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Abstract

Purpose—Reliably detecting MRI signals in the brain that are more tightly coupled to neural 

activity than BOLD fMRI signals could not only prove valuable for basic scientific research but 

could also enhance clinical applications such as epilepsy presurgical mapping. This endeavor will 

likely benefit from an improved understanding of the behavior of ionic currents, the mediators of 

neural activity, in the presence of the strong magnetic fields that are typical of modern-day MRI 

scanners.

Theory—Of the various mechanisms that have been proposed to explain the behavior of ionic 

volume currents in a magnetic field, only one—magnetohydrodynamic (MHD) flow—predicts a 

slow evolution of signals, on the order of a minute for normal saline in a typical MRI scanner.

Methods—This prediction was tested by scanning a volume-current phantom containing normal 

saline with gradient-echo EPI at 3 T.

Results—Greater signal changes were observed in the phase of the images than in the 

magnitude, with the changes evolving on the order of a minute.

Conclusion—These results provide experimental support for the MHD flow hypothesis. 

Furthermore, MHD-driven cerebrospinal fluid (CSF) flow could provide a novel fMRI contrast 

mechanism.
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Introduction

Understanding the behavior of ionic currents in the presence of strong magnetic fields could 

facilitate efforts to use MRI to detect signals that are more tightly coupled to neuronal 

activity than the hemodynamic response—efforts that, if successful, could have a 

tremendous impact on neuroscience and medicine. However, studies reporting the detection 
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of such signals have been, for the most part, controversial and irreproducible (1, 2), with 

several reports of negative findings (3–11) conflicting with reports of positive findings (12–

24). This lack of consensus is echoed in studies attempting to model or simulate these 

signals (25–35).

Even studies in simple phantoms are not without controversy: Truong et al. (36) investigated 

ionic volume currents in a spherical phantom scanned at 4 T, and observed a large apparent 

displacement of the currents in a direction orthogonal to the main magnetic field , an 

effect they explain with a simple mechanism incorporating the Lorentz force law and a drag 

term. However, Wijesinghe and Roth (37) pointed out that when realistic values of ion 

mobility are used in the model proposed by Truong et al., the predicted displacement of the 

volume currents by the magnetic field is negligible. They instead suggested that 

magnetohydrodynamic (MHD) flow effects, which are thought to explain the distortion of 

electrocardiogram (ECG) signals at high field strengths (38, 39), may offer a better 

explanation of the signals observed by Truong et al., but did not provide any experimental 

support for this hypothesis.

If phenomena such as those described by Truong et al. (36) are in fact due to MHD flow, 

then the observed signal changes should develop on a relatively slow time scale—on the 

order of a minute for normal (0.9%) saline in a 3 T magnetic field (see Theory). Our goal 

here was to test this prediction with a volume-current phantom containing normal saline, on 

which we obtained echo-planar imaging (EPI) magnitude and phase data at 3 T, as described 

in the Methods. As shown in the Results, we do indeed observe a slow evolution of phase 

changes, providing experimental support for detectable MHD effects in ionic-current 

phantoms scanned at these field strengths. In the Discussion, we compare our study to other 

MRI studies of electric-current phantoms, followed by a discussion of the source of phase 

contrast in our data and the sensitivity of phase versus magnitude image contrast to electric 

currents. We then compare the amplitude of the electric currents in our phantom 

experiments to the corresponding values for epilepsy, based on an estimate derived from 

previous reports of invasive electrophysiology measurements in humans. Finally, we 

consider the possibility that changes in the flow of cerebrospinal fluid (CSF) due to MHD 

effects might lead to a novel functional MRI contrast mechanism, especially in the context 

of epilepsy, where regions of high-amplitude electrical activity are often adjacent to large 

CSF spaces such as the lateral ventricles.

Theory

We take as our starting point the Navier-Stokes equation for a conducting fluid:

[1]

where ρ is the fluid density,  is the fluid velocity,  is the particle derivative (also known 

as the material derivative or the advective derivative),  is the sum of all of the 

applicable non-electromagnetic (NEM) force density terms, such as those due to pressure 
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gradients, viscosity and gravity, and  is the electromagnetic (EM) force density, i.e., the 

Lorentz force in the continuum. For an electrically neutral fluid (containing an equal number 

of positive and negative charges),

[2]

where  is the electric current density in the fluid and  is the magnetic field. In addition to 

the equations above, we have Ohm’s law for a fluid, which is given by

[3]

where σ is the conductivity,  is the electric field, and  and  are as above. Although not 

explicitly written, all of the physical quantities above are assumed to be functions of space 

 and time t.

If we combine the three equations above, we obtain the following magnetohydrodynamic 

(MHD) equation of motion (as derived in the Appendix):

[4]

where  and  are the components of  and , respectively, that are 

perpendicular to , and  is the component of  that is parallel to . Note that 

the flow parallel to  is governed purely by the non-electromagnetic force term 

(40). On the other hand, the flow perpendicular to  is driven by the  term and 

damped by the σB2 term (where ), and therefore evolves on a time scale on the 

order of τ = ρ/(σB2)—a quantity known as the Joule or magnetic damping time (see refs. 40–

42).

For normal (0.9%) saline or cerebrospinal fluid (CSF) at room temperature (25°C), ρ = 1000 

kg/m3 and σ ≈ 1.5 S/m; in a 3 T scanner, this results in a value of τ ≈ 75 seconds. At body 

temperature (37°C), the conductivity of CSF increases to σ ≈ 1.8 S/m (43), resulting in a 

slightly lower value of τ ≈ 60 seconds. Therefore, we hypothesize that for such fluids and 

field strengths, signal changes due to MHD effects will take on the order of tens of seconds 

to develop—a hypothesis we test by passing long-duration currents through a pair of saline 

phantoms, as described in the Methods.

