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Abstract

In this study, we aimed to develop a fast and robust high-resolution technique for
clinically feasible electrical properties tomography based on water content maps
(WEPT) using Quantitative Transient-state Imaging (QTI), a multiparametric transient
state-based method that is similar to MR fingerprinting. Compared with the original
WEPT implementation based on standard spin-echo acquisition, QTI provides robust
electrical properties quantification towards B;* inhomogeneities and full quantitative
relaxometry data. To validate the proposed approach, 3D QTI data of 12 healthy
volunteers were acquired on a 1.5 T scanner. QTl-provided T, maps were used to
compute water content maps of the tissues using an empirical relationship based on
literature ex-vivo measurements. Assuming that electrical properties are modulated
mainly by tissue water content, the water content maps were used to derive electri-
cal conductivity and relative permittivity maps. The proposed technique was com-
pared with a conventional phase-only Helmholtz EPT (HH-EPT) acquisition both
within whole white matter, gray matter, and cerebrospinal fluid masks, and within dif-
ferent white and gray matter subregions. In addition, QTl-based WEPT was retrospec-
tively applied to four multiple sclerosis adolescent and adult patients, compared with
conventional contrast-weighted imaging in terms of lesion delineation, and
quantitatively assessed by measuring the variation of electrical properties in lesions.
Results obtained with the proposed approach agreed well with theoretical predic-
tions and previous in vivo findings in both white and gray matter. The reconstructed
maps showed greater anatomical detail and lower variability compared with standard
phase-only HH-EPT. The technique can potentially improve delineation of pathology
when compared with conventional contrast-weighted imaging and was able to detect

significant variations in lesions with respect to normal-appearing tissues. In

Abbreviations: ANTs, advanced normalization tools; bSSFP, balanced steady-state free precession; CSF, cerebrospinal fluid; EPT, electrical properties tomography; FLAIR, FLuid Attenuated
Inversion Recovery; FSL, FMRIB Software Library; FSPGR, Fast Spoiled GRadient-echo; GM, gray matter; HH-EPT, Helmholtz EPT; MRF, MR fingerprinting; MR-STAT, MR-Spin TomogrAphy in
Time domain; QTI, Quantitative Transient-state Imaging; R, radiofrequency; TE, echo time; TR, repetition time; wEPT, water content-based EPT; WM, white matter.
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conclusion, QTI can reliably measure conductivity and relative permittivity of brain
tissues within a short scan time, opening the way to the study of electric properties

in clinical settings.

KEYWORDS
electric properties tomography, electrical conductivity, MR fingerprinting, quantitative MR
imaging, relative permittivity, transient-state imaging

1 | INTRODUCTION

Quantitative MRI allows for noninvasive high-resolution tissue characterization, potentially improving the accuracy and reproducibility of
the diagnosis and enabling longitudinal assessment of the disease progression and treatment in both children and adults. To date, many MR-based
techniques for the quantification of several tissue physical properties have been demonstrated, including T4 and T, relaxometry, diffusion, perfu-
sion, and magnetic susceptibility. Other important parameters for tissue characterization are its electrical properties, i.e., electrical conductivity and
relative permittivity. Strong variations of electrical conductivity have been reported in cancerous tissues®? and in the presence of vascular diseases
(e.g., myocardial infarction® and stroke?). In addition, electrical properties can be used to predict subject-specific local specific absorption rate
(SAR) maps for the assessment of safety in radiofrequency (RF) pulse design.> MR-based electric properties tomography (MR-EPT) is a relatively
recent technique that was developed to noninvasively map the distribution of electrical conductivity and relative permittivity in the tissues.®

Common approaches to MR-EPT rely on the effect of the electrical properties on the transmit RF field (B4 ™) spatial distribution.”® Because
the electrical properties of biological tissues are dispersive in frequency, that is, they depend on the frequency of the electromagnetic field to
which the sample is exposed, MR-based methods measure the electrical properties within the range of megahertz (i.e., the frequency of the RF
field used by the MR scanner). The MR-EPT processing typically involves second-order derivatives of the complex B;™ map,’ resulting in noise
amplification and region boundary errors, hampering quantification in regions with convoluted edges, for example, gray matter (GM) and
cerebrospinal fluid (CSF) in brain MRI.

