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ARTICLE INFO ABSTRACT

Keywords: Electrical properties of the brain tissues may yield useful biomarkers for neurological disorders and diseases, as
Magnetic resonance based electrical properties well as contribute to safety assurance of ultra-high-field MRI. It has been reported that using B; maps from a
tomography multi-channel RF coil, the spatial variation of the electrical properties can be robustly retrieved. The absolute
gl_r"l\‘/‘[‘lsfmg electrical property values can then be obtained by spatial integration, given that an integration seed point is

assigned. In this study, we propose to exploit automatically detected seed points based on tissue piece-wise
homogeneity (Helmholtz equation) for spatial integration. Numerical simulations of a numerical brain model
and experiments involving 12 healthy volunteers were performed to demonstrate its feasibility and robustness in
various noisy conditions and head positions. For in vivo imaging, we consistently observed higher conductivity
and permittivity values in the white and gray matter compared to tabulated ex vivo probe measurement results
found in the literature, a discrepancy that may be attributed to ex vivo experimental constraints. Our results
suggest that the proposed technique produces consistent brain electrical properties in vivo that may contribute to

Human brain
Electrical properties
Quantitative imaging

improving diagnostic and therapeutic decisions.

1. Introduction

Electrical properties (EPs) comprise electrical conductivity and
permittivity. They are determined by the constituents and the hier-
archical organization of the tissue and vary as functions of frequency
[1,2]. Non-invasive EP imaging technologies are based on Maxwell's
equations with various degree of simplifications which take account of
the operating frequency and the imaging hardware. Electrical Im-
pedance Tomography (EIT) and Magnetic Resonance based Electrical
Impedance Tomography (MREIT) require low-frequency (< 1kHz)
electrical currents to be injected into the imaged structure, and the
perturbed surface voltage or magnetic field are measured to infer the
underlying EPs [3-6]. Magneto-Acoustic Tomography with Magnetic
Induction (MAT-MI) retrieves tissue conductivity at ultrasound fre-
quency (~2MHz) based on inductive current and Lorentz force [7,8].
Microwave imaging uses the scattering matrix of an antenna array to
retrieve the underlying tissue conductivity and permittivity [9]. How-
ever, these technologies are limited by either low spatial resolution or
applicability to brain imaging in vivo.

Magnetic Resonance based Electrical Properties Tomography
(MREPT or EPT) is an imaging modality for measuring tissue EPs at

radiofrequency (RF) which recently received considerable attention
[10-14]. EPT central equations relate EPs with MRI-measurable RF
field, or B; field. Previous studies have demonstrated its potentials to
produce biomarkers for diseases such as cancer [15-17]. With the ad-
vent of ultra-high field MRI, MREPT is receiving increased interest as
the retrieved subject-specific EPs could be used for local specific ab-
sorption rate (SAR) estimation and RF safety assurance [11,18].

Gradient-based EPT (gEPT) is an EPT technology tailored for multi-
channel transceiver RF arrays [19], which has demonstrated promise
for brain EP imaging. In contrast to the conventional approach based on
tissue piece-wise homogeneity assumption, gEPT preserves correct EP
contrast on tissue boundaries by explicitly reconstructing the spatial
variation or “gradient” of tissue EPs, followed by spatial integration
from a user-assigned seed point as ground truth. The EPs of the seed
point are assigned according to ex vivo measurement of biological tis-
sues from Gabriel et al. 1996 [20]. Therefore, the reconstruction ac-
curacy is dependent on the subjective choice of seed points, which
presents a major challenge to its clinical applicability.

In this study, we propose a novel strategy to assign seed points for
gEPT automatically. Seed EPs calculated from B; maps measured in vivo
were used instead of the tabulated ex vivo values. We performed
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numerical simulations and human experiments involving 12 healthy
subjects at 7T to quantitatively evaluate the performance of the
method. In addition, we summarized literature EPT results in the
human brain to provide an overview of the consistency and differences
among them, and to compare them with the ex vivo probe measurement
values.

