies were not performed as whole brain studies; however, as they included multiple slices
and were targeted to suspected regions of interest (lobar, limbic) for seizure localization,
there was minimal patient exclusion (2/27 patients who otherwise qualified) because of
nonoverlap with the surgical resection. The shortest time period of follow-up was 4 months,
the longest 3.5 years, with a majority of patients (20/25) with >1 year of follow-up.

Classification of patients was made based on the concordance between the MR
spectroscopic imaging (MRSI) abnormalities with surgical resection. Three levels of
concordance were used:

1. Complete concordance: The region of most severe NAA/Cr abnormality is
resected, with or without areas of lesser MRSI abnormality.

2. Partial concordance: The region of NAA/Cr abnormality is partly resected,
although there were other areas of equal or worse MRSI abnormality that were not
resected.

3. Discordant: The region of NAA/Cr abnormality is not resected, that is, the
surgically resected area showed no abnormality on MRSI.

Outcome was classified using the International League Against Epilepsy (LAE) scale.
Because of the small number of patients studied, ILAE outcomes were dichotomized into
good outcome (ILAEI–III: seizure free or up to three seizure days/year) and poor outcome
(ILAEIV–VI: at least four seizure days/year). As a result, a 3 × 2 contingency table was
used to compare concordance class and ILAE outcome. It should be noted in this initial
study that because imaging studies were performed locally based on clinically suspected
brain regions, these studies should not be regarded as “blinded” independent measurements
for seizure localization.

MR spectroscopic imaging
7T MR spectroscopic imaging was performed using a head-only Agilent (Varian, Agilent
Technologies, Santa Clara, CA, U.S.A.) human imaging spectrometer equipped with 40 mT/
m gradients and third-order shim coils. Because of the need for excellent Bo homogeneity
over large regions of the brain sufficient for spectroscopic imaging, an RRI (Resonance
Research Inc., Billerica, MA, U.S.A.) high fourth-degree shim insert coil was additionally
used in conjunction with map based noniterative shimming methods as described previously
(Pan et al., 2012a). All studies used an eight-channel transceiver array for detection with RE
shimming (Avdievich et al., 2009). Scout imaging was performed using an inversion
recovery (IR) gradient echo for gray–white matter contrast (repetition time/echo time [TR/
TE] 1.5 s/10 msec). Spectroscopic localization was achieved with a combination of gradient-
based slice-selective excitation (10-mm thick slices) and RE shimming based outer volume
suppression (Avdievich et al., 2009; Hetherington et al., 2010). MRSI studies were acquired
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as Hahn spin echoes with repetition time/echo time [TR/TE] 1.5 s/40 msec with rectangular
phase encoding. The voxel size did vary through the 3.5-year period of these studies, with
the initial studies (n = 4) acquired at a nominal voxel size of 1.44 cc (16 × 16 phase
encoding), and later studies (n = 21) at 0.64 cc (24 × 24 phase encoding). In the initiation of
this study, tissue segmentation was performed manually for the neocortical studies from the
scout IR gradient echo images; however, the later studies in this dataset used tissue
segmentation with a calibrated inversion recovery that takes advantage of the longer T1
values at 7T (Rooney et al., 2007). Examples of this are shown in Figures 1 and 4. The total
duration of any given study was approximately 80 min.

Data were processed with 4 Hz of Gaussian broadening (full-width half maximum
[FWHM]) in the spectral domain and a Hanning filter in the spatial domain. Spectra were
phased and fit in the spectral domain using Gaussian line-shapes, and the ratios of NAA/Cr
were calculated using resonance areas. Because of the moderate echo time (TE 40 msec)
used, minimal baseline correction (performed using a cubic spline fit) was needed. As
discussed by Connett (1988), the normalization with regard to total creatine has proven
informative and robust for parameters of bioenergetics and metabolic function owing to the
key role of creatine and phosphocreatine in buffering ATP. It should be noted that this
normalization is pertinent not only bioenergetically but also renders the parameter relatively
insensitive to variations in tissue atrophy and partial volume effects. The variation in NAA
and creatine in white versus gray matter does result in variation in NAA/Cr, and thus
evaluations for significance were corrected for fraction of gray matter in any given voxel as
determined from tissue segmented imaging data (Hetherington et al., 1996; note that the
concentrations of NAA and creatine in CSF are negligible). Based on mixed gray and white
matter voxels measured from n = 10 group of controls (age range 21–52 years old, studies
acquired from neocortical frontoparietal regions), a linear regression of NAA/Cr was
developed as a function of fraction gray matter (fgm), that is, estimated NAA/Cr = 1.82–
0.44*fgm. The significance of abnormality for a measurement from an arbitrary neocortical
voxel was calculated from the difference between the expected versus observed NAA/Cr
according to

