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Summary

We introduce a new magnetic resonance (MR) method based on
a pixel-by-pixel image processing to examine relationships
between metabolic and structural processes in the pathologic
hippocampus. The method was tested for lateralization of the
epileptogenic zone in patients with temporal lobe epilepsy (TLE).
Twenty patients with drug-resistant TLE and fifteen healthy
controls were examined at 3T. The measurement protocol
contained T2-weighted MR images, spectroscopic imaging,
diffusion tensor imaging and T2 relaxometry. Correlations
between quantitative MR parameters were calculated on a pixel-
by-pixel basis using the CORIMA program which enables
automated pixel identification in the normal tissue according to
control data. All MR parameters changed in the anteroposterior
direction in the hippocampus and correlation patterns and their
slopes differed between patients and controls. Combinations of
T2 relaxation times with metabolite values represent the best
biomarkers of the epileptogenic zone. Correlations with mean
diffusivity did not provide sufficiently accurate results due to
diffusion image distortions. Quantitative MR analysis non-
invasively provides a detailed description of hippocampal
pathology and may represent complementary tool to the

standard clinical protocol. However, the automated processing

should be carefully monitored in order to avoid possible errors
caused by MR artifacts.
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Introduction

Magnetic resonance (MR) techniques enable to
study different biochemical and biophysical parameters
of the brain tissue in vivo. MR images based on T1 and
T2 relaxation times (T1, T2 resp.), diffusion maps or
metabolite concentration maps are broadly used in
clinical practice for localizing the pathology.
Nevertheless, standard MRI provides only morphological
information and the routinely used visual paradigm often
fails in non-lesional diseases. Temporal lobe epilepsy

(TLE) represents a typical epileptic syndrome where
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detailed data additional

information about the disease and can help in better

more analysis  provides
comprehension of pathogenic mechanisms.

TLE is potentially surgically-remediable focal
epilepsy. Symptomatic TLE is etiologically divided into
the syndrome of mesial temporal lobe epilepsy (MTLE)
associated with hippocampal sclerosis (HS), lesional TLE
caused by different structural lesions, and cryptogenic
TLE (Engel 1996). HS is characterized by hippocampal
and extrahippocampal atrophy with neuronal loss and
astrogliosis in the hippocampus (HC) and in the
surrounding regions (Margerison and Corsellis 1966,
Bonilha et al. 2010).

Sclerotic HC exhibits significantly increased
mean diffusivity (MD) ipsilaterally to the epileptogenic
focus (Duzel et al. 2004, Concha et al. 2009) or
bilaterally (Keller and Roberts 2008, Knake et al. 2009,
Bonilha ef al. 2010). An increase of T2 ipsilaterally (Jack
1996) was attributed to the increased number of glial cells
(Pereira et al. 2006). Higher T2 relaxation times in the
anterior rather than posterior HC were also reported
(von Oertzen et al. 2002, Bartlett et al. 2007).

Proton
(IH-MRS)
metabolites reveals neuronal dysfunction characterized by

magnetic  resonance  spectroscopy

assessing  concentrations of  selected
N-acetylaspartate + N-acetylaspartylglutamate (NAA)
decrease, reactive astrogliosis accompanied by creatine
(Cr) increase or a dysplastic cortical lesion characterized
by choline-containing compounds (Cho) increase.
Abnormal NAA/(Cho+Cr) ratios were found in the
ipsilateral and sometimes in the contralateral temporal
lobe in the TLE patients (Kuzniecky et al. 2001, Hajek et
al. 2008).

Several studies concluded that pathologic extent
and lateralization of the epileptogenic zone (EZ) in
better
a combination of different diagnostic methods and

ambiguous cases may be resolved by
correlations between different parameters. Negative
correlations were found between NAA/(Cho+Cr) and
apparent diffusion coefficient (ADC) or the T2 values in
the sclerotic HC (Namer ef al. 1999, Kantarci et al. 2002,
Pereira et al. 2006). Significant correlations between
ADC and T2 were observed in the temporal lobe in the
patients as well as in the control subjects (Duzel et al.
2004).