2. Material and methods
2.1. Theoretical background

MRI relies on RF magnetic field to interact with the spin system
under detection. The transmit RF wave has a relatively narrow band-
width, typically a few kHz, centered at the proton resonance frequency
(Larmor frequency) usually between several tens and several hundreds
of MHz. Since EP variation is negligible across this frequency band, one
can simplify the magnetic field B asa single frequency and express it
using a complex phasor term. The pattern of this complex field is
mainly determined by the RF coil, but it is also significantly influenced
by the EPs of the underlying imaged structure, as dictated by Maxwell's
equations. Therefore, given measurements of E), an inverse problem
can be established to infer EP distributions.

In an MRI experiment, B’ cannot be directly measured, but rather
its counter-rotating components in the transverse plane, defined as
Bt = Bx;iBy BBy )*, respectively [21], where * denotes
complex conjugate. These two quantities are known as the transmit and
receive sensitivity of a RF coil. In this work, we define
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B 1o is used instead of By )y, since the former directly contributes to
the MR signal equation. Assuming that the magnetic susceptibility in
the brain tissue can be approximated by yo, and that the spatial var-
iation of B, is negligible [19,22], one can derive from Maxwell's
equations that
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where ¢, :=¢,69 — i0/w is the complex electrical properties (¢, denotes
relative permittivity to vacuum permittivity &y, and o denotes con-
ductivity in S/m); g .. :=(9/0x * i9/dy)Ine., g,:=(0/02) Ine..

Despite the availability of B; magnitude by a wide selection of B;
mapping methods, a critical challenge for EPT is the absence of the
absolute phase information from both B;* and B; ~. For cases where a
quadrature coils is used at magnetic field lower than 3 T, it is observed
that «B;* = «B;~ [23]. Based on this observation, the signal phase
acquired using sequences unsensitized to magnetic susceptibility, such
as turbo spin echo or steady state free procession, can be exploited to
estimate the absolute RF phase [24,25]. Alternatively, the unknown
phase information can be considered as an additional variable in the
equation and solved simultaneously with EPs [19,26,27]. The latter
leads to a higher dimension of solution space, and as a result multiple
B, distributions are required to achieve a reliable solution.

2.2. gEPT as a voxel-wise inverse problem

Consider a multi-channel RF coil array with P transmit elements and
Q receive elements. Define relative B; as the B; magnitude of a single
channel with relative phase to an arbitrarily selected channel r. By
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taking relative phase between channels, their shared phase terms irre-
levant to RF field can be eliminated, such as those induced from che-
mical shift, By heterogeneity and eddy current effects.
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Introducing Egs. (5) and (6) to (3) and (4), respectively, we have
pixel-wise inverse problems
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where T denotes vector transpose. Egs. (7) and (8) can be solved for g,
and Ve,", as well as g_ and Vg, given that P > 4 and Q > 4
[19,28,29]. In this study, we used a 16-channel transceiver array op-
erating in single-channel mode, rendering P = Q = 16.

2.3. Automated seed selection

EP seeds are voxels selected to have presumptive EP values. Since
Egs. (7) and (8) only yield EPs gradient, assignment of seeds is im-
perative to retrieve absolute EP distributions. In the original gEPT work
[19], a single seed is manually selected in the putamen on T;-weighted
images and assigned EPs of gray matter based on the tabulated ex vivo
measurement results [20]. In this study, by contrast, we calculate local
EP values based on the Helmholtz equation
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using measured |B; *| and retrieved Vg in the previous step. It is well
known that using the Helmholtz equation alone results in artifacts in
transition zones with spatial variations of EP values [30,31], however,
we hypothesized that multiple brain areas are locally sufficiently
homogeneous to be immune from significant biases of this kind. These
local areas can be detected by their smaller EP gradient strength cal-
culated from the Helmholtz equation. A specific number of such areas,
together with their EPs, can be used as a Lo-norm regularization term to
the gradient consistency terms