A possible solution to these issues has been proposed by Michel et al.,'° with the so-called water content-based Electric Properties Tomogra-
phy (WEPT) approach. This approach relies on the fact that, at high frequencies, cell membranes exhibit low impedance, allowing propagation of
RF electric currents associated with the B, field. Therefore, in this regime, tissue electrical properties are modulated by their water and ionic con-
tent. Assuming that, in living tissues, the latter is kept constant by homeostasis, electrical properties can be determined by measuring the tissue
water content, which in turn is highly correlated with the tissue longitudinal relaxation time, T11? Several studies have successfully applied this

1213 and tested its validity in vivo.2* In these implementations, the ratio between two T-weighted spin-

approach at different frequency ranges,
echo (SE) images was used to compute an approximate T, map and then used to estimate tissue electrical properties. This enables easy deploy-
ment in a clinical setting, but may introduce a spatially varying bias due to B, field inhomogeneities.*> This limitation can be circumvented by
using more robust approaches to estimate the T4 of the tissues and consequently the corresponding water content. Examples of these approaches
are magnetic resonance (MR) fingerprinting,*® MR-Spin TomogrAphy in Time domain (MR-STAT),Y” and Quantitative Transient-state Imaging®
(QTI), which rely on the transient state of the MR response to achieve robust T4 and T, quantification, while maintaining a short scan time,
i.e., comparable with that for a conventional contrast-weighted image. These techniques demonstrated excellent repeatability and reproducibility

19-23 and provide robust T4 quantification towards Bo and B4 field inhomogeneities.?*

at different field strengths both in vitro and in vivo,

In this work, we aimed to demonstrate that QTI-derived T, maps can be used to achieve reliable electrical properties estimations in vivo at
clinical field strength (1.5 T). To this purpose, we acquired QTI data of 12 healthy volunteers and compared the resulting electrical properties map
with the expected theoretical values in white matter (WM), GM, and CSF. In addition, we retrieved standard transmit field-based EPT maps and
compared the two approaches in terms of consistency with respect to literature-based reference values and spatial variability. Finally, we applied
the QTl-based wEPT method to a small group of multiple sclerosis (MS) patients, to evaluate its capability in detecting variations of the electrical

properties in the lesions compared with the surrounding normal-appearing tissue.

2 | METHODS
21 | QTl acquisition and reconstruction

Twelve healthy subjects (five males, seven females, age 29-55 years) were scanned on a GE HealthCare HDxt 1.5 T system using a

quadrature-mode body coil for transmission and an eight-channel head coil for reception, in compliance with local ethical approval. Each
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subject underwent a 3D steady-state free precession QTI acquisition, as described in previous work.2>2¢ The QTI implementation consisted of

an inversion-prepared variable flip angle, with fixed TE (0.5 ms) and TR (8.5 ms), corresponding to a total scan time of 7 min. k-space sampling

was performed using a 3D spiral projection trajectory (field of view = 225 x 225 x 225 mm?; voxel size = 1.125 x 1.125 x 1.125 mm?®), with

unbalanced gradients along z to reduce By sensitivity.?” Images were reconstructed offline using a zero-filled low-rank subspace

reconstruction,?® followed by a fully connected neural network T4, T,, and Mg estimation.?®

2.2 | Water-based EPT reconstruction

Electrical conductivity o and relative permittivity €, were obtained from QTI-derived T, maps as follows (Figure 1): first, water content W in the
range 0-1 was obtained according to Fatouros and Marmarou®*

where A and B are the fit constants that depend on the magnetic field strength and are equal to 0.935 and 341 ms at 1.5 T, respectively.'!

WEPT

The QTl-based wWEPT electrical properties ¢ and ,"EPT were then derived from the water content W via*°

T =1 + ¢y - exp(cs- W) (2a)

T =py - W? +-pp-Wps. (2b)

Since the available literature values'® for the model coefficients were obtained at 3 T, here we repeated the calibration for a 1.5 T field
strength. Specifically, calibration was performed by fitting the average literature water content?’ for WM, GM, and CSF against their theoretical

conductivity and relative permittivity values at 64 MHz (i.e., Larmor frequency at 1.5 T) calculated with a fourth order Cole-Cole model®°:

Aep o

€ (0) =€+ 4

Mo (a.u.)

1.00
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| 0 =c1 +c; exp(czW) 0.0 € =p1W? +p, W+P?
Eq. (2a,b)

FIGURE 1 Processing pipeline to obtain electrical properties maps from a QTl-derived T4 map. The first row shows the T4, T,, and Mg maps
obtained by QTI acquisition and reconstruction. The T4 map is converted into a water content (W) map. Then the water content map is used to
retrieve the electrical properties o and ¢,. Calibration coefficients between electric properties and water curve are obtained by fitting literature-
based water content values for WM, GM, and CSF against their theoretical predictions calculated with a fourth order Cole-Cole model. CSF,
cerebrospinal fluid; GM, gray matter; QTI, Quantitative Transient-state Imaging; WM, white matter.
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o) is the complex relative permittivity. The Cole-Cole model coefficients (e, Aen, 70, an, and o;) are reported (Table S1), as

iweg

where € (o) = /(@) —
well as the corresponding electrical properties and water content values for the three calibration tissues (Table S2).