The aim of this work was to verify the ability of
anew MR method based on a pixel-by-pixel image
processing to study the relationship between individual

biochemical or biophysical parameters and to use their

combination for an examination of the hippocampi in
healthy controls and in patients with TLE. The findings
based on correlations between 1H-MRS, T2 relaxometry
and diffusometry were compared with EZ lateralization
standard evaluations  and

using pre-surgical

histopathological data available after epilepsy surgery.
Methods

Subjects

Twenty TLE patients (mean age 29.6+12.4
years) evaluated before planned resective surgery for
intractable epilepsy in Motol Epilepsy Center were
involved in the study. Demographic and clinical data are
summarised in Table 1. Fifteen patients had abnormal
radiological findings in the hippocampus classified as
lesional epilepsy while the remaining five patients were
regarded non-lesional. The surgical side was determined
according to the electro-clinical correlation and the
results of all pre-operative investigations. Fifteen patients
underwent temporal lobe resection and, accordingly, their
histopathological findings were available (Table 1).

Fifteen healthy subjects (mean age 24.0+2.2
years), carefully interviewed to exclude any diseases
affecting the obtained data, were included in this study as
controls.

All subjects provided their informed consent
approved by the local ethical committee. Clinical
protocols are certified according to the ISO 9001:2008
norm.

MR measurements

The patients underwent a standard clinical MRI
at 1.5T used for radiological evaluation. Consequently,
the patients underwent a supplementary examination on
a 3T tomograph (Siemens Medical Systems, Erlangen,
Germany) equipped with a transmit-receive head coil
aimed on DTI, spectroscopic imaging (SI) and T2
relaxometry. The images were positioned in parallel to
the long hippocampal axis and special attention was paid
to the symmetric positioning over both HC.

1H-MR spectroscopy: The SI data were obtained
using a 2D Point Resolved Spectroscopy (PRESS-CSI)
sequence with echo time (TE)/repetition time
(TR)/number of acquisitions (NA) =135 ms/1510 ms/4,
field of view (FOV) 160x160x15 mm’, a 16x16 phase
encoding matrix, nominal voxel volume 1.5 ml, with and

without water suppression.
T2 relaxometry: A modified 32-echo Carr-
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Purcell-Meiboom-Gill (CPMG) sequence was used with
the following parameters: TR=3000 ms, echospacing
ATE=13.2 ms, NA=I, slice thickness (ST)=5 mm. FOV
was adjusted according to the patient’s head size with
a constant in-plane pixel size 0.78x0.78 mm?.

Diffusion tensor imaging: DTI data were
acquired using an echo planar imaging spin echo
diffusion tensor pulse sequence (TR/TE/NA=7100 ms/
98 ms/3, 20 directions, 44 slices, ST=2.5 mm without
a slice gap, FOV adjusted according to the patient’s head
size with a constant in-plane pixel size 2.0x2.0 mm?, b=0;
1000 s/mm?).

The entire protocol was performed in twelve
patients, T2 relaxometry was omitted in four patients, and
DTI also in four patients. In two patients, the MRS data
were available only from one HC due to technical
reasons.

Data processing

SI data were analyzed using a jSIPRO program
(Jiru et al. 2013) with LCModel (Provencher 1993). The
data processing included Hamming k-space filtering and
the zero filling to a 32x32 matrix size. A water signal was
used as an internal calibration for the calculation of the
metabolic concentration in the laboratory units. The data
were corrected neither for the relaxation times nor for the
content of cerebrospinal fluid as it was unnecessary for
the proposed method and the exact absolute
concentrations were not the stated aim of the study.

DTI data were processed with FSL 4.1.5
(http://www.fmrib.ox.ac.uk/fsl/). Eddy current, motion
artifact corrections and averaging of the individual data
acquisitions was performed. Brain extraction with
a fractional intensity threshold equal 0.3 was undertaken.
Mean diffusivity was calculated in each voxel from the
brain-extracted data using the FSL DTIfit tool.

