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Synopsis
MRCDI is a novel technique, utilizing di�erent phase-sensitive MR methods for non-invasive measurements of weak currents in the human body,
which is important in several neuroscience applications. Here, we compare the in-vivo performance of two di�erent MR methods, multi-echo spin
echo (MESE) and steady-state free precession free induction decay (SSFP-FID), with single- vs. multi-gradient-echo readouts. We demonstrate that
multi-gradient-echo readouts improve both methods. We validate the linear dependence of the measured current-induced magnetic �eld on the
injected current strength for both methods, and propose the more e�cient SSFP-FID method as being well suited for highly sensitive single-slice
human in-vivo MRCDI.

Introduction
Accurate measurements of the current �ow distributions, caused by neural or external sources, in the human brain in-vivo is important in several
neuroscience applications. MRCDI is an emerging technique, which combines MR methods with alternating currents for in-vivo current �ow
measurements in the human brain at high resolution (1). The e�ciency of the technique depends on the used MR method. MESE is a technique
robust to �eld inhomogeneities and provides high signal-to-noise-ratio (SNR). On the other hand, SSFP-FID is more sensitive to current-induced
phase, but more vulnerable to �eld inhomogeneities. Both methods are promising for in-vivo human brain MRCDI. We previously performed a
thorough sensitivity comparison of MESE and SSFP-FID MRCDI in phantoms (2). However, in-vivo robustness of the methods to physiological noise
was not analyzed. Here we compare MESE and SSFP-FID in-vivo, and propose SSFP-FID as a better alternative for single-slice human in-vivo brain
MRCDI applications.

Methods
In MRCDI, weak alternating tissue currents, which are synchronized with an MR sequence, create a magnetic �eld component of the current-
induced magnetic �eld ∆Bz,c parallel to the scanner �eld. This causes small shifts in the precession frequency of the magnetization. These modulate
the phase of the MR signal, proportional to ∆B , and allows measurement of ∆B  and calculations of the current �ow distribution. Here, we
employed MESE (Fig.1a) and SSFP-FID (Fig.1b) and used previously optimized sequence parameters (2) for human in-vivo MRCDI. First, we validated
both methods by checking the linear dependence of the measured ∆B  on the current strength I . A cable was wrapped around a spherical
phantom (16 cm in diameter) with similar relaxation parameters as brain tissue. Using both methods, ∆B  was measured for I  = [0, 0.33, 0.66, 1]
mA. The MESE measurements were performed with image matrix 112x90, voxel size 2x2x3mm , number of spin-echo N =3, gradient-echo N =5,
bandwidth BW=103.6 Hz/pixel, echo spacing T =60 ms, and repetition time T =1.5 s. The measurement was repeated N =2 times. The SSFP-FID
measurements were performed with image matrix 112x90, voxel size 2x2x3mm , tip angle α=30˚, N =7, BW=75 Hz/pix, T =120 ms, and N =12.
The total scan times were close to ~9mins and ~4.5 mins for MESE and SSFP-FID, respectively. The same experiments were also repeated in-vivo in
three participants. The average ∆B  values were extracted, and a linear regression model �tted to the measurements. As a last step, single- and
multi-gradient-echo readout performances of the methods were tested in three subjects. MESE (N =1/5, BW = 19.2/103.6 Hz/pixel) and SSFP-FID
(N =1/7, BW = 12/75 Hz/pixel) experiments were repeated with I = 1 mA and without current injection. Gaussian distributions were �tted to the
∆B  distributions of the control experiments without I  and the methods were compared in terms of the mean shifts and the standard deviations.
In the experiments, the current waveform was generated using an arbitrary waveform generator (33500B, KEYSIGHT Technologies, California,
United States), ampli�ed via an MR-conditional transcranial brain stimulator (DC-STIMULATOR PLUS, neuroConn GmbH, Germany), and injected via
rubber electrodes attached to the scalp (close to the temporo-parietal junction).