The resulting calibration coefficients c4, ¢y, ¢3 and py, p,, p3z were 0.14, 0.0005 S/m, 8.3 and —870, 1565, —598, respectively, and the
corresponding fitting models are reported in Figure S1 together with the variation of electrical properties of WM, GM, and CSF as a function of

the field strength according to the fourth-order Cole-Cole model.

2.3 | Conventional EPT acquisition and reconstruction

To validate the proposed approach, the acquisition protocol also included a whole-brain 3D balanced steady-state free precession (bSSFP)
complex-valued image (voxel size = 2 x 2 x 2 mm®, TE/TR = 1.5 ms/5.3 ms, flip angle = 30°, four averages, scan duration: 3 min 14 s) acquired
using the scanner quadrature body coil for both transmission and reception and an inversion-prepared 3D Fast Spoiled GRadient-echo (FSPGR)
T1-weighted acquisition (whole-brain coverage, voxel size = 1 x 1 x 1 mm?®, TE/TR = 5.16 ms/12.4 ms, TI = 700 ms, flip angle = 10°, scan dura-
tion: 7 min 18 s), obtained with the eight-channel head coil for signal reception.

These acquisitions were used to obtain conventional MR-based conductivity maps as follows®? (Figure 2). First, the bSSFP image was
preprocessed by applying Gibbs ringing removal and 3D phase unwrapping, and FSPGR was segmented using a statistical parametric map,3?
obtaining tissue probability maps for WM, GM, and CSF. These tissue maps were aligned to the bSSFP coordinate space with an affine
transformation estimated using FSPGR and bSSFP magnitude images, and the FMRIB Software Library (FSL).2® They were then converted to
binary masks by assigning each voxel to the tissue class with the highest probability. Conductivity values were estimated from bSSFP phase
within the WM/GM/CSF masks independently, by solving the following equation:

2
oHH-EPT _ v 'l/1 (4)
2wpg

where o =2z - 64 -10° % is the Larmor angular frequency at 1.5T and g is the vacuum magnetic permeability. This approach is called phase-only
Helmholtz EPT®** (HH-EPT). The Laplacian operator in Equation (4) was evaluated by fitting a local parabola within a spherical kernel of
14-voxels diameter centered on each target voxel.?! To reduce contamination from residual voxels belonging to different tissue classes, each
voxel within the kernel was weighted according to the absolute difference in bSSFP magnitude compared with the target voxel using a Gaussian
function,®> whose standard deviation was empirically set to 0.25 (image magnitude units) for WM/CSF and 0.75 (image magnitude units) for
GM. Finally, a local median filter was applied within the same kernel used for Laplacian evaluation and the estimated conductivities for WM/GM/
CSF were merged in a single conductivity map.

Magn Phase

1.4

12

Magn

1.0
0.8
0.6

Phase

0.4

0.2

Complex
bSSFP

0.0

WM/GM/CSF WM/GM/CSF WM/GM/CSF
masks complex bSSFP o [S/m]

FIGURE 2 Processing steps required to obtain the bSSFP-based HH-EPT conductivity maps used as a reference: the bSSFP phase is
multiplied by WM/GM/CSF binary masks obtained by segmentation of a separate T,-weighted scan, the conductivity is computed independently
for the three tissues, and the results are merged in a single conductivity map. bSSFP, balanced steady-state free precession; CSF, cerebrospinal
fluid; GM, gray matter; HH-EPT, Helmholtz electrical properties tomography; WM, white matter.
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24 | Analysis