m@in D6 — g I? + ID,6 — g, IP + 2 116, — 6P 10)
where O is a vector of Ine. inside ROI; D, and D, are the spatial finite
difference operator along x and y directions, respectively; ©, vector
represents N seed points selected and 0, is their calculated EP values
from the local equation; A is the regularization parameter determining
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how “trustworthy” the selected seeds are. In this study, A is empirically
chosen as 0.45. Notably, the original gEPT integration is a special case
of this central equation with a fixed ©p, N=1 and A>1. Im-
plementation details of the algorithm for brain imaging is provided in
the “image reconstruction” subsection.

2.4. Numerical simulations

Electromagnetic simulations were performed in SEMCAD X (Schmid
& Partner Engineering AG, Zurich, Switzerland). The 16-channel stri-
pline RF transceivers used in the experiment [32] was numerically
constructed and loaded with the Ella model in Virtual Family [33]. The
model was truncated below the shoulder to alleviate computational
load. The head model was first positioned supine in the coil, then ro-
tated around the central z-axis by 15° to disrupt the left-right symmetry,
an assumption used and explained in the “image reconstruction” sub-
section. Automatic discretization was performed by the software based
on the material and geometry of the enclosed structures. The RF coil
was simulated as a 16-port network, with one channel played at a time
while others terminated with 50 Q. The simulated fields were inter-
polated using cubic splines onto a homogeneous grid with a resolution
of 2.0 mm isotropic. Relative B, © and relative B, ~ were calculated by
taking an arbitrary channel as reference and used as input to the al-
gorithm.

To test the robustness of the reconstruction method, complex white
Gaussian noise was added to the simulated B;. SNR of the B; maps was
adjusted to 100 and 50 by modifying the standard deviation of the
added noise.

2.5. Human study

All human experiment procedures were approved by the University
of Minnesota Institutional Review Board (IRB) in accordance with
federally approved guidelines.

Twelve volunteers (age 20-62) participated in the study at 7 T MRI
scanner (Siemens, Erlangen, Germany) equipped with a customized 16-
channel stripline transceiver array [32]. Paddings were used to ensure
that the head was positioned in the center of the coil, and to restrict
head motion during the experiment. The thickness of the paddings was
adjusted depending on head size to increase subject comfort. Each coil
element was tuned and matched to minimize power reflection at the
resonance frequency (297 MHz). The coil elements were interfaced with
a customized transmit/receive switch to toggle between RF power
amplifiers (16 x 1kW, Communication Power Corporation, Haup-
pauge, USA) and receive signal amplifiers. B;* magnitude of each
channel was acquired using a series of gradient echo (GRE) images with
one channel transmitting at a time in a small-flip-angle regime
(FA < 10), combined with actual flip-angle imaging (AFI) of all
channels transmitting in a static B;" shim setting [34,35]. A second
series of GRE images (one channel transmitting at a time) was obtained
with a FA twice larger to obtain the relative phase between channels at
a higher SNR. Whenever a single static B; * shimming pattern covering
the whole brain without RF voids could not be obtained, a second AFI
was acquired with a complementary RF shimming pattern [36]. Proton
density weighted relative B; ~ was acquired using a long TR (8 s) GRE.
Both B; " and B; ~ maps were acquired in 12 consecutive axial slices in
a resolution of 1.5 X 1.5 x 3.0 mm?®. The entire B; acquisition typically
took ~90 min, including: pilot B; acquisition, RF power calibration for
each channel and multi-channel B;* shimming (~20 min), two AFI
maps (~20 min), small-FA GRE 8 averages (—~23 min), large-FA GRE 4
averages (~11min), and B;~ mapping (~12min). An example of B,
mapping is shown in Fig. 1. By combining two complementary B;*
shims, singularities on individual B;* maps were eliminated. Proton

density in the measured B;~ was estimated and removed using
ZQ ‘Pqu(X,y)‘

S TBE (el based on symmetry between B; * and B; ~. After division of
p | Brp(=x,
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the proton density weighting, anatomical structures were not visually
appreciable on the estimated B; ~ maps.