T2 relaxation maps were calculated using
the ViDi program (Herynek et al. 2012). Image pre-
included the
(to in-plane resolution 1.56x1.56 mm” to adapt it to the

processing image matrix reduction
spectroscopic resolution and to increase the signal-to-
noise ratio (SNR)), and exclusion of points with a low
SNR prior to the fitting.

The conventional MR images were visually
experienced

assessed by neuroradiologists  and

epileptologists.

Correlation analysis
Correlations between metabolic images and

diffusion or T2 relaxation maps were calculated using the
2009). The
correlations were based on a pixel-by-pixel evaluation of

CORIMA program (Wagnerova et al.

two different MR methods which allows studying mutual
dependences of MR parameters. The software enables
auser to select a region of interest (ROI) in one map
(metabolite, relaxation, or diffusion), automatically find
the corresponding region in another map and
consequently create the correlation plot. Each point inside
the plot then corresponds to one pixel inside the selected
ROL ROIs

according to MRI. Both hippocampi were evaluated

Hippocampal were selected manually
separately in each subject. The metabolic maps as well as
maps of metabolic ratios were used. Only voxels with an
error (Cramer-Rao bound) of the calculated metabolic
concentrations lower than 15 % were included in the
analysis (Jiru ef al. 2006). Areas in which the relaxation
times were not calculated due to low SNR or a failure of
the fitting algorithm were excluded from the T2
correlations.

The program facilitates the automatic
identification of pixels in the normal tissue according to
the control data, highlights them on corresponding MR
then

abnormalities and pathology extent. The minimum (MIN)

maps and shows regions with parameter
and maximum (MAX) values for each MR parameter in
the hippocampus were assessed as a Mean — standard
deviation (SD) of the control data set, and Mean + SD,
respectively. High MD values in the vicinity of the brain
stem were excluded from the control data set. MIN and
MAX values define the control data interval (highlighted
in correlation plots by shading and bordered by blue
lines) used for the semiautomatic evaluation of patients’
data for each image (Wagnerova et al 2009). The
program automatically interpreted each pixel falling
inside this interval as representing a healthy tissue, and
pixels with metabolic, MD or T2 values outside this
interval as pathologic (Table 1, columns MRS-MD and
MRS-T2 denoting correlations between metabolites and
MD, T2 resp.). Significant changes in both HC were
interpreted as bilateral pathology. Bilateral changes with
significant asymmetry in at least one MR parameter were
interpreted as Dbilateral pathology with one side
predominance.

A linear fit was used for the correlation analysis.
Mann-Whitney U-test was used for comparison of
correlation slopes between different patient groups and
controls. The probability level p<0.05 was considered as