Both QTl-based wWEPT and bSSFP-based HH-EPT maps for each subject were nonrigidly aligned to a common coordinate space defined by
the Montreal Neurological Institute (MNI) template via a two-step registration. First, EPT maps for each subject were coregistered to
the corresponding FSPGR T;-weighted image using the QTl-based T, map and bSSFP magnitude, respectively, to estimate the alignment via
FSL.3® Then the FSPGRs were nonlinearly aligned to the MNI coordinate space using advanced normalization tools (ANTs)3¢ software, and
the resulting transformations were applied to the EPT maps and to the WM/GM/CSF probabilistic maps. WM, GM, and CSF binary masks
were obtained by selecting a probability threshold of 70%, and median values within each tissue for each subject were computed for both
QTI- and bSSFP-based EPT maps. In addition, median conductivity values were computed for each subject within regions of interest (ROIs)
from the USCLobes Atlas®”%® that were masked using WM and GM masks and from a Freesurfer segmentation of the MNI template. In
particular, six subcortical WM ROls (frontal, parietal, temporal and occipital WM, cingulate tract and cerebellum WM), and seven cortical
GM ROIs (frontal, parietal, temporal and occipital GM, cingulate gyrus, cerebellum GM and insular cortex) were obtained from the
USClLobes Atlas, whereas the ROIs for nine deep WM/GM structures (splenium and genu of corpus callosum, midbrain, pons, medulla,
caudate nucleus, globus pallidus, putamen, and thalamus) were derived from the Freesurfer segmentation (Figure 3). The caudate nucleus,
globus pallidus, putamen, thalamus and all subcortical WM and cortical GM ROls except for cerebellum were divided into left and right
hemispheres. WEPT and HH-EPT data were compared using Pearson's correlation and Bland-Altman analysis. In addition, both were
compared with the fourth-order Cole-Cole predictions of WM and GM conductivities and with previous in vivo phase-only HH-EPT
findings at 1.5 T. Specifically, we used the pooled standard deviation of the conductivity values measured by Voigt et al.3* as an estimate
of the expected WM and GM variability. A similar subregion analysis was performed for the relative permittivity values obtained with the
QTl-based WEPT method. Because phase-only HH-EPT does not provide an independent measurement of relative permittivity, QTI-based
WEPT results were compared with theoretical WM and GM predictions and evaluated in terms of intersubject variability by calculating the
interquartile range for each ROIl.

Both electrical conductivity and relative permittivity measurements obtained via QTl-based WEPT were also compared with the original

|10

SE-based wWEPT implementation from Michel et al.™* To enable the comparison, we used the water content values reported in Michel et al. to

estimate conductivity and relative permittivity values at 1.5 T field strength. We grouped the left and right hemispheres and restricted the
comparison to the deep WM/GM ROls, i.e., those which were included in the Michel et al. publication, and we calculated the Pearson's

correlation between QTl-based and SE-based WEPT measurements.

® Splenium

® Genu

® Midbrain

® Pons
Medulla

® Caudate
Globus Pallidus
Putamen
Thalamus

® WM
GM
® CSF

FrLobe
@ Cingulus
| @ ParLobe
TmpLobe
OcclLobe
Insula

Subcortical WM Cortical GM © Cerebellum

FIGURE 3 ROIs chosen for the wEPT validation: WEPT and HH-EPT conductivity values were measured in the whole WM/GM/CSF masks
and in several subregions of subcortical WM, cortical GM, and deep WM/GM. Subcortical WM and cortical GM regions were obtained by
multiplying the corresponding USCLobes Atlas ROIs by the WM and GM masks, whereas deep WM/GM ROls were derived by segmenting the
T1-weighted MNI image using Freesurfer. CSF, cerebrospinal fluid; GM, gray matter; HH-EPT, Helmholtz electrical properties tomography; MNI,
Montreal Neurological Institute; ROI, region of interest; WEPT, water content-based electrical properties tomography; WM, white matter.
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2.5 | Application to multiple sclerosis

Three-dimensional QTI data of four adolescent and adult MS patients (two males, two females, aged 15-60 years) were retrospectively processed
to obtain wEPT conductivity and relative permittivity maps. Acquisition, reconstruction, and processing pipeline were the same as in the healthy
volunteers’ experiment. The maps were qualitatively assessed in terms of lesion identification capability when compared with conventional FLuid
Attenuated Inversion Recovery (FLAIR) contrast-weighted images. Here, FLAIR images had a similar resolution to the QTI acquisition. Specifically,
FLAIR imaging parameters were voxel size=1 x 1 x 1 mm?3, matrix size = 256 x 256, number of slices = 184, TE/TR = 120.5 ms/6000 ms,
inversion time = 1874 ms, and ASSET acceleration factor = 2. In addition, spherical ROIs were manually positioned in the FLAIR images in
correspondence of MS lesions and coregistered to the QTI space using FSL. Then the average electrical properties values within these ROls were
guantitatively compared with the measurements within ROIs placed in the normal-appearing WM of the patients using a Mann-Whitney U test.
Overall, two lesions and two control spherical ROlIs of six-voxels diameter were selected for each subject.

3 | RESULTS

As shown in Figure 4, we successfully obtained conductivity maps of the tissues both using standard bSSFP-based phase-only HH-EPT and QTI-
based WEPT, which also provided relative permittivity maps. While the inclusion of prior anatomical information mitigated the tissue border effect
and the use of large derivative kernels significantly reduced noise amplification in the HH-EPT conductivity estimation, WEPT measurement
provided a more uniform conductivity map and a higher level of anatomical detail. In addition, wEPT provided an estimate of the relative
permittivity of the tissue, which cannot be obtained using phase-only HH-EPT.

