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ARTICLE INFO ABSTRACT

Ultra-high field magnetic resonance imaging data obtained using a multi-echo gradient echo sequence has been
shown to contain information on tissue microstructure. Quantitative assessment of water fraction, relaxation
time and frequency shift using multi-compartment signal modelling may help improve our understanding of
diseases and disorders affecting the human brain. In this study, we explored tissue microstructure information by
analysing voxel compartment water fraction and frequency shifts derived from 7 T multi-echo gradient recalled
echo MRI data. We aimed to test whether the parameters of a three compartment model could distinguish the
normal cortex from the cortex affected by focal cortical dysplasia. We compartmentalised normal and dysplastic
cortical regions in patients diagnosed with focal cortical dysplasia. We found the frequency shift parameter of
the shortest T»* signal compartment to be sensitive to regions of dysplastic tissue. We conclude that mathe-
matical modelling of echo time dependent gradient recalled echo MRI signals in patients with focal cortical
dysplasia can potentially delineate cortical areas that have undergone microstructural changes in comparison to
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normal tissue.

1. Introduction

Various types of focal cortical dysplasia (FCD) are developmental
malformations of the cerebral cortex [1]. They are characterised by
abnormal cortical architecture, with disruption of the normal organi-
sation of the cortex into well-defined layers and potential blurring of
the boundary between the cortex and the underlying white matter.
White matter abnormalities are common in FCD and include reduced
myelination or intrusion of neuronal cell bodies [2]. FCDs are often
highly epileptogenic with approximately 75% of patients with FCD
developing epilepsy [3], and 25-40% of all childhood-onset drug re-
sistant epilepsies are caused by FCD [3-6]. Moreover, in 20-30% of
patients with FCD, standard clinical MRI sequences do not reveal an
identifiable lesion [7]. FCD has been classified into three types and
multiple sub-types [1,8]. In FCD Type I, cortical lamination and/or
columnar arrangement in grey matter are disrupted. Additionally, Type
II FCD contains dysmorphic neurons or balloon cells. In FCD Type III, a
second pathology such as hippocampal sclerosis, a tumour, a vascular
malformation or another lesion acquired during early life is present.

Changes in cortical architecture have been detected using different
non-invasive imaging technologies with the aim of localising epilepto-
genic tissue. The most sensitive non-invasive in vivo imaging tech-
nology for detecting FCD is MRI. Traditional clinical scans (< 7 T)
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typically involve the collection of T;- and T»-weighted, and T, fluid-
attenuated inversion recovery (FLAIR) MRI data [9-18]. T;-weighted,
To-weighted and FLAIR images have been used to estimate the volume,
thickness and shape of features in the brain, based on having defined
FCD lesion anatomical boundaries via changes in image intensity and
contrast [13-15]. Voxel based methods have been used to measure the
grey and white matter density [14,18], whilst surface or morphology
based methods measure cortical thickness, sulcus depth, curvature,
local gyrification index and MRI signal intensity variations [16,19].
However, existing MRI-based measures of changes in anatomy and
morphology can be confounded by microstructural changes associated
with FCD. These microstructural changes can effect both the grey and
white matter MRI signal, making it difficult to quantify the effect due to
FCD based on magnetic resonance images, which often are qualitative
in nature [20,21]. Furthermore, FCDs can be difficult to distinguish
from gliomas in To-weighted images [22]. Whilst gains in FCD detection
rates can be made through the use of a multitude of MRI contrasts
[23-25], a quantitative method that can potentially distinguish be-
tween dysplastic and normal tissue would help the current diagnostic
procedure.