a statistically significant difference.
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Table 1. Demographic, electro-clinical, radiological, correlation and histopathological data of all patients involved in the study.
. Age/epilepsy - . .
Patient . Electro-clinical . MRS-MD MRS-T2 Histopathological
duration . . MRI finding ey L. .
No., sex diagnosis lateralization lateralization finding
(years)
1I,m 32/14 TLE sin normal HC sin HC sin no surgery
2,f 34/19 TLE sin normal HC sin NA no surgery
3.f 35/21 TLE sin normal HC bilat (sin) NA no surgery
4,m 20/6 TLE sin normal NA HC bilat (sin) normal
5.f 19/12 MTLE dx normal” HC dx HC dx FCD 1B
. T2W increased . . . . HC non-specific
6,m 40/14 MTLE sin . ] HC bilat (sin) HC bilat (sin) o
signal in left T pole gliosis, FCD 2A
. T2W increased HC non-specific
7,f 41/23 MTLE sin . ] NA normal HCdx* |
signal in left PHG gliosis, FCD 1B
8,f 18/8 MTLE dx HS dx HC bilat (sin) HC bilat (dx) isolated HS
9,m 20/7 MTLE dx HS dx HC dx HC dx isolated HS
10,f 20/15 MTLE sin HS sin HC bilat (sin) HC sin isolated HS
HS sin, T2W
11,f 18/14 MTLE sin increased signal and HC sin HC bilat (sin) HS, FCD 1A
atrophy in T pole
12,m 41/9 MTLE dx HS dx HC bilat HC bilat (dx) HS, FCD 1A
HS sin, T2W
13,f 15/11 MTLE sin increased signal and HC sin HC sin HS, FCD 1B
atrophy in T pole
14,m 32/3 MTLE sin HS sin HC bilat (sin) NA HS, FCD 1B
HS sin, T2W HS, post-
15,m 18/6 MTLE sin increased signal and HC sin HC sin inflammation
atrophy in T pole gliosis
HS, post-
16,m 57/10 MTLE dx HS dx HC bilat (dx) HC bilat inflammation
gliosis
17,m 53/37 MTLE dx HS dx HC bilat (dx) HC bilat (dx) no surgery
18,f 34/34 TLE dx HS dx NA HCdx no surgery
T2W increased
. L complex
signal in right . .
19,m 27/20 MTLE dx HC bilat (dx) malformation of
amygdala, PHG and
HC, FCD 2B
HC
right basal posterior ganglioglioma,
20,f 18/1 TLE dx HC dx* NA
temporal tumour FCD 1A

MRS-MD and MRS-T2 correlations were evaluated in the hippocampi only. MRS — magnetic resonance spectroscopy, MD — mean
diffusivity, T2 — T2 relaxation time, m — male, f — female, dx — right, sin — left, T — temporal lobe, PHG — parahippocampal gyrus, bilat
(dx) — bilateral pathology with the right side predominance, bilat (sin) — bilateral pathology with the left side predominance, (M)TLE —
(mesial) temporal lobe epilepsy, T2W — T2 weighted images, HS — hippocampal sclerosis, HC — hippocampus, WM — white matter,

MCD - malformation of cortical development, FCD — focal cortical dysplasia, NA — not available,

anterobasal temporal encephalocele, * — data from HC sin not available.

#

— diagnosed with developmental
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Table 2. Correlation slope, type and correlation coefficient between selected parameters in controls and patients’ abnormal hippocampi.

Controls Non-lesional Lesional Controls Non-lesional Lesional
HC HC HC HC
. Correlation  Correlation Correlation Correlation Correlation Correlation
Correlation
Slope A Slope A Slope A Type (1) Type (1) Type (1)
MD-T2 23000+£14600 21200+£5200  18300+1100 P (0.38+0.16) P (0.47+0.11) P (0.61+0.16)
Cr/NAA-T2  0.006+0.004 0.013+0.003" 0.011+0.004" P (0.59+£0.19) P (0.59+0.12) P (0.76+0.09)
Cr/NAA-MD  280+220 620+500 180+110 P (0.32£0.17) P (0.41+0.19) P (0.49+0.21)
Cho/NAA-T2 0.005+0.002 0.0054£0.002  0.003£0.001 P (0.68+0.13) P (0.64+0.13) P (0.76+0.07)
Cho/NAA-MD 240+160 230+£260 80+40" P (0.46+0.17) P (0.45+0.22) P (0.47+0.20)
Cho/Cr-T2 0.004+0.001  0.0018+0.0009 0.0008+0.0008" P (0.64+0.17) P (0.63£0.12) @ (0.37+0.38)
Cho/Cr-MD 170+120 30+110 9+30" P (0.44+0.25) ©(0.28+0.40) © (0.21+0.37)
Cho-T2 0.010+£0.008 0.013+0.004"  0.005+0.002° P (0.49+0.17) P (0.68+0.13) P (0.74+0.05)
Cho-MD 4204370 410+410 110480 P (0.37+0.27) P (0.37+0.21) P (0.47+0.22)
Cr-T2 -0.01£0.02  0.020+£0.006" " 0.008+0.006 " @ (-0.05£0.43) P (0.59+0.15) P (0.59+0.23)
Cr-MD -530+1160  960+450° 230+200° @ (-0.03+0.38) P (0.39+0.09) P (0.39+0.23)
NAA-T2 -0.04+£0.02  -0.022+0.018  -0.021+£0.008 N (-0.62+0.13) N (-0.38+0.20) N (-0.74+0.06)
NAA-MD -2180+1840 -1360+2090 -490+330" N (-0.30+£0.18) @ (-0.26+0.35) N (-0.54+0.12)