T1-weighted (T1w) images were acquired by forming the ratio be-
tween a 3D magnetization prepared rapid acquisition gradient echo
(3D-MPRAGE) sequence (TI = 1.5s, TR = 3.55, TE = 2.26 ms, FA = 6,
1 average for 5.5 min) and a 3D small-FA GRE sequence (TR = 327 ms,
TE = 2.26ms, FA =4, 1 average for 0.5min) with a resolution of
0.75 x 0.75 x 3.0 mm?®. Forming this ratio eliminates receive B; pro-
file, T»*, proton density, and mitigates the impact of transmit B, profile
[371.

2.6. Image reconstruction

Relative B; " and B;~ were smoothed using a 5 X 5 X 3 Gaussian
low-pass filter with a standard deviation of 1.2 X 1.2 X 0.8. Their
spatial gradient and Laplacian were taken with 5 X 5 X 3 Savitzky-
Golay (SG) filters based on the principle of local polynomial fitting
[38,39]. Relative B;* from all 16 channels were concatenated to pro-
duce a linear equation system which was then solved in a pixel-by-pixel
fashion to yield B; * phase gradient Vo, ", as well as g, = 51;:" iag;s”.
The calculated V¢, was combined with |B; *| to obtain absolute B; ¥,
and used to calculate local EPs using the Helmholtz equation. Similarly,
relative B; ~ from all 16 channels were concatenated to yield Vg,~ and
g = a;”—;‘ - i%ys".

The spatial gradient strength of the Helmholtz conductivity from Eq.
(9) was calculated and sorted in the ascending order. The top N voxels
(N =2, 10, 20, 50, 100, 500) with the smallest magnitude of local
conductivity gradient, and with local EP values falling in the range of
0.3 S/m=0<3 S/m and 10¢, < £ < 100g9, were chosen as seed
points, since they are expected to be less affected by the large oscilla-
tions near tissue boundaries. All seeds were weighted equally when
solving Eq. (10). The proposed approach is referred to as automated
gradient based Electrical Properties Tomography (Aug-EPT) in the fol-
lowing text.

2.7. Data analysis

Generic brain tissue segmentation was performed using T1w images
and the FAST function in FSL (FMRIB's Software Library, Oxford, UK)
[40,41]. Three tissue types were specified: Gray matter (GM, including
cortical GM and deep brain nuclei), white matter (WM) and cerebral-
spinal fluid (CSF). Bias field correction was enabled to remove residual
B, inhomogeneity. Partial volume estimation based on the mixture
model of Gaussians was enabled, resulting in tissue fractions of each
voxel. To minimize partial volume effects, a voxel was identified as a
specific tissue type only if a fraction of 100% was detected. The central
three consecutive slices from each subject were used for statistical
analysis to avoid edge effects from the top and bottom slices.

3. Results
3.1. Numerical simulations

Simulation results are shown in Fig. 2. In the noiseless case,
Helmholtz equation yields accurate EP values in the homogeneous part
of the brain, yet artifact arises on tissue boundaries. Compared to the
result using true V@™ calculated directly from simulated absolute
phase, the one using estimated Vg™ from Eq. (7) has broader transition
artifacts due to the additional estimation step. In the noisy cases,
Helmholtz results using estimated Vo' show aggravated noise effect.
The center of the brain is noisier due to its smaller B; compared to the
peripheral as a result of RF attenuation. In all cases, Aug-EPT gives
improved imaging quality with minimal boundary artifacts and noise
contamination, especially for the case of SNR = 50. Nevertheless, low-
frequency bias can be observed especially for permittivity map,
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Fig. 1. B; maps from a representative human sub-

. K . n ject. (a) B;" maps. Shown are B;* from two chan-
B," from shim1 Combined B, nels (4 and 14) using two shim patterns (mapped by
p ;b = —~ AFI) and their combination result. Color bar range is

0°-20° for single channel and 0°-100° for AFI. (b)
B;” maps. Shown are raw proton density weighted
B; ™ from two channels (4 and 14), estimated proton
density, and de-weighted B, ~ maps.