Quantitative data are reported in Table 1. HH-EPT tended to overestimate conductivity values in WM and GM with respect to reference
predictions based on the fourth-order Cole-Cole model: averaged across the subject cohort, median HH-EPT conductivity values in WM/GM/
CSF were 0.474+0.04, 0.77+£0.07, and 1.9 +0.5 S/m, respectively, while the corresponding reference values are 0.29, 0.51, and 2.06S/m.
Nevertheless, these estimations were within the range of previous in vivo reports.>* On the other hand, wEPT-based estimations agreed with
reference values within 10%, except for conductivity in the CSF region, which was underestimated by approximately 60%. Figure 5 reports the
results of the subregion analysis. Measurements for the two techniques showed similar inter-region heterogeneity trends in all ROls, with values
clustered around WM/GM predictions for subcortical WM and cortical GM, respectively, and ranging from WM to GM for deep WM and GM
structures. Again, HH-EPT-based conductivity values were overestimated with respect to the reference but consistent with previous in vivo
reports. Conductivity measurements showed similar variability within all subcortical WM ROls, with an average interquartile range of 0.09 S/m
excluding the cerebellum (interquartile range =0.33S/m), while cortical GM and deep WM/GM ROlIs exhibited increased variability with an
average interquartile range of 0.16 and 0.26 S/m, respectively. Conversely, wEPT-based conductivity estimates were close to the expected values
within 10% and were characterized by a lower variability in all ROls, resulting in a narrow distribution across subjects with an average interquartile

range lower than 0.025S/m.

FIGURE 4 Representative conductivity map obtained with conventional phase-only HH-EPT and the corresponding conductivity () and
permittivity maps (e,) obtained using QTI-based wEPT. HH-EPT, Helmholtz electrical properties tomography; QTI, Quantitative Transient-state
Imaging; wEPT, water content-based electrical properties tomography.
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TABLE 1  Average across subject population of median EPT values within WM/GM/CSF masks obtained with bSSFP-based HH-EPT
(conductivity only) and QTI-based wEPT (conductivity and relative permittivity), in comparison with their theoretical predictions based on a fourth
order Cole-Cole model. Uncertainties were calculated as the standard deviation across subjects of the median WM/GM/CSF electrical properties
values.

Conductivity (S/m)

WM GM CSF
Theoretical 0.29 0.51 2.06
wEPT 0.27 £ 0.01 0.46 +0.01 08+0.1
HH-EPT 0.47 +0.04 0.77 £ 0.07 1.9+0.5
Relative permittivity

WM GM CSF
Theoretical 68 97 97
wEPT 61+3 93+1 103+ 1

Abbreviations: bSSFP, balanced steady-state free precession; CSF, cerebrospinal fluid; EPT, electrical properties tomography; GM, gray matter; HH-EPT,
Helmholtz EPT; QTI, Quantitative Transient-state Imaging; wEPT, water content-based EPT; WM, white matter.

The median conductivity values of each box for HH-EPT and wEPT were compared in the Bland-Altman and correlation analysis shown in
Figure 6: HH-EPT estimates were consistently higher than those for wEPT, leading to an average bias of 0.25 S/m, and values in both cortical GM
and deep WM/GM regions were affected by a wider spread compared with subcortical WM, consistent with the results of the box plot analysis.
Despite the high variability of HH-EPT conductivity measurements among similar brain regions, we found a moderate Pearson's correlation of
0.67 between the two techniques.

Results of subregion analysis for wEPT-based relative permittivity measurements are reported in Figure 7. As for the conductivity, wEPT
relative permittivity showed good consistency with the theoretical values and low variability between subjects: the average difference with
respect to theoretical predictions was lower than 10% in subcortical WM and cortical GM ROls, and the interquartile range was lower than 4 in
all of the considered ROls.

Electrical properties at 64 MHz calculated from the water content values reported by Michel et al.!° are compared with QTl-based wEPT
results in Figure 8. QTl-based WEPT provided consistently lower conductivity and relative permittivity values compared with the original SE
implementation. Despite this difference, the two implementations exhibited a strong Pearson's correlation for both conductivity (0.94) and
relative permittivity (0.87).

Finally, an application of QTl-based WEPT to the assessment of lesions in MS patients is shown in Figure 9. A representative example of
lesion is shown in Figure 9A: it can be seen that the MS lesion has higher conductivity and relative permittivity values compared with the sur-
rounding WM in the wEPT acquisition. Qualitatively, the lesions identified using FLAIR were also found in QTl-based wEPT maps. Quantitatively,
as reported in Figure 9B, median conductivity and relative permittivity across all MS lesions were significantly higher than normal-appearing
tissues (p < 0.001). Specifically, the median conductivity and relative permittivity values were 0.27 S/m and 59 in normal-appearing WM,
respectively, similar to the results obtained for healthy volunteers. Instead, median electrical conductivity and relative permittivity were 0.45 S/m
and 85 within the lesions, corresponding to a 66% and 44% increase, respectively.