Mean value and its standard deviation over each group was calculated for correlation slope A and correlation coefficient r. Equation of
linear regression y=A.x+B was used to calculate a correlation slope A. *, +, # statistically significant difference (p<0.05) between both
patients’ groups, non-lesional epilepsy and controls resp., lesional epilepsy and controls resp. MD — mean diffusivity, T2 — T2 relaxation
times, Cho — choline containing compounds, Cr — total creatine, NAA — N-acetylaspartate + N-acetylaspartylglutamate, P — positive

correlation, N — negative correlation, @ — no correlation.

Neuropathology

Tissue specimens taken during resective surgery
were fixed in a 10% neutral buffered formalin and
embedded in paraffin. Routine hematoxylin-eosin (HE) and
cresyl violet staining were performed. A significant loss of
pyramidal neurons in both the CAl and CA4 hippocampal
sectors accompanied by gliosis was interpreted as HS. To
assess the degree of gliosis in both the hippocampus and the
resected neocortex, standard immunoperoxidase staining
was performed using antibodies against the glial fibrillary
acidic protein (clone 6F2, DakoCytomation).

Palmini’s classification (Palmini et al. 2004) was

used for evaluating malformations of cortical development.
Results

Electro-clinical, radiological, correlation and
histopathological features for each patient are listed in
Table 1. Correlations of metabolic data with MD and T2
were calculated for both the control and patient groups. In
all groups MD and T2 (MD-T2) revealed positive
correlation. MD, T2, Cho and metabolic ratios Cr/NAA,
Cho/Cr, Cho/NAA gradually decreased (Figs 1, 2) and
NAA gradually increased in the anteroposterior direction

of the hippocampus in all subjects. The slopes and
correlation coefficients are listed in Table 2.

Correlation findings in the control group

Positive correlation was found between T2
(or MD) and following metabolites (or metabolite ratios):
Cho, Cr/NAA, Cho/Cr, Cho/NAA. NAA correlates with
T2 or MD (NAA-T2, NAA-MD resp.) negatively and no
correlation was found between Cr and T2 or MD (Table 2).

Based on the control group results, control
intervals of each parameter were assessed and used for
the subsequent semiautomatic evaluation (Figs 1, 2).

Correlation in non-lesional TLE patients

Automatic evaluation based on control data
revealed abnormal metabolic values in at least one HC in
all patients with non-lesional epilepsy. In two cases, the
abnormal values were found also in the contralateral HC
and they were thus classified as a bilateral pathology with
one side predominance (Table 1). In the remaining cases,
the contralateral hippocampal findings corresponded to
the healthy controls. The semiautomatic evaluation based
on control data lateralized all the cases in accordance
with the electro-clinical results.
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Fig. 1. The Cr/NAA-T2 correlations in hippocampi in a 24 year-old healthy control (a-c); in a 19 year-old female patient with
non-lesional MTLE (d-f); in a 20 year-old male patient with right MTLE with HS (g-i); and in a 27 year-old male patient with right
MTLE with complex malformation of the hippocampus (j-I). a,d,g,j: Cr/NAA maps positioned on T2 weighted images with the maximal
value of the Cramer-Rao bound of total Cr/NAA ratios set to 15 %; b,e h,k: T2 relaxation maps; c,f,i,l: correlation plots; each cross
represents an ordered pair of Cr/NAA-T2 values corresponding to one pixel in the analyzed area. The borders of controls are visible in
correlation plots as blue lines. All the values outside the control interval visible as diamonds correspond to tissue abnormalities.
According to semiautomatic quantitative evaluation, the anterior portion of the right hippocampus in patients showed an abnormal
finding whereas the left hippocampus in a healthy control has normal finding. Cr — total creatine, NAA — N-acetyl aspartate +
N-acetylaspartylglutamate, T2 relax — T2 relaxation map, HCdx — right hippocampus, HCsin — left hippocampus, P — pathologic tissue.