Gradient recalled echo (GRE)-MRI, a protocol sensitive to the
magnetically inhomogeneous image voxel environment [26], can be
used to generate quantitative information. In particular, multiple echo
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time GRE-MRI data is routinely used to generate characteristic T»* re-
laxation times of tissue based on the temporal evolution of the GRE-MRI
signal magnitude and, single echo time GRE-MRI signal phase images
are the basis of quantitative magnetic susceptibility maps [27-29].
With the increased availability of 7 T MRI scanners, studies have fo-
cused on investigating the GRE-MRI signal phase and its relevance to
mapping variations in tissue microstructure. Primary sources of changes
in signal phase include tissue structure and composition, and content of
iron, myelin, demyelination, ectopic neurons, glial proliferation and
proteins [30-33]. It has been shown as well that tissue density, uni-
formity and orientation of axons affect the GRE-MRI signal phase in
non-characteristic ways [27-29]. Whilst single echo time phase images
are highly sensitive to the voxel tissue microenvironment, recent stu-
dies have demonstrated the potential of using multiple echo time phase
images in conjunction with signal compartment modelling for the
purpose of characterising the image voxel based on biological influ-
ences [34-40]. Building on existing findings, we used multi-echo GRE-
MRI data and signal compartment modelling to test which compart-
ment model parameters are sensitive to changes caused by FCD, and
how well they differentiate between normal and FCD tissue.

2. Materials and methods

Ethics approval was granted by the Royal Brisbane and Women's
Hospital and the University of Queensland, Brisbane, Australia, and
written informed consent was obtained from 13 patients with clinically
diagnosed FCD. Out of 13 patients, three patients showed clear FCD
regions in FLAIR and MP2RAGE data acquired at 3 Tesla (3T) and 7 T
and one patient had suspected regions of FCD in fluid attenuated in-
version recovery (FLAIR) and T1-weighted (MP2RAGE) data acquired
at 7 T. Hence, four patient datasets were analysed (aged 42, 54, 32 and
33). Clinical data and patient characteristics for the four patients are
summarised in Table 1. We also collected four healthy participant data
(aged 34, 35, 25 and 35).

2.1. Data acquisition

MRI was performed on a 7T whole body MRI research scanner
(Siemens Healthcare, Erlangen, Germany) with a 32 channel head coil
(Nova Medical Wilmington, USA). We acquired data using
Magnetisation prepared 2 rapid acquisition gradient echoes
(MP2RAGE), Fluid-attenuated inversion-recovery (FLAIR) and multi-
echo gradient echo (GRE-MRI). MP2RAGE data were acquired using the
following parameters: repetition time (TR) = 4300ms, echo time
(TE) = 3.44ms, first inversion time (TI1) = 840 ms, TI2 = 2370 ms,
first flip angle (FA1) = 5°, FA2 = 6° and resolution = 0.75 mm?® with
matrix size = 300 X 320 x 256. FLAIR data were acquired using a
turbo spins echo sequence with TR =9000ms, TE = 467 ms,
TI = 2400ms and resolution = 0.9 X 0.9 x 1mm® with matrix
size = 284 x 256 x 192. Data were also acquired using a 3D GRE-MRI
sequence using the following parameters: TEs from 5 ms to 30 ms with
3.13ms echo spacing (9 echoes in total), TR = 48 ms and flip angle
(FA) = 15°, voxel size was set to 0.75mm® with matrix
size = 320 X 300 x 256. Two separate acquisitions were performed at
7 Tesla with and without the magnetisation transfer RF pulse. The first
echo time data were used to compute magnetisation transfer ratio
(MTR) images, provided as Supplementary material.

2.2. Data pre-processing

Our experience with multiple echo time data has been that both
signal magnitude and phase evolve smoothly with echo time [40].
Hence, we reduced the number of echo times acquired and interpolated
points between adjacent echo times. We created 17 echo point data
using the standard function (interp) in MATLAB 2017b® by inter-
polating along the time dimension in every voxel. Phase unwrapping

Table 1

Clinical information and patient characteristic with FCD-like lesion on MRI scans for the four patients.

PET

EEG

MRI

FCD region

Age (in years) of first epileptic

symptoms

Seizures over the last

6 months

Sex (M/

F)

# Age (years)

N/A

Transmantle region underlying an area of FCD in

the left frontal region

Left central sulcus

daily

42

N/A

4 per week 4o0r6 Left parietal Left parietal dysplasia Left parietal seizure onset, Left parietal
and central IEDs

54

N/A

Left parietal lobe dysplasia

Left parietal lobe

epilepsy

3—-4 every 6 months

32

L Parietal hypometabolism

Left anterior temporal and frontal IEDs

Left frontal MRI negative 3T / MRI positive 7 T?