Normalized
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PD weighted B;”  Estimated PD Estimated By
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L T e L]
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Aug-EPT Aug-EPT

True Vo* Est.Vg True Vot Est.Ve*

Supine

Fig. 2. Reconstructed conductivity and permittivity based on Helmholtz equation and Aug-EPT, using simulated B;. From top to bottom row: Ella head model in
supine position; After rotation about the central z axis by 15; Noise added to adjust B, SNR to 100; Stronger noise added to adjust B; SNR to 50. From left to right
column: Target EPs; Helmholtz reconstruction with trueVe*; Helmholtz reconstruction with estimatedVe*; Aug-EPT results.
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Fig. 3. Reconstructed conductivity and permittivity using Aug-EPT with different numbers of automatically selected seeds. Results are biased when using a small

number of seeds, yet they converge when a large number is used.

presumably due to undesirable B; weighting. Lastly, none of the
methods show significant dependency on head rotation.

3.2. In vivo human imaging

Fig. 3 shows reconstructed EPs of a representative subject using 2,
10, 20, 50, 100 and 500 seeds extracted from the Helmholtz result. The
selected seeds are primarily distributed in brain tissues rather than CSF.
This is because CSF has much higher EP values, leading to larger con-
trast deviations near tissue boundaries that are rejected by the algo-
rithm. In addition, most seeds are co-localized with large homogeneous
parts of brain tissue, such as thalamus, putamen, cortical gray matter
and major white matter fibers, which is intended by the algorithm
design. In cases where seed number is smaller than 20, both con-
ductivity and permittivity deviate significantly from the expected va-
lues. The reconstruction results stabilize when > 20 seeds are chosen.
The results do not demonstrate considerable sensitivity to the specific
seed number chosen as long as > 20 are used. In the stabilized image,
ventricles are depicted well, and gray matter with higher EPs can be

>
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=

]
=

=}
3
|9

better differentiated from white matter.

Using 100 seeds per slice, six consecutive slices from the same
subject are shown in Fig. 4. For conductivity maps, good consistency
across all slices is observed, and the contrast follows T1w images well.
Permittivity images are less consistent, especially for the images near
the top and bottom of the imaging slab. Note that low EP values are
consistently observed in the corpus callosum of the brain compared to
other white matter areas, which may be attributed to the larger mac-
romolecule content in this highly myelinated structure [42].

gEPT methods are compared in Fig. 5. Conventional gEPT using one
seed point in the putamen (red dot on T1w) yields EP maps similar to
those by the proposed Aug-EPT method; however, reconstruction error
increases in brain regions far away from the seed. For example, sig-
nificant under-estimation of gray matter conductivity can be observed
on the contralateral hemisphere. Moreover, conventional gEPT is sen-
sitive to seed selection, as demonstrated in the second reconstruction
trial using a different seed (blue dot on T1lw) in cortical gray matter,
which produces significantly elevated EP values. On the other hand, to
examine the sensitivity of Aug-EPT to seed selection, the reconstruction

Fig. 4. Reconstructed results of six consecutive slices. Conductivity shows superior consistency compared with permittivity. Results close to the central slice of the
imaging slab is superior to those from the edge slices due to absence of truncation effects in z-direction.
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4
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was repeated using 100 randomly selected seeds. Compared to seeds
chosen strategically using the proposed algorithm, random seeds in-
troduce instability to the EP maps in terms of unpredictably deviating
from the true values.