where tα is 1.65 (n ≥ 200 points on the regression, α is 0.05 significance for one tailed t-
test). The sy,fgmnew will vary depending on the new fgm value and represents the confidence
interval for NAA/Cr al the new fgm value (Montgomery, 1991):

sy,x is the standard error of the estimate from the regression, n is the number of points in the
regression. In this analysis, we used a one-tail t-test for significance because our hypothesis
clearly anticipates abnormality with a decline in NAA/Cr.

Because hippocampal MRSI values are known to be different from neocortex (Vermathen et
al., 2000; Choi & Frahm, 1999), these values were determined separately. In the anterior and
posterior hippocampus, NAA/Cr values were measured in controls (n = 10) to be 1.21 ± 0.13
and 1.32 ± 0.10, respectively, with the cutoff for abnormality taken at two standard
deviations low, at 0.95 and 1.12, respectively.
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Results
Table 1 shows the demographic and clinical data for the 25 patients. In nine patients, there
was preoperative MR-detected unilateral or asymmetric hippocampal abnormality. Another
10 patients had clinical MRI-detectable abnormalities such as periventricular heterotopia,
bilateral symmetrical hippocampal abnormalities, or the residual scar from a remote
hemorrhagic arteriovenous malformation. The remaining six patients had a negative clinical
MRI. Of the 25 patients, n = 15 patients (i.e., most of the patients except those with clearly
defined unilateral hippocampal onset and atrophy) underwent intracranial monitoring for
seizure localization. The resulting contingency tables arc shown in Table 2, using letters A–
F to describe the six possible groups. We approach the description of the results from the
perspective of initial imaging-based localization.

It should be clearly acknowledged that the postsurgical outcome will always be modulated
by the need to maintain adequate cognitive function. However, our goal in this work was to
evaluate outcome based on concordance of the 7T MRSI abnormalities with the surgical
resection, and for this, limitations caused by function are a separate issue.

Patients with MR-determined asymmetric hippocampal abnormality (n = 9)
As expected, all nine patients with asymmetric hippocampal abnormality and noninvasive
consensus consistent with unilateral medial temporal lobe epilepsy (MTLE) fell into
contingency group A, that is, class I (region of MRSI abnormality completely surgically
resected) with I–III outcome (Table 2A). Two examples of data from this group (patients 1
and 4 from Table 1) are shown in Figure 1B,C, showing the characteristic anterior medial
temporal lobe decline in NAA/Cr (for comparison Figure 1A shows data from a healthy
control volunteer). These two examples are shown to demonstrate the variability in medial
temporal lobe metabolic decline, with Figure 1B with injury unilaterally, although Figure 1C
has injury throughout the ipsilateral hippocampus, with lesser abnormalities seen in the
contralateral hippocampus.

Other patients with abnormal clinical imaging (including symmetric hippocampal atrophy
[n = 10])

Ten patients had a variety of abnormalities detected by clinical imaging. As summarized in
Table 2B, these patients fell into a variety of contingency groups. Excellent outcome was
seen in six patients, characterized with discrete imaging abnormalities (e.g., mild increased
signal on fluid-attenuated inversion recovery [FLAIR], graywhite blurring). Data from
patient 14 (contingency group A) is shown in Figure 2, and shows the relatively restricted
region of NAA/Cr spectroscopic abnormality, although there are mild adjacent abnormalities
in NAA/Ch. One patient (no. 15, contingency group C) was not accurately detected by
MRSI. This patient was studied with the larger voxel size (1.44 cc), and the NAA/Cr value
from the known structural lesion in the left temporal lobe was 1.40. Although this value does
not score as significantly abnormal, it should be noted that the contralateral homologous
region has a value of 1.81, with the entire ipsilateral region being mildly decreased. With
this study, it became clear that 1.44 cc sampling for neocortical epilepsy was likely to be
inadequate and since then higher resolution studies have been acquired (21 patients), in this
group, the volume of MRSI abnormality could be quite small, one or two voxels. Based on
studies using a 0.64 cc voxel size, neocortical abnormalities were detected with NAA/Cr
values of 1.13 ± 0.12, a mean fractional gray value of 0.8, this having a t-value of 2.42.