2015 The Relationships Between Quantitative MR Parameters 413

70 80 a0 100 110 120 0.0007 0.001 0.0013
T2 (ms) MD (mm°/s)

0.0007 T T T T | 0.6 .
70 80 90 100 110 120  p.0007 0.001
T2 (ms)

MD (mm’/s)

Fig. 2. The MD-T2 and Cr/NAA-MD correlations in the hippocampi in a 19 year-old female patient with right MTLE without HS (a-f);
20 year-old male patient with right MTLE with HS (g-I). a,e,g,k: MD maps; b,h: T2 relaxation maps; d,j: Cr/NAA maps positioned on
T2 weighted images with the maximal value of the Cramer-Rao bound of total Cr/NAA concentrations set to 15 %; c,fi,l: correlation
plots in different scaling. Each cross represents an ordered pair of MD-T2 or Cr/NAA-MD values corresponding to one pixel in the
analyzed area. The borders of controls data are visible in correlation plots as blue lines. All the values outside the control interval visible
as diamonds correspond to tissue abnormalities. According to semiautomatic quantitative evaluation, the anterior portion of the right
hippocampus in the patient without HS and entire HC in the patient with HS showed an abnormal finding. Cr — total creatine, NAA —
N-acetyl aspartate + N-acetylaspartylglutamate, MD — mean diffusivity, T2 relax — T2 relaxation map, HCdx — right hippocampus, HCsin
— left hippocampus, P — pathologic tissue.
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Correlations in the HC with abnormal metabolic
values are listed in Table 2. In contrast to controls, Cr and
T2 (Cr-T2) and Cr and MD (Cr-MD) correlated
positively. The other correlations were similar to those in
controls. The of Cr/NAA-T2 and Cr-T2
dependence were significantly higher in patients than in
the controls (p<0.05). The difference is caused by
substantial metabolic changes in patients, as the T2 and

slopes

MD values are within the control intervals. The examples
of correlations between Cr/NAA and T2 (Cr/NAA-T2)
are shown in Figure 1f.

MR findings in lesional TLE patients

Electro-clinical diagnosis (Table 1) and MRS-T2
evaluation lateralized EZ identically in all unilateral cases
and the predominance in all bilateral cases. The results
were confirmed by histopathology. The results of MRS-
MD evaluation corresponded to electro-clinical diagnosis
in all unilateral cases and the predominance in five out of
the seven bilateral cases.

Correlation patterns found in the HC with
abnormal values are listed in Table 2. In contrast to
controls and patients with non-lesional TLE, Cho/Cr with
T2 (or MD) did not significantly correlate. Other
correlation patterns were similar to the non-lesional TLE
patient group, however they exhibited stronger linear
dependence (Table 2). The slopes of the Cr/NAA-T2 and
Cr-T2 correlations differed significantly from the controls
(p<0.05). Moreover, Cr-T2(MD) and Cho-T2 slopes
differed significantly from the non-lesional patients. The
examples of Cr/NAA-T2 correlations are shown in
Although  Cr/NAA-T2
exhibited trends of slopes smaller than in non-lesional

Figures 1i, 11. correlations

patients, they did not reach statistical difference (p=0.06).
with TLE exhibited
increased T2 values in HC compared to healthy controls

All patients lesional

(11 patients unilaterally and 1 patient bilaterally).