Inter-subject statistics are plotted in Fig. 6, using three imaging
slices close to the center of the imaging slab. Inter-subject variation is
considerably large when a small number of seeds are used, yet it con-
verges when more than as 20 seeds are used. Paired t-test shows no
statistical significance between the results using 50 and 100 seeds for
both conductivity and permittivity of all three brain compartments. The
comparison between reconstructed EPs and ex vivo EP values reported
in the literature consistently shows a clear discrepancy. The in vivo data
show higher conductivity in gray matter and white matter, and lower
conductivity in cerebral-spinal fluid compared to ex vivo values. The
permittivity values obtained from these two approaches show relatively
smaller discrepancies, with < 15% difference for all brain compart-
ments.

Reconstructed EPs in each brain compartment of each subject are
shown as bars in Fig. 7. The quantitative statistics are reported and
analyzed together with other EPT work in the following section.

3.3. Comparison to literature values

In vivo brain imaging results from healthy volunteers using EPT
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Fig. 5. Comparison of gEPT results. From left to
right: T1w and seed locations for conventional gEPT;
gEPT results using a single seed (red and blue, re-
spectively); Aug-EPT results using 100 randomly
chosen seeds; Aug-EPT results using 100 seeds
chosen as proposed. (For interpretation of the refer-
ences to color in this figure legend, the reader is
[S/m] referred to the web version of this article.)
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£
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wo |

e/

methods are summarized in Table 1 for conductivity and Table 2 for
permittivity. Compared to a recently published review [43], this sum-
mary focuses on imaging results of normal brain, and categorizes data
based on the B; type (magnitude, phase or complex) and EPT type
(Helmbholtz equation or heterogeneous model) used in each study.

The data generally follow the theory that conductivity increases
with field strength (thus the RF frequency of interest). For white matter
and gray matter, most in vivo studies report elevated conductivity
compared to the ex vivo probed results at the corresponding frequency;
however, for cerebral-spinal fluid, the results are somewhat mixed.
Note that for conductivity calculation using only B; phase, it is assumed
that B; magnitude is homogeneous, which theoretically leads to un-
derestimation of B; spatial variation and conductivity itself. Also worth
noting is that gEPT uses gray matter EPs reported in Gabriel et al. [20]
as a priori information, which partially explains its higher similarity to
the ex vivo results. For the data obtained in this study, GM and WM
show significantly larger in vivo conductivity compared to their corre-
sponding ex vivo values, while CSF has lower in vivo conductivity
compared to its ex vivo measurement (p < 0.001 for all).

The scarcity of permittivity data compared to conductivity is at-
tributed to the requirement for absolute B; magnitude, which necessi-
tates a dedicated B; mapping sequence. On the other hand, the detec-
tion power of permittivity at lower field than 7 T is much reduced due
to the relatively flat profile of B;, rendering it more difficult to fit to the
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Fig. 6. Box plots of mean reconstructed EP values of three brain compartments over subjects with various seed numbers. Dashed line denotes ex vivo EP values of the
corresponding brain tissue at 298 MHz from [2]. Paired t-test was performed between results using 50 and 100 seeds in all three types of tissues. n.s. not significant.
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Fig. 7. Bar plots of reconstructed EP values of brain tissues in individual subjects. Data are shown as mean * standard deviation inside region of interest. Black bars
denote ex vivo EP values of the corresponding brain tissue at 298 MHz from [2].

RF wave equations. For the available data at 7 T, it is observed that the to provide realistic values in numerical models for electromagnetic si-
relative difference between in vivo and ex vivo values are smaller, ty- mulation of the human brain.
pically < 15%. Using the proposed Aug-EPT technique, consistent EP values of