Results and Discussion
The ∆B  measurements for MESE and SSFP-FID show a linear dependence on the injected current strength in both the phantom (Fig. 2) and in-vivo
(Fig. 3). The intercepts β  are close to zero, and the estimated slopes β  found similar in both methods (Fig. 4a). The results of linear regression
analyses are highly signi�cant. The use of multi-gradient-echo readouts improve the quality of the measured ∆B  images with and without I . The
ghosting-like artifacts disappear (Fig. 5). The results without current injection show that the mean shifts are close to zero and the standard
deviations are e�ectively reduced by means of multi-gradient-echo readouts (Fig. 4b). MESE exhibits a lower noise �oor compared to SSFP-FID in
two out of three subjects. Both MESE (total scan time T ~9 mins) and SSFP-FID (T ~4.5 mins) have similarly low noise �oors with standard
deviations of on average ~0.1 nT.

Conclusion
Both MESE and SSFP-FID methods are validated in phantom and in-vivo experiments. The use of multi-gradient-echo readout provides better
results, as systematic averaging of multi-echoes reduces detrimental e�ects (e.g. blood �ow and motion). Both methods provide su�ciently low
noise �oors for human brain MRCDI. The higher number of measurements used in SSFP-FID may allow a better removal of physiological noise and
outliers in the future, which may make the method the better choice for single-slice in-vivo MRCDI. However, MESE can still outperform SSFP-FID in
multi-slice MRCDI, as it allows acquiring few slices without losing sensitivity (2).
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Figures

Figure 1. Schematic diagram of the (a) MESE and (b) SSFP-FID sequence (see (2) for sequence details). µ is the phase of the transverse
magnetization. The currents I  are employed in two opposite directions (indicated by green and red lines) to acquire two phase images with
opposite current-induced phases. Either single-gradient-echo (single Gr, N  = 1) or multi-gradient-echo readouts (multi Gr, N  = 5 for MESE and
N  = 7 for SSFP-FID) are used. The ∆B  images are calculated from each of the single echoes, and systematically combined (2).

 

Figure 2. Testing linear dependence of the measured ∆B  on the applied current strength I  in the spherical phantom, performed for both MESE
and SSFP-FID with multi-gradient-echo readouts. MESE results: (a) ∆B  images. (b) Dependency plot. The results of the two measurements are
shown as blue and orange dashed lines, and their average is shown as a green line. SSFP-FID results: (c) ∆B  images. (d) Dependency plot. The
average of the 12 measurements is shown; the bars represent the standard error. For both methods, the average ∆B  was calculated in the region-
of-interest (ROI) indicated by black dashed rectangles.
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Figure 3. Testing linear dependence of the measured ∆B  on the applied current strength I  in three subjects, performed for both methods with
multi-gradient-echo readouts. MESE results: (a) The magnitude and ∆B  images for I  = 1 mA. (b) Dependency plot. The results of the two
measurements are shown as blue and orange dashed lines, and their average is shown as a green line. SSFP-FID results: (c) ∆B  images. (d)
Dependency plot. The average of the 12 measurements is shown; the bars represent the standard error. For both methods, the average ∆B  was
calculated in the region-of-interests (ROIs) indicated by black rectangles.

 

Figure 4. (a) Linear �ts of the measured dependence of ∆B  on the applied current strength. The table lists the F- and p-values, the intercepts β
and the slopes β  of the �tted linear regression models. The standard errors of β  and β  are given in brackets. (b) Comparison of single- vs. multi-
gradient-echo acquisition for the case without current injection in three subjects. The table lists the mean shifts and standard deviations (given in
brackets) of the noise distributions of ∆B  values in the brain in units of nT.
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Figure 5. Comparison of single- vs. multi-gradient-echo acquisition in three subjects for both MESE (total scan time T  ≈ 9 mins) and SSFP-FID (T  ≈
4.5 mins). (a) ∆B  images of the measurements without current injection. (b) ∆B  images of the measurements with current injection I  = 1 mA. For
better visualization of the spatial patterns, mean-corrected images are shown (i.e., the average ∆B  in the brain was subtracted). Ghosting-like
patterns are observed in the results of the single-gradient-echo acquisitions due to the low-bandwidth acquisition, which are eliminated in the
results with multi-gradient-echo readouts.
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