4 | DISCUSSION

In this work, we demonstrated that QTI T, maps can be used to estimate high quality conductivity and relative permittivity maps of the human
brain at 1.5 T. To the best of our knowledge, this is the first application of a transient-state method to the estimation of electrical properties. The
reconstructed maps showed high consistency compared with the corresponding reference values: both conductivity and relative permittivity
agreed to within 10% with the expected values, except for the estimated conductivity in CSF, which was underestimated by approximately 60%.
This limitation of QTI-based wWEPT can be attributed to an intrinsic T, underestimation for long T, values, which has also been observed in
other studies using similar transient state-based acquisitions.?® Importantly, our WEPT implementation appeared promising in capturing the
heterogeneity within the different regions belonging to the same tissue class. Such heterogeneity has been reported in other studies analyzing
brain myelination,®? iron*° and water?® content, and sodium concentration.** Since water content and sodium concentration are the main factors
that determine electrical properties, we anticipate that variation in the former would be reflected in the latter. For example, for deep GM ROIs
such as the caudate nucleus, putamen, and thalamus, which consist of GM structures with embedded myelinated axons, we found intermediate
conductivity and relative permittivity between WM and GM theoretical predictions. This is consistent with previous reports for water content?’

and sodium concentration.** Conventional phase-only HH-EPT acquisition also provided conductivity maps of the tissues. Measured conductivity
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FIGURE 5 Box plots comparing bSSFP-based HH-EPT and QTl-based wEPT estimated conductivities for each ROI. Black lines mark the
theoretical values for the WM and GM conductivities, while dotted lines mark the corresponding in vivo literature ranges. bSSFP, balanced
steady-state free precession; GM, gray matter; HH-EPT, Helmholtz electrical properties tomography; QTI, Quantitative Transient-state Imaging;
RO, region of interest; WEPT, water content-based electrical properties tomography; WM, white matter.

values for WM and GM were consistently overestimated with respect to the reference values, both within the whole tissue masks and their
different subregions. This can be explained by the assumption, used in this work, of uniform magnitude of the B, field in the conductivity
reconstruction step. Even if this assumption is reasonable at 1.5 T, phase-only reconstruction may lead to such overestimation, as previously

reported in the literature.*?
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FIGURE 6 Comparison between bSSFP-based HH-EPT and QTI-based WEPT estimated conductivities. Top panel: Bland-Altman plot
comparing the two methods. Blue, red, and green dots represent subcortical WM, cortical, and deep WM/GM ROls, respectively. The black solid
line and black dotted lines represent the mean and limit of agreement (here, 1.96 * standard deviation). Gray and blue bands represent the 95%
confidence intervals on mean and limit of agreement, respectively. Bottom panel: plot showing moderate correlation (p =0.67, p < 0.001) between
the conductivity values measured using the two approaches. bSSFP, balanced steady-state free precession; GM, gray matter; HH-EPT, Helmholtz
electrical properties tomography; QTI, Quantitative Transient-state Imaging; ROI, region of interest; wEPT, water content-based electrical
properties tomography; WM, white matter.

Overall, our results are in line with previous in vivo findings at the same field strength.>* Despite the higher sensitivity to noise and system
imperfection of HH-EPT, we found a moderate correlation between the two methods, suggesting that the ROIs heterogeneity revealed by wEPT
reflects an actual spatial variability of the tissue properties. This is further supported by the comparison with the wEPT findings from Michel

et al.1°

obtained by estimating electrical properties at 64 MHz from the water content values they reported. While a general quantification
difference was found between QTI- and SE-based wWEPT, probably because of the different magnetization transfer effect impacting the T,
estimation,*® the two methods showed a strong correlation for both conductivity and relative permittivity.

Compared with HH-EPT, the QTl-based WEPT technique demonstrated several advantages. First, data are processed voxel by voxel,
preserving the resolution of the input data and avoiding blurring and loss of resolution caused by the local fitting windows used in HH-EPT. In
addition, voxel-by-voxel processing avoids artifacts at different tissues interfaces: in HH-EPT, computation of conductivity from B;" phase
requires the inclusion of anatomical priors to reduce the tissue border effect, either via direct segmentation or coregistration of external tissue
masks, potentially introducing additional errors. While advanced phase processing methods®! could further mitigate this artifact, as shown in
Figure S2, voxel-by-voxel fitting of WEPT remains superior in this aspect.