brain tissues are observed in our cohort of 12 human subjects, which
are close yet not statistically equal to the ex vivo values reported in the
widely referenced work by Gabriel et al. at Larmor frequency [20].
Specifically, in vivo conductivity of GM and WM is significantly higher,
and that of CSF is lower. The same trend can be noticed for permittivity,
but to a much less extent. The results agree with an in vivo probe
measurement study performed on swine [50]. The higher EPs in GM
and WM can potentially be ascribed to the in vivo nature of EPT versus
ex vivo probe measurements. For the in vivo imaging case, blood in-
filtration in brain tissues could lead to conductivity increase, while
causing minimal effects on permittivity [51]. Another source of dis-
crepancy is the fitting of the ex vivo data to the mathematical model
(Cole-Cole dispersion model). Retrieval of EPs at specific frequencies
using this model gives an approximation to the actual measurement
results, which are subject to fitting and interpolation errors. On the
other hand, in vivo conductivity of CSF by EPT is smaller than the values

4. Discussion

We have proposed a new strategy to retrieve human brain EPs using
a multi-transceive RF array at 7 T MRI based on gEPT without the need
of manually choosing seed points during the reconstruction, therefore
avoiding potential user-dependent reconstruction bias. Results of nu-
merical simulations and experiments involving 12 subjects demonstrate
the consistency of the approach when > 20 seeds are used. This tech-
nique holds promise to facilitate an objective and fully automated gEPT
approach for in vivo imaging of the human brain. Using this technique
to collect the to-date largest in vivo data set of brain EPs in volunteers, a
systematic deviation was observed when compared with ex vivo brain
EPs values reported in the literature. These differences confirm previous
findings in other EPT studies with a smaller subject number. Our result
may be useful to identify abnormal EP values in brain disease, as well as

Table 1

Human brain conductivity values at relevant frequencies in literature. Data is grouped based on the associated B, field (operating RF frequency). The ex vivo
measurement result is shown together with EPT results. “Phase” denotes phase-only approximation; “Complex” means both B, phase and magnitude are used;
“Heterogeneous” means EP variation is accounted for in the central equation. Data are shown as mean + standard deviation over subjects for studies having more
than two subjects. One sample two-tailed t-test was performed between in vivo values obtained in this study and the corresponding ex vivo values.

By B, EPT type WM GM CSF Subject number Study
(RF freq.)
15T NA (probed ex vivo) 0.29 0.51 2.06 NA [20]
(64 MHz) Phase Helmholtz 0.43 = 0.15 0.72 = 0.15 1.82 = 0.37 6 [24,44]
Complex Helmbholtz 0.39 = 0.15 0.69 + 0.14 1.75 = 0.34 6 [24,44]
3.0T NA (probed ex vivo) 0.34 0.59 2.14 NA [20]
(128 MHz) Phase Helmholtz 0.36 = 0.05 0.68 = 0.06 2.20 = 0.13 3 [45]
Phase Helmbholtz 0.45 + 0.52 1.38 = 1.70 1.65 = 2.87 4 [46]
Complex Helmholtz 0.30 0.61 NA 1 [471
Phase Heterogeneous 0.53 0.76 1.71 1 [48]
7.0T NA (probed ex vivo) 0.41 0.69 2.22 NA [20]
(298 MHz) Phase Helmholtz 0.63 0.87 1.93 1 [49]
Complex Helmholtz 0.63 = 0.05 0.81 = 0.02 2.47 + 0.04 3 [26]
Complex Heterogeneous 0.4,0.5 0.7, 0.7 1.3,1.5 2 [19]
Complex Heterogeneous 0.5 0.9 1.7 1 [36]
Complex Heterogeneous 0.70 = 0.16 0.95 = 0.19 1.61 = 0.26 12 This study
=+ p < 0.001.
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Human brain permittivity values at relevant frequencies in literature. Data presentation is in a similar scheme to that of Table 1. “mag.” denotes magnitude-only
approximation of the Helmholtz equation. One sample two-tailed t-test was performed between in vivo values obtained in this study and the corresponding ex vivo