4.5

5 per week

33
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and background field removal was performed using iHARPERELLA
(http://people.duke.edu/~cl160, STI Suite) [41]. We used the default
parameters (iterations = 100; padsize = [100100100]) and a mask
created from the first echo's magnitude image with the iHARPERELLA
method to remove the background field. Signal magnitude and phase
images generated for each echo time were used to form voxel-wise
complex signals using our in-house MATLAB® scripts. Voxel signals
were smoothed to 4D (3D space and 1D time) using the method of
robust smoothing and by setting the smoothing kernel equal to 2 prior
to voxel-wise analysis [42].

2.3. Three compartment model

We used an established three compartment model to parameterise
the echo time dependent GRE-MRI signal evolution [37]:

1
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where S;, S; and S; represent signal amplitudes for the three signal
compartments (first compartment - C1, second compartment - C2 and
third compartment - C3), and T, 1", T, 2" and T5, 3" and Af3, Af> and Af;
are the corresponding signal compartment relaxation times and fre-
quency shifts. Signal compartments were arranged by Ty* values, from
smallest to largest (i.e. smallest T,* value is C1). The exponential term
at the end was used to model residual background effects not removed
through the STI suite pipeline. The first compartment water fraction
(WF) was computed usingWF, = ﬁ Water fractions for the
second and third signal compartments were calculated in a similar
manner. We fitted the signal model using the non-linear least squares
fitting function (Isqnonlin) available in MATLAB, 2017b ©. Fitting
bounds and initial values are provided in Table 2.

2.4. Region-of-interest analysis

Normal and FCD affected regions were manually segmented with
the aid of MIPAV (https://mipav.cit.nih.gov) [43] by registering the
MP2RAGE data onto the GRE-MRI magnitude data using FSL Flirt [44]
from individual participants. FCD regions were segmented from
MP2RAGE images where FCD areas were clearly visible and normal
regions were selected from a non-FCD affected cortical region in the
contralateral hemisphere, as shown in Fig. 1. Cortical regions were also
segmented from the healthy participants and a region based analysis
was performed. The complex signal was created by averaging pooled
voxel signal from all ROIs (patient 1 FCD region, no. of voxel = 445,
normal region = 121; patient 2, FCD region, no. of voxel = 1044,
normal region = 206; patient 3, FCD region = 5478, normal region
734; patient 4, FCD region = 479, normal region = 362) and fitted
using the model in [1] to obtain water fractions, relaxation times and
frequency shifts from individual datasets. The data processing and
analysis pipeline is shown in Fig. 2. The 95% confidence interval was
created using region based values from healthy participants.

Table 2

Initial values and search ranges for model parameters. We state amplitudes for
the three compartments as a percentage of the signal magnitude at the first echo
time.

S1 Sa S3 Tz, 1" Tz, 2" Tz, 3" Afl Afz Afs Afbg
%) (%) (%) (ms) (ms) (ms) (Hz) (Hz) (Hz) (Hz)

Initial value 50 50 50 7 50 30 25 10 25 -10
Lower bound 0 0 0 1 1 1 1 1 1 -40
Upper bound 100 100 100 15 200 200 oo 30 40 10
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2.5. Voxel-wise maps of model parameters

A whole brain bask was created using the BET tool available in FSL
[44]. At each echo time GRE-MRI magnitude and phase data were
masked. Voxel-wise parameterisation of the complex echo time-de-
pendent signal was performed for each voxel in the masked brain.
Parameter maps were created by assigning the relevant parameter es-
timate to each voxel. Voxel-wise maps were assesed visually for dif-
ferences in areas close to the FCD region.