Of the remaining four patients (11, 16, 17, and 19) with poor outcomes, two had
periventricular heterotopias on structural MRI (patients 16 and 17). The heterotopias or
surrounding tissues did not show abnormalities in NAA/Cr (Fig. 3 shows patient 16 in this
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region). Both of these patients had portions of the heterotopia resected in addition to subpial
transections or resection of overlying cortex, but experienced poor outcomes and were
classified as group F. The remaining two of this poor outcome group had dual pathology in
the ipsilateral temporal lobe (no. 19), and likely bilateral MTLE (no. 11), both classified as
group E, that is, the surgical resection did remove metabolically abnormal tissue, but the
MRSI identified additional abnormality that was at least as severe and not resected. Of these
four patients, the MRSI identified other candidate abnormalities; in three of these, the
abnormality was located in the temporal lobe, which could be severe.

Patients with negative conventional imaging (n = 6)
Six patients had no clear imaging abnormalities and were initially poorly localized. Decision
for the region of MRSI study was determined from semiology and scalp EEC, with these
patients falling into contingency groups A (n = 1), B (n = 1), E (n = 2), and F (n = 2), see
Table 2C. The group A patient 20 was determined after intracranial ERG localization to
have MTL-onset seizures, identified accurately by MRSI. The group B patient 24 was
determined with intracranial analysis to have left amygdalar onset, with MRSI showing
wider limbic network abnormalities. The remaining five patients comprised two with
childhood exposure to meningitis or encephalitis (21 and 22), and three with no clear
etiology (23, 24, and 25). Figure 4 shows patient 21 (history of meningitis) with a poor
outcome, showing multiple regions of metabolic abnormality.

3 × 2 Contingency table of total cohort
Table 2D summarizes ail of the contingency group data. Although it is clear that this is a
small patient group, only one of the 25 patients analyzed fell into contingency groups C or
D. It is possible that this “miss” (group C) was because of the larger voxel size used in that
early study. Alternatively, it is possible that the severity of metabolic dysfunction of this
lesion was small. Using a Fisher’s exact 3 × 2 contingency statistical test, the concordance
between MRSI and surgical resection was significantly related to good outcome (p < 0.001).
To calculate prediction values, we combined the contingency groups B + C (partial or no
concordance between MRSI surgery, but with good outcome) and contingency groups E + F
(partial or no concordance between MRSI surgery with poor outcome). When all 25 patients
were included, the positive predictive value for the concordance of MRSI with good
outcome was 100%, negative predictive value was 73%, sensitivity 82%, and specificity
100%. If the asymmetric hippocampal abnormality cases were omitted (based on a total of
16 patients), these parameters arc 100%, 73%, 62.5%, and 100%, respectively.

Discussion
These data are consistent with the view that regions with metabolic abnormalities are linked
with seizure onset (Drzezga et al., 1999; Benedek et al., 2004; Shih et al., 2004) and
abnormalities defined by NAA/Cr can provide pertinent information for prediction of short-
to medium-term outcome in the surgical treatment of localization-related epilepsy.
Specifically the resection of metabolically abnormal tissue was linked with good outcome,
whereas resection of metabolically normal tissue was linked with poor outcome. Because
this initial study used the MRSI to better define the metabolic anatomy of the surgical target
region, these data provide useful estimates for outcome based on the extent of resection of
the area of abnormal MRSI. It should be noted that the analyses of the neocortical patient
data are based on control data (age range 21 – 52 years old) taken from frontoparietal
neocortical regions. Given the possibility for normal variation in N AA/Cr based on age and
lobe (Pouwels et al., 1999; Harada et al., 2001; Blüml et al., 2012), it is likely that greater
sensitivity and specificity can be achieved by using more accurate control data. Nonetheless,
these results suggest that MRSI may also provide more information and identification of
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candidate regions of seizure onset. Clearly, for the goal of providing a wholly independent
assessment of the localization-related epilepsy patient, MRSI data will be needed from the
entire brain from a larger group of patients, Pathophysiologically, such data would also be of
interest for better understanding as to what the MRSI says about the metabolic and network
nature of the injury in epilepsy, for example, the postmeningitis patient 21, who showed
multiple loci of depressed NAA/Cr (Fig. 4).