values.
By B; EPT type WM GM CSF Subject number Study
(RF freq.)
15T NA (probed ex vivo) 67.8 97.4 97.3 NA [20]
(64 MHz) Mag. Helmbholtz 63 * 66 91 = 70 98 * 20 6 [24,44]
Complex Helmbholtz 72 + 64 103 + 69 104 = 21 6 [24,44]
3.0T NA (probed ex vivo) 52.5 73.5 84.0 NA [20]
(128 MHz)
7.0T NA (probed ex vivo) 43.8 60.1 72.8 NA [20]
(298 MHz) Complex Helmholtz 48.7 + 3.5 64.3 = 2.5 78.3 = 1.5 3 [26]
Complex Heterogeneous 46, 44 60, 62 58, 73 [19]
Complex Heterogeneous 61 71 93 1 [36]
Complex Heterogeneous 52.3 = 7.7 67.2 = 9.3 72 * 17 12 This study
(n.s.)

n.s. not significant.
“ p < 0.01.
* p < 0.05,

reported by [20], yet it is in agreement with [50]. Nevertheless, EPs of
CSF are expected to be underestimated by imaging because of the re-
latively scattered distribution that renders it sensitive to partial volume
effects. Other confounding factors include pulsation of the CSF that
affects the results differently depending on sequence implementation
and subject physiology.

Consistent with previous ex vivo measurement results [52] and in
vivo EPT [16], considerable intra-subject variation of each tissue, up to
30%, can be observed, potentially induced by the natural heterogeneity
of tissues due to differences in blood infiltration and tissue micro-
structure [53,54]. This EP heterogeneity needs to be considered when
determining the contrast of “normal” and malignant tissues. On the
other hand, spatial heterogeneity of malignant tissues correlates to
pathological features, such as necrosis, which may help with sensitivity
and specificity of diagnosis and grading [29,55].

Considering the different physiology of in vivo versus ex vivo cases,
natural heterogeneity of tissues, as well as the inter-subject variation
due to body condition, it is expected that in vivo subject-specific EPs
obtained by EPT can contribute to additional accuracy in electro-
magnetic modeling and management, which could be important espe-
cially for safety ensurance purposes, such as estimation of local heating
in MRI exams [18]. Meanwhile, the diagnostic power of EPs should be
examined considering the inter- and intra-subject heterogeneity, ie.,
whether the deviation of diseased tissue EPs is significant.

EPs as intrinsic physical properties of tissue may be indicative of
chemical and physiological properties that are otherwise more difficult
to obtain. For example, quantitative sodium imaging is promising to
provide metabolic information [56], yet it requires separate electronics
to acquire **Na signal at a different resonance frequency using MRI.
Considering the abundance of 2*Na in the body, conductivity may be a
good substitute that does not require additional hardware. Another
potential application is the quantification of macromolecules in the
brain using permittivity, e.g., myelin quantification in the white matter.
It has been known that tissue permittivity in the radiofrequency range
correlates well with water content [57], and water fraction (or its
counterpart macromolecular fraction) correlates with brain myelina-
tion [58]. However, literature that directly associates myelin with
permittivity is lacking and further investigation is needed to confirm
the correlation.

Despite that twelve is the largest subject population so far for in vivo
brain EPT, it is still a relatively small number. It is expected that EPs
from a larger population of volunteers will be reported to further soli-
dify the findings of this study. Particularly, the subject population may
be scaled up in retrospective studies using the phase-only assumption,
in a fashion similar to [15]. With larger subject pool, it would also be

interesting to explore the effects of age and sex on in vivo EPs, and
eventually their impact on the accuracy of electromagnetic simulations.

5. Conclusion

The subjective process of assigning seed points in gradient-based
EPT (gEPT) can be relieved by using Helmholtz equation to inform the
reconstruction. Numerical simulations demonstrate the robustness of
the proposed approach to noise contamination and head position.
Consistent results are obtained in vivo in a group of 12 healthy subjects.
This study as well as previous EPT studies synergistically support the
notion that conductivity of white matter and gray matter is larger in
vivo compared to ex vivo probe measurement results.
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