T2 values between 100 ms and 120 ms were found in

both HS and hippocampal non-specific gliosis
(histopathologically ~ confirmed). Other  lesions
(ganglioglioma, complex hippocampal malformation

associated with focal cortical dysplasia) exhibited even
higher T2 (>120 ms).

Discussion
This work tested a new technique for studying

mutual relationships between MR parameters based on
a pixel-by-pixel image evaluation in groups of controls

and patients with TLE. It proved that the relationships
between metabolic and structural processes in pathologic
hippocampus can be studied noninvasively. It brings
anew general view of the pathology in an individual
patient, which can be used in the assessment of
hippocampal involvement or EZ lateralization. Although
EZ lateralization based on correlations between the
metabolic and T2 relaxation data agreed with electro-
clinical diagnosis in all tested cases, data processing is
substantially complicated by measurement artifacts
discussed below.

Mutual relationships between studied parameters
in controls revealed gradual changes in individual
parameters in the anteroposterior direction of the
hippocampus and provide information about natural
spatial distribution of these parameters across the
hippocampus. The MD-T2 correlation (although weaker
than in patients) reflects different morphology and
showed increased extra- and intra-cellular space in the
anterior portion compared to the posterior portion of the
healthy hippocampus. The higher T2 relaxation times in
the anterior HC portion are in accord with the previously
reported studies (von Oertzen et al. 2002, Briellmann et
al. 2004, Bartlett et al. 2007). We obtained significantly
lower absolute values than the previous studies did.
Nevertheless, von Oertzen himself mentioned that their
method (dual-echo TSE sequence) resulted in higher T2
values than those measured with conventional
relaxometry. We should also note that MD and T2 do not
represent completely independent parameters as the
diffusion measurements are weighted by relaxations and
vice versa.

Different metabolic concentrations found in
anteroposterior direction are also in agreement with
previously reported studies performed at 1.5T (Chu et al.
2000, Vermathen ef al. 2000). Unfortunately, we cannot
distinguish the contribution of chemical shift artifact
(CSA) and hippocampal morphology (i.e. tissue changes
in anteroposterior direction) to the correlations found in
healthy controls. Although CSA may be negligible at
15T, it
correlations at 3T. Chu proposed a method for EZ

represents a significant contribution to
lateralization using spectroscopy and tissue segmentation
based on T1 values at 1.5T; however, we did not measure
T1 maps and we found out that T2 maps were not suitable
at 3T due to substantial T2 changes in the lesions.
Nevertheless, although CSA

systematic error, both control and patients’ data are

represents a possible

affected in the same direction. Therefore, in mutual
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comparisons, CSA has no relevant effect on the final
results.

The pixel-by-pixel image analysis evaluates all
the measured parameters in a complex way. Highlighted
pixels with MR parameters out of the control interval
clearly determine the pathology extent which is
convenient for routine discrimination of the hippocampal
abnormality. However, it seems that analysis of the
correlation patterns and their slopes provides more
detailed information about the significance of metabolic
and structural changes in the pathologic tissue. Higher
slopes in case of the positive correlations indicate severe
metabolic abnormalities, while lower slopes severe
structural changes. The changes of the slopes describe the
tissue state and may assist in better presurgical planning
especially in patients with negative MRI findings. Our
findings are in accordance with previously reported
results at 1.5T (Namer et al. 1999, Pereira et al. 2006)
showing that the combination of different methods (i.e.
MRI, 1H-MRS, T2 relaxometry and diffusometry)
provides clinically relevant information additional to
standard clinical assessment.

All measured correlations showed higher slopes
in non-lesional TLE than in lesional epilepsy (Table 2),
although not all differences are significant. Only Cr-T2
correlation slope of linear regression differs significantly
between all subject groups. It indicates that reactive
astrogliosis (represented by increased Cr) and an increase
of glial cell volume (increase of T2 values) are key
factors in a hippocampal state characterization.