How does the MRSI vary between patients?
Although these early data cannot be extrapolated given the many varying pathologies seen in
this group, it is pertinent to consider the variation and extent of metabolic abnormalities.
Consistent with existing literature, the MTLE group was relatively easy to detect and was
characterized by an apparent anterior-posterior gradient in the hippocampus of metabolic
dysfunction (worst anteriorly) that was commonly bilateral (Vermathen et al., 2000;
Hetherington et al., 2007), The extent of injury in the temporal lobe–onset patients was
variable, with some showing relatively mild metabolic injury versus others with severe
hippocampal involvement and wider spread involvement (see Fig. 1B,C). Although there is
generally excellent predictability from structural MRI (here, n = 9 with asymmetric
hippocampal abnormality), as is well known, MTLE can be present in patients without overt
hippocampal atrophy (de Lanerolle et al., 2003). In this report, mere were an additional four
of the n = 16 group (i.e., these without simple asymmetric hippocampal atrophy) who were
found to show definite (n = 1) or likely (n = 3) metabolic dysfunction in the hippocampus
consistent with MTLE (for a total of 13). It is also of interest to consider that the two
patients with periventricular heterotopias (patients 16 and 17) did not display metabolic
abnormality within the heterotopia directly or in the immediate surrounding tissue. Instead,
distant MRSI abnormalities were seen with these two patients, suggesting the utility of
MRSI to characterize the presence/absence of metabolic networks that may be informative
toward localization and outcome.

To what extent can MRSI identify seizure onset?
Given the view that epileptogenic tissue is likely characterized by metabolic dysfunction and
mitochondrial injury (Shih et al., 2004: Kann et al., 2005; Nishida et al., 2008), it is relevant
to note that of the eight poor outcome patients (combining the contingency groups E and F),
MRSI identified other regions of NAA/Cr abnormalities in at least seven. In three of these
seven patients, intracranial LEG data were available from regions relatively close (within 2
cm) to several of these candidate regions (in patient 16, 22, and 24). However, in these three
patients, the intracranial EEG data did not find specific seizure onset from these candidate
regions. Although this may seem confusing, several factors may be contributing. First,
NAA/Cr is a measure of metabolic dysfunction, and it is certainly possible that areas of
dysfunction occur without being directly at the site of seizure onset. Second, these other
regions may reflect the presence of a seizure or epilepsy network, for example, possibly as
propagation paths. This is consistent with the extensive literature finding limbic-wide and
extratemporal abnormalities in MTLE (Benedek et al., 2004: Mueller et al., 2011; Pan et al.,
2012b), also seen in the MTLE patients from contingency group A. Finally, given the
complex nature of this patient group, it is also possible that there are multiple loci of seizure
onset where after resection of the initial seizure onset region, other (initially quiescent)
aberrant regions may become active. Nonetheless, given our concordance between MRSI,
resection, and outcome, it is clear that for the majority of our patients, finding and resecting
the region with the most severe metabolic abnormality characterizes better patient outcome
than resecting a metabolically normal region.
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Advances in imaging technology are constructive for localization-related epilepsy
From an imaging perspective, the present data show that there is diversity among patients in
the volumetric amount of metabolic dysfunction. Some patients show widespread
abnormalities (e.g., patients 16, 18, and 19), whereas others have smaller regions of
dysfunction (patients 13 and 14); therefore, with minimal a priori knowledge, there is need
for excellent spectral quality and spatial resolution. Ongoing developments in ultra-high
field MR arc realizing the anticipated advantage for SNR (Tkac et al., 2009; Hale et al.,
2010), which is challenging specifically in terms of B0 field homogeneity and RF
performance (Van de Moortele et al., 2005; Avdievich et al., 2009; Pan et al., 2012a).
Recent progress in this area has made these large volume 7T high resolution studies
possible, but it should also be noted that such technologic developments have immediate
relevance for 3T or 4T, which is known to have similar (but somewhat milder) problems,
especially in lower brain regions (Maudsley et al., 2010a,b). As a result, we arc optimistic
that with continuing work, such studies will become feasible on clinical MR systems.