3. Results
3.1. Region- of-interest analysis

The different tissue parameters (i.e. water fraction, relaxation time,
and frequency shift) were estimated from the three-compartment model
using [1] and we investigated whether the estimated parameters dis-
tinguish between normal and FCD cortical regions. The 95% confidence
interval was created using the region based values from healthy parti-
cipants. We plotted mean estimated water fraction, relaxation time and
frequency shifts values of each compartment (Figs. 3 and 4; solid lines)
and the 95% confidence interval (Figs. 3 and 4; dashed lines) calculated
from healthy participants. We observed that first compartment fre-
quency shift values of FCD regions were outside the 95% confidence
interval compared to the normal appearing region in three patients and
lower in a one patient. We observed that the first compartment fre-
quency shift estimated in FCD regions did not fall within the range of
95% confidence interval whereas second and third compartment fre-
quency shift values were in the range of 95% confidence interval for
FCD as well as for normal appearing region as shown in Fig. 3. We also
plotted water fractions and relaxation time of each compartment
against 95% confidence interval. We found that these tissue parameters
were within the range of 95% confidence interval with higher between
patient variability shown in Fig. 4. The water fraction and relaxation
time tissue parameters were found to be undistinguishable between
FCD and normal appearing cortical regions in all patients.

The first compartment frequency shifts were consistent across the
normal cortical brain regions in all patients (ranging from 18 Hz to
22 Hz). The frequency shifts for the other two compartments (i.e.
second and third) for all patients were similar (C2: 10 Hz to 12 Hz; C3:
19 to 21 Hz). The first compartment frequency shifts in FCD regions
ranged from 36 Hz to 46.13 Hz in three patients and a lower frequency
shift was observed for the fourth patient (11 Hz). The FCD region-spe-
cific frequency shifts for the second and third signal compartments for
all patients were also similar (C2: 9 Hz to 10 Hz; C3: 18 Hz to 21 Hz).
The frequency shift estimated for normal and FCD regions in all patients
showed clear differences only in the first signal compartment, as shown
in Table 3. The decay curves for fitting FCD and normal regions have
been provided as Supplementary material.

The goodness-of-fit was measured by estimating the standard
error rate in percentage, as shown in Table 3. The computed error
rate for the FCD regions is slightly higher than normal regions. The

Table 3
The summary of the estimated frequency shift (Af in Hz) for each compartment
and the standard error (%) calculated for normal and FCD regions.

Patient Normal region FCD region Standard error
Frequency shift (Af in ~ Frequency shift (Af in (%)
Hz) Hz)
Cl C2 C3 C1 C2 Cc3 Normal FCD
region region
1 22 12 21 36 9 20 1 4
2 18 11 20 38 11 21 1 1
3 21 10 19 46 9 20 0.4 4
4 19 11 19 11 10 18 0.4 1
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Fig. 1. Illustration of normal and FCD regions of two patients (A and B). Such ROIs across consecutive slices of the MP2RAGE data were used in the region-based
analysis. Please note that here we are showing examples of segmentations, and the contralateral sides to the FCD regions were used as well where possible.

overall error rates for all patients are < 4% in the FCD regions
and < 1% in normal regions.

3.2. Voxel-based analysis

Fig. 5 shows the voxel by voxel fit results for the first signal com-
partment frequency shift in four FCD patients. The voxel-by-voxel maps
of frequency shift values show differences between the dysplastic and
normal tissue in the first compartment (C1).

Interestingly for Patient 1, with a clearly presenting transmantle
sign (Fig. 5, red arrow), the largest increase in frequency shift co-lo-
calises with the grey matter region of high cortical curvature. In addi-
tion, increases in frequency shift can also be observed around the
transmantle sign, which may be suggestive of dysplastic tissue to a
lower extent than at the transmantle region. In Patient 2 the region of
elevated frequency shifts (red arrows) correspond with the region of
apparent atrophy across both hemispheres in the parietal region of the
brain. In Patient 3 the obvious parietal region atrophy on the right
extends to the temporo-parietal junction on the left, with the highest
frequency shift concentrated towards the top of the head. In Patient 4,
suspected FCD regions were notable only in the 7 T scanner in both
FLAIR and MP2RAGE images. The first compartment frequency shift in
this region were smaller in comparison to the regions of the other three
FCD patients. It was difficult to locate the FCD regions for patient 4
which has a similar first compartment frequency shift in comparison to
the normal regions.