The correlation findings in non-lesional patients
demonstrate no changes in the extra- and intra-cellular
space (unchanged T2 and MD) but show neuronal
dysfunction (decreased NAA) and reactive astrogliosis in
the anterior portion of hippocampus. Biological barriers
reducing ability of water diffusion therefore work
properly and the tissue architecture is normally
organized, without increased amount of glial cells (they
have larger proportion of intracellular freely moving
water — Pereira et al. 2006). These statements are in
accordance with negative MRI findings in all these
patients and with histopathological results in two patients
who underwent surgery.

Patients with lesional TLE showed distinctive
extra- and intra-cellular changes in the anterior portion of
HC together with mild metabolic changes resulting in
small slopes in positive linear correlations and high in
negative ones. Therefore, distinctive neuronal loss or
dysfunction and reactive astrogliosis are accompanied by

characteristic  architectural disorganization of the
Strong MD-T2 correlation further

indicates that increased water mobility reflecting disrupt

damaged tissue.

biological barriers and increased intracellular water
movement resulting from increased amount of glial cells
are associated processes. These findings were in
accordance with histopathological results which showed
hippocampal sclerosis (gliosis) or hippocampal non-
specific gliosis in the examined tissues. However, as both
HS and HC non-specific gliosis exhibit increased T2,
these two pathologies cannot be distinguished by
correlation methods.

Linear regression fitted well correlations in
controls and in patients with lesional epilepsy. In
contrast, positive correlations in non-lesional patients
seem to be non-linear or contain two components
(Fig. 1f). We believe that it is a consequence of an
inclusion of both healthy and pathological tissue into the
examined region. Both tissues have normal architecture
(negative MRI, normal MD and T2), but different
metabolism represented by increased Cr and decreased
NAA in patients.

The proposed correlation method may be
sensitive to age as the pathologic tissue is automatically
detected according to data from the control group. MR
parameters change significantly in small children during
brain maturation (Kreis et al. 1993, Pouwels et al. 1999)
and in elderly people due to demyelination and
degradation processes. In these cases, age matched
subjects should be used in control database to avoid
underestimation or overestimation of the pathology
extent. Nevertheless, MR parameters in adolescents and
adults are supposed to be stable and the use of one control
group is sufficient.

The correlations of metabolic values with
relaxation times were found to be the best markers
involvement. The

for assessment of hippocampal

semiautomatic evaluation of correlations of other
parameters with MD failed due to distortions in diffusion
images leading to the increased MD values in the vicinity
of the brain stem. Increased image distortions in the
image plane containing both temporal and facial regions
are caused by an inherent sensitivity of echo planar
imaging sequences to inhomogeneities of the static
magnetic field. It could be corrected during images post-
processing using an additional BO map.

In our study, the metabolite concentrations were
times nor for

corrected neither for relaxation

cerebrospinal fluid volume because it was unnecessary
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for the proposed method and the exact absolute
concentrations were not the stated aim of the study.
Nevertheless, lack of these corrections has no effect on
metabolic ratios.

Single voxel spectroscopy over the larger
volume of the hippocampus may be sufficient for basic
lateralization (Kuzniecky 1999, Hajek et al. 2008).
However, the existence of correlation requires
comparison of the patients’ data and controls in the same
portion of HC (Vermathen et al. 2000), as the values of
metabolite concentration, T2 and MD gradually change in
the anteroposterior direction. Averaging of the values
over the whole hippocampus leads to a substantial data
dispersion related to physiological properties of the
tissue.

The CORIMA program reciprocally highlights
pixels corresponding to control data using thresholds
determined as the mean values + standard deviations.
Therefore even in the healthy region may occur values
exceeding the control interval of a corresponding MR
parameter. This can be observed in Figures 1i, 11
(the pixels with very low T2 parameters). These values
did not exceed the control interval by more than 5 % in
T2 values and metabolic concentrations; however, MD
values in the vicinity of the brain stem may exceed the
MAX value by more than 20 %. Inclusion or exclusion of
high MD values in the vicinity of the brain stem from the
volunteers’ statistics strongly affects the control interval
and therefore may underestimate or overestimate the
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