Second, processing of T, maps only involves the evaluation of two simple analytical functions, which can be easily parallelized without any
specialized hardware, thus reducing the inference time.

Third, wEPT also provides relative permittivity maps of the tissue, even at low field strengths such as 1.5 T, which are challenging to obtain
using transmit field-based methods.*? Finally, as water content is frequency independent, the proposed technique could be used to calculate
subject-specific electric properties maps at different frequencies, provided that the frequency is high enough for the underlying WEPT
assumptions to be valid,***> that is, between 10 MHz and 1 GHz. These could be used in different medical applications beyond diagnosis itself,

such as planning for microwave hyperthermia cancer treatment*® 47-49

and SAR prediction for RF pulse design.

These benefits are shared with the original WEPT implementation® introduced by Michel et al. Changing the underlying sequence used to
perform the water content mapping from a conventional T;-weighted SE acquisition to a quantitative transient-state method brings significant
additional advantages. First, the direct use of a T, map, instead of the ratio R of two T,-weighted images for water content estimation, reduces
the potential source of quantification biases. In fact, water content quantification from tissue T4 is based solely on an empirical model, derived
from histopathological observation, linking these two quantities. On the other hand, the estimation of water content from R is also based on other
assumptions, namely, constant signal gain between the two different SE images and an additional empirical relation linking R and the water
content, each potentially introducing other biases. Second, wEPT estimations based on SE acquisition have been shown to be affected by B;™
inhomogeneities,*® especially at high field strengths. Compensation of this quantification bias requires the acquisition of external B; ™ maps, which

increase the acquisition time, potentially leading to noise amplification, and might be affected by alignment errors. On the other hand, transient

85UB017 SUOWIWIOD SA a1 3|(deol (dde 8Ly A peusenof ae Sspiie O ‘8sN JO SajnJ 10} A%Iq1T78UlJUO AB]1M UO (SUONIPUOD-PUE-SWLBYW00 A8 |1 ARe.q1|Bul [UO//:Sdny) SUONIPUOD Pue SWiB | 8L 88S " [£202/60/8T] U0 AriqTaul|uo A8|1Mm 1R} RURIHO0D AQ 6£0S WIGU/Z00T OT/I0P/W0 A8 |Im Afe.d jBul [0S U0 Bous 105 [ea A Jeue//:sdny Wouy pepeojumoa ‘0 ‘Z6vT660T



100f14| _NMR CENCINI €7 AL,
WILEY—\g0MEDICINE

80

== WEPT
--- WM (theoretical)

A oL

60 1

&
I_
|_
—H
—pH
—P
—{
—h
WM |ed13103gns

50 T T T T T T T T T T T T
W™ e o e® * eV ¥ e W
o N o° o° o° o7 W o° o° o° )
<« o R\ < & M <« C\“Q\) ™ «(\Q\, Od’\/ Ce‘éo
105
100 -
i 0
s o o _____.._______i_.__.. o
95 E'
= 1 )
1 (1)
=2
90 1
== WEPT
--- GM (theoretical)
= <« <« I
M e® « o % eV v W&
& o q\’\ ?a‘\,o M CC\,o‘° RPN ?’A‘\,o< o9 o> 02
100
%0 ==
=x=="
80 1
1)
= <
(1)
=2
60 1 == WEPT
--- WM (theoretical)
—--- GM (theoretical)
50 - - , - - - - - . . -
O oS e © o 6% Y % otV ¥ seV et
EUSCEAR L S QT e® é’o‘ &
Q\ §I\ \j\ \o ? \\\ o ? \\\ \(\ 3\ «;‘(\a\a‘(\ ?\)‘p ‘3‘(\ é
\o©
o °

FIGURE 7 Box plots showing QTl-based WEPT estimated relative permittivity for each ROI. Black lines mark the theoretical values for the
WM and GM relative permittivities. GM, gray matter; QTI, Quantitative Transient-state Imaging; ROI, region of interest; wEPT, water content-
based electrical properties tomography; WM, white matter.