4. Discussion

In focal epilepsy brain regions affected by FCD have been shown to
correspond with seizure onset. Whilst EEG can be used to monitor ab-
normal brain activity, it is not highly specific to brain regions and
cannot be used to delineate regions affected by FCD. MRI methods play
a key role in the delineation of FCD. In fact, MRI has revolutionised pre-
surgical workup by enabling non-invasive visualisation of FCDs.
Accurate pre-surgical delineation of FCD provides seizure freedom for
60-80% of patients after surgery versus 30-40% success rate for MRI-
negative patients [45-47]. However, a major challenge remains, since
visual analysis of conventional MRI scans (i.e. T1- and T2-weighted
clinical scans) is normal in 20-40% of patients with some forms of FCD
[6]. Technological gains, such as ultra-high field human imaging
(i.e. = 7T MRI) and new imaging methods which derive novel image
contrasts from tissue microstructure influences on the complex valued
echo-time dependent GRE-MRI signal, offer new possibilities to im-
prove the detection of FCD.

We used signal compartmentalisation of the GRE-MRI signal and as-
sessed how model parameters change in normal and FCD regions of the
brain. Using ROI-based analysis, water fraction and relaxation time did not
show any changes in the FCD regions. We found the frequency shift

parameter of the first signal compartment (defined as the signal com-
partment with the smallest To* value) to change due to FCD. Our region-
based as well as voxel-wise results showed increased frequency shift in
three confirmed FCD patients from MR and lower frequency shift in one
suspected FCD patient. We attribute an increase in frequency shift of the
confirmed FCD regions in the first compartment to the presence of dys-
plastic tissue, which may be more diffuse than observable on clinical
scans. The parameterisation of multiple echo time GRE-MRI data may lead
to improved assessment of regions affected by FCD.

4.1. Causes of increased frequency shifts

The underlying causes leading to a change in frequency shift be-
tween normal and FCD cortical regions are unknown. However, a
higher frequency shift in the FCD region could be caused by tissue
microstructure abnormalities [28], iron deposition and accumulation,
fibre breakdown, and calcification [28,48-51]. Wiggermann et al.
found higher frequency shifts in multiple sclerosis lesions compared to
normal appearing white matter, which was attributed to demyelination,
deposition of tissue debris, the presence of various cells, such as mac-
rophages, reactive astrocytes, and non-macrophage inflammatory cells,
and an expansion of the extracellular space [51]. Others have shown
analytically that demyelination and remyelination processes in multiple
sclerosis can lead to substantial increases in frequency shifts [28]. The
increase in first compartment frequency shifts in three patients found
using our analysis could therefore be due to the changes in tissue
structure, increase in tissue debris and the presence of various cells,
such as macrophages, reactive astrocytes, and non-macrophage in-
flammatory cells. An increase in frequency shift in the FCD regions
could also be due to an expansion of the extracellular space and in-
distinctness of the grey and white matter junction [52]. The suspected
region of FCD in patient 4 has lower frequency shift in comparison to
other three patients which could be due to the different kinds of tissue
microstructure present in different FCD types [53,54].

4.2. Inter-patient variability

Whilst the general trend of increased frequency shift in the first
compartment was present in three patients, the amount of change
varied across patients (see Fig. 3). This difference in the amount of
change in frequency shift between normal and FCD regions in a single
patient could be due to tissue microstructure differences for different
FCD types [53-56]. In FCD Type II, for example, the formation of
balloon cells is present. These cells are generally large (tens of um to as
large as 80 pum in size) in comparison to surroundings (on the um scale).
As such, balloon cells, the formation of differently shaped and sized
dysmorphic neurons and expansion of the extracellular space could lead
to differences in frequency shifts [8,52]. Any differences in frequency
shifts for the normal brain regions could be explained by expected
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C3 Fig. 3. Illustration of frequency shift (C1-first com-