With continuing studies of this kind, we anticipate that the metabolic imaging may help to
better understand The nature of the distributed injury in human epilepsy. More concretely,
we also believe there to be specific value added with the MRSI study: that seizure
localization can be improved and that better definition of the metabolic networks in epilepsy
can hopefully improve outcomes from surgery.
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Figure 1.
Medial temporal lobe data (scout, spectra) from three volunteers, (A) control; (B, C) MTL
patients and 4. For the two epilepsy patients, overlays are shown with color bars indicating
level of significance overlaid on the anatomic scouts. The study from (B) shows less injury
than (C). In the spectra, asterisks highlight the areas with abnormal NAA/Cr. In (A), results
of gray and white matter tissue segmentation are also shown. The blue line approximately
indicates the interhemispheric fissure. On both the scouts and spectra, corresponding row
and column numbers are shown, with the yellow rectangles indicating die boundaries of the
shown spectroscopic imaging data.
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Figure 2.
Frontal lobe MRSI data from patient 4, showing the small parasagittal R. frontal lobe NA/Cr
decline. (A, B) Scout images from two adjacent slices, (C, D) corresponding spectroscopic
imaging overlays from the two slices, and (E) spectra from the more inferior slice (matching
A, C). This patient underwent right frontal lobectomy including the involved area and has
become seizure free with outcome class I. Pathology showed hyaline astrocytopathy of
cortex. Unfortunately no postoperative imaging data are available.
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Figure 3.
Frontotemporal MRSI data from patient 6, who had a right periventricular nodular
heterotopia (arrow). The scout (A), spectra (B), and clinical (C, D) preoperative and
postoperative images are shown. The NA/Cr values from the spectra overlapping the
heterotopia are within normal range when corrected for gray matter content. Additional NA/
Cr abnormality was detected in the right medial temporal lobe of this patient (not shown).
This patient underwent partial resection of heterotopia with subpial transections in overlying
cortex, limited by visual tracts, with outcome class V.
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Figure 4.
Data from patient 2, showing the (A) scout with overlay (coronal and sagittal also shown).
(B) tissue segmented data spectra, (C) spectra, and (D, E) preoperative and postoperative
clinical imaging data. There are multiple regions of NA/Cr abnormality seen in both
hemispheres. This patient with a history of childhood meningitis had a semiology that was
entirely based in the left hemisphere; therefore, no intracranial recording was obtained from
the right hemisphere. After precuneus resection on the left in the region of the left posterior
MRSI abnormality, the patient was seizure free for approximately 3 months, but then
relapsed as outcome class IV.
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Table 2

3 × 2 contingency tables for n = 25 patients

A:N = 9 Asymmetric HA only

Outcome: I-III Outcome IV-VI

Complete concordance A:9 D:0

Partial concordance B:0 E:0

Discordant C:0 F:0

B:N = 10 Abnormal clinical MRI or PET (other than asymmetric HA)

Outcome: I-III Outcome IV-VI

Complete concordance A:4 D:0

Partial concordance B: E:2

Discordant C:1 F:2

C:N = 6 Negative clinical imaging

Outcome: I-III Outcome IV-VI

Complete concordance A: D:0

Partial concordance B: E:2

Discordant C:0 F:2

D:All 25 patients: p < 0.00 significant correlation between the two outcome groups and concordance, χ2 = 5.2

Outcome: I-III Outcome IV-VI

Complete concordance A: 4 D:0

Partial concordance B:2 E:4

Discordant C:1 F:4

Based on all 25 patients and combining contingency groups B+C and E+ F, the positive predictive value for the concordance of MRSI (either
complete concordance vs. partial or no concordance) with surgical resection for good outcome is 00%; negative predictive value 73%, sensitivity
82% and specificity 100%.
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