state-based parameter mapping techniques such as MR fingerprinting or QTI have been demonstrated to provide robust T, quantification in the
presence of By field inhomogeneities at different field strengths.2*>° Third, as the underlying QT method has demonstrated high quantification
repeatability and reproducibility, especially for T4, it is reasonable to expect similar behavior for the conductivity and relative permittivity
estimations. This would be particularly important for longitudinal assessment of pathologies. Finally, compared with a dual SE acquisition,
QTI also provides Mg, T4, and T, maps of the tissues, which can be used either for quantitative tissue assessment or to produce synthetic

contrast-weighted images for visual inspection. Importantly, the overall QTl-based WEPT scan time remains comparable with the original wEPT
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FIGURE 8 Comparison between the original SE-based wEPT implementation from Michel et al.2® and our QTl-based wEPT implementation.
To enable the comparison, we used the water content values reported in Table 1 from Michel et al. to estimate conductivity and relative
permittivity values for 1.5 T field strength. We restricted the comparison to the deep WM/GM ROls, that is, those included in Michel et al.,*°
grouping the left and right hemispheres. Both QTI-based wEPT conductivity and relative permittivity estimations show a strong Pearson's
correlation (0.94/0.87, respectively, with p < 0.001) with the reference values from the Michel et al. publication. Correlation values p are
displayed in each panel. GM, gray matter; QTI, Quantitative Transient-state Imaging; ROI, region of interest; wEPT, water content-based electrical
properties tomography; WM, white matter.

approach, allowing its application in a clinical setting: the acquisition time for a QTI acquisition is 7 min, while the acquisition time for two SE

1.,° would be

sequences with the same spatial coverage and resolution with TE = 11 ms and TR = 700 ms/3000 ms, as described by Michel et a
approximately 35 min (assuming a parallel imaging acceleration factor = 2).
While these advantages come at the cost of increased complexity in acquisition implementation and reconstruction, the recent development

5253 may alleviate this issue. The main limitation of the wEPT

of open-source frameworks for pulse sequence design®® and reconstruction
methods, including the proposed QTl-based technique, is that they do not rely on direct measurement of a physical quantity linked to the
electrical properties by a physical model (as in transmit field-based techniques), but instead use a surrogate (i.e., the water content) based on an
empirically observed correlation.>* In order to completely assess the accuracy of QTl-based estimation, a ground truth measurement of
conductivity and relative permittivity of the tissues would be required. However, our results are consistent with both theoretical predictions

3455 in a relatively large cohort of

based on ex vivo measurements and previous literature findings obtained with transmit field-based methods
healthy subjects (n = 12). Another limitation consists of the fact that the empirical model used to estimate the electrical properties from the water
content is calibrated assuming that the same equations and coefficients hold for all the tissues. As demonstrated by,'° this is a reasonable
assumption for high water content regions such as healthy brain tissues; generalization of the approach would require the inclusion of more tissue
classes in the calibration, either from other histopathological studies or from other MR-based measurements,** and is beyond the scope of the
present work. Finally, the validation of this technique in pathological tissues remains an open challenge.’®>” While previous studies found
correlation between water content and electrical properties even for pathological tissues (e.g., tumors),* this relationship might not hold for every
possible condition. However, the nonlinear transformation used to obtain the electrical properties from T, may highlight subtle variation of the T,
of the tissues, representing an alternative contrast to conventional T1- and T,-weighting in visual inspection. Our preliminary retrospective
analysis of MS patient wEPT data provided promising results in this direction, showing potentially clearer lesion delineation compared with con-
ventional contrast-weighted imaging. While not conclusive, the experiment showed the potential of electric properties as a quantitative bio-
marker, demonstrating a significant increase in both electrical conductivity and relative permittivity of pathological tissues with respect to
normal-appearing WM, consistent with previous phase-based EPT results.”® Future work will be focused on the quantitative assessment of
QTl-based WEPT repeatability and reproducibility and its validation in pathologies using independent MR-EPT measurements and a larger

cohort of patients, as well as extending this approach to other anatomical regions and optimizing the calibration model.
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FIGURE 9 (A) Example of QTl-based wEPT application on a MS patient. It can be seen that the MS lesion appears to have higher
conductivity (¢) and relative permittivity (e,) values compared with the surrounding WM in the wEPT acquisition. Moreover, QTI-based wEPT is
able to resolve three separated structures that appear as a single lesion in a conventional FLAIR image of similar resolution. (B) Box plot
representing electrical conductivity values (left) and relative permittivity (right) for normal-appearing WM and lesions. Abnormal tissues exhibit
significantly higher values compared with normal-appearing WM (p < 0.001). FLAIR, FLuid Attenuated Inversion Recovery; MS, multiple sclerosis;
QTI, Quantitative Transient-state Imaging; wEPT, water content-based electrical properties tomography; WM, white matter.

5 | CONCLUSIONS

We demonstrated that QTI is able to robustly map electrical properties of healthy brain tissue in addition to T4, T», and Mg within a short scan
time, potentially paving the way for the application of EPT to clinical research. Importantly, while phase-only HH-EPT only provides conductivity
values, QTl-based WEPT also enables relative permittivity estimation.
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