. Norrﬁal partment, C2-second compartment, and C3-third

o FCD compartment) in the normal and FCD regions for the

four patients computed via signal compartmentali-

a o . sation. The x-axis identifies each participant (P1-P4)

oo

P1 P2 P3 P4

and the y-axis depicts the frequency shift (4fin Hz).
The solid line represents the healthy participant
mean values, and the dotted lines the 95% con-
fidence interval region. The confidence intervals
were generated from anatomically similar cortical
regions segmented from healthy participants. The

blue circles represent the frequency shift estimated in FCD regions whereas green circles represent the frequency shift estimated in normal regions. (For interpretation

of the references to colour in this figure legend, the reader is referred to the web version of this article.)

C3.

° Normél
° FCD

PI P2 P3 P4

Fig. 4. Illustration of water fraction (top row) and
relaxation time (bottom row) in the normal and FCD
regions for the four patients computed via signal
compartmentalisation. The x-axis identifies each
participant (P1-P4), the y-axis depicts the water
fraction (top row) and T.* relaxation time in milli-
seconds (bottom row). C1, C2 and C3 are the first,
second and third compartment respectively. The
solid line represents the healthy participant mean
values, and the dotted lines highlight the 95% con-
fidence interval region. The confidence intervals

o Normal were generated from anatomically similar cortical
° FCD . regions segmented from healthy participants.
°
° o
o -]
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Patient 1
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MP2RAGE
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Frequency shift
e

! 60 Hz

Fig. 5. The FLAIR, MP2RAGE and voxel-wise mapping of first compartment frequency shifts for four FCD patients. FCD regions were drawn in FLAIR and MP2RAGE
where possible and shown by arrows, if FCD regions are not clearly distinguishable (Patient 2, FLAIR). Red arrows depict the first compartment frequency shift in the
location of the FCD regions in Patient 1-4 corresponding to regions of brain atrophy shown in FLAIR and MP2RAGE. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

variations in frequency shifts across participants, as established pre-
viously [39,40].

Three different types of FCD have been defined in the literature,
with multiple sub-types [1]. Each type of FCD has different micro-
structural features, and in our study we did not have a diagnosis of FCD
type. Therefore, we speculate that patient 4 has a different subtype of
FCD and as such exhibits a different characteristic in terms of com-
partment model parameters (refer to Figs. 3-5).

4.3. Limitations of the study

The frequency shift in the tissue has been shown to be affected by
fibre orientation [27,57], not accounted for by the model used in this
research. The GRE-MRI signal phase has a considerably higher contrast-
to-noise ratio at 7 T than the GRE-MRI signal magnitude [28]. However,
raw phase images generated by the scanner require post processing
which needs to be standardised and different processing techniques
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may influence the estimated values [58]. Hence, different reconstruc-
tion pipelines could be investigated in the future to further improve the
quality of results. One such possibility is the use of established quan-
titative susceptibility mapping pipelines, to be able to convert non-local
tissue phase into local susceptibilities and then into local frequency
shifts [39,40]. We report the frequency information for normal and FCD
regions at a single imaging time point. Longitudinal studies may reveal
how frequency shifts change over time and how different regions may
evolve. Future longitudinal research on a larger cohort could show
whether frequency shifts mapped using GRE-MRI signal compartment
modelling can be used to detect global changes on the FCD affected
cortex.

5. Conclusion

Based on the estimation of three compartment tissue parameters
from multiple echo time gradient recalled echo MRI data, the frequency
shift of the shortest T,* value signal compartment was found higher in
three FCD patients and lower in a fourth patient. Other tissue para-
meters like water fraction and relaxation time did not show clear dis-
tinction between normal and FCD regions. A higher frequency shift in
the FCD region appears to reflect a change in tissue microstructure, a
previous effect established on the echo time dependent GRE-MRI signal.
Overall, our findings suggest that frequency shift could be a sensitive
tissue parameter in cortical malformations associated with FCD.
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