Methods

Ionic-current phantoms

The volume-current phantom used in this study was constructed by embedding two glass 

capillary tubes (1.2 mm inner diameter, 1.6 mm outer diameter) inside a 9 × 9 × 22 cm 

plastic bottle, with the tubes spaced 5 cm apart and running parallel to the main magnetic 
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field , as shown in Fig. 1(a). The bottle and the capillary tubes were filled with a solution 

of 1 L normal saline (0.9%) and 1 mL of gadopentetate dimeglumine (Magnevist, Berlex 

Laboratories). Chloridized silver electrodes, which are non-polarizing and therefore 

advantageous for the application of direct currents, were inserted into the two capillary 

tubes, in the section of these tubes that extended outside the bottle (and outside the imaging 

field-of-view). The two electrodes were connected to a twisted-pair cable leading to a signal 

generator (Rigol DG1022) and a 10 kΩ resistor, connected in series, in the scanner console 

room. The potential difference across the resistor was measured with an oscilloscope (Rigol 

DS1052E), allowing us to calculate the current running through the circuit. This setup 

allowed us to pass ionic direct currents of various amplitudes and durations through the 

volume of the phantom, from the end of one capillary tube to the other, as shown 

schematically in Fig. 1(b).

In addition, we constructed a control phantom that was nearly identical to the phantom 

described above, but which had no volume currents flowing through it. This was achieved 

by connecting the two capillary tubes with a third capillary tube inside the bottle, ensuring 

that any ionic currents would be contained within the three capillary tubes and not flowing 

through the volume of the phantom, as shown in Fig. 1(c) and Fig. 1(d).

MRI sequence parameters

All MRI data were acquired on a 3 T Siemens MAGNETOM Trio system (Siemens 

Healthcare, Erlangen, Germany) equipped with a 12-channel receive coil array for the head. 

A standard single-shot gradient-echo interleaved multi-slice EPI sequence was used, with 

the following parameters: TR/TE = 750/32 ms, flip angle = 20°, bandwidth = 2298 Hz/pixel, 

echo spacing = 0.5 ms, FOV = 220 × 220 mm, matrix = 64 × 64, slice thickness = 5 mm, 

and number of slices = 15, resulting in a 3.4 × 3.4 × 5 mm voxel size.

The slice-select gradient was chosen to be along the x-axis (i.e., in the left-to-right 

direction), resulting in images in the y-z plane (see Fig. 2). For the vast majority of the 

acquisitions, the phase-encode (PE) direction was chosen to be along +y, as shown in Fig. 

2(b), with the readout (RO) direction along +z. However, for one set of acquisitions, the 

imaging gradients were reversed, with the PE direction along −y and the RO direction along 

−z, in order to investigate the sensitivity of the imaging gradients to fluid flow.

Data acquisition and analysis

Each EPI scan was acquired for 450 seconds which, given the TR of 750 ms, resulted in 600 

time points per acquisition. Magnitude and phase images were reconstructed for each time 

point, as shown in Fig. 2(b) and Fig. 2(c). For the first 150 seconds (the baseline period) of 

the acquisition, currents were off; for the next 150 seconds, either positive or negative 

currents with an amplitude of 60 μA were turned on (the ON period); and for the last 150 

seconds, currents were off again, as indicated by the red trace in Fig. 2(d).

For the phase data, the time course for each voxel was quadratically detrended (in order to 

discount the effects of any scanner drift) and the average baseline value was subtracted out, 

resulting in the phase change (in degrees) relative to baseline. The ON period was divided 
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into 15-second bins and the average phase change within each bin was computed, in order to 

produce less noisy phase estimates, as shown in Fig. 2(d). Repeating this process for each 

voxel resulted in the phase-change images shown in Fig. 3 and Fig. 4.

For the magnitude data, a similar procedure was followed. Here, however, the changes were 

computed as a percent difference from the average baseline value. Repeating this process for 

each voxel resulted in the magnitude-change images shown in Fig. 5.

Results

Phase-change images resulting from the application of a positive current (with 60 μA 

amplitude and 150 s duration) are shown in Fig. 3. A “positive” current here is arbitrarily 

designated as a current that flows “up” the left capillary tube (in the positive z-direction), 

through the body of the phantom and “down” the right capillary tube (in the negative z-

direction). Note that, as hypothesized in the Theory, the spatial pattern of phase changes 

develops on a time scale of tens of seconds, as is particularly evident in the images from the 

central slice (fourth row of images in Fig. 3).

Reversing the current direction leads to the phase-change images shown in Fig. 4. Again, 

note that the spatial pattern takes tens of seconds to develop. However, the sign of the phase 

change is now reversed: instead of the predominantly negative phase changes seen in Fig. 3, 

we now see predominantly positive phase changes. Furthermore, note that the large zone of 

positive phase change seen near the center of the phantom (rows 3–5 in Fig. 4) appears to 

drift in the positive y-direction, whereas in Fig. 3, the corresponding central zone (with 

negative phase change) drifts in the negative y-direction.

Fig. 5 shows the magnitude-change images corresponding to the positive current direction. 

Although it is not straightforward to make direct comparisons between percent changes in 

magnitude and phase changes in degrees, it can nevertheless be argued that the changes are 

far less apparent in the magnitude data.

The control phantom (described in the Methods and Fig. 1) contains no volume currents, 

preventing MHD effects from developing in the phantom (other than inside the capillary 

tubes—well below the resolution of our EPI scans). This phantom was scanned under the 

same experimental conditions as the volume-current phantom, and the phase-change images 

for the central slice (in the positive-current condition) are shown in Fig. 6 (upper row). The 

corresponding phase-change images for the volume-current phantom are shown for 

comparison in the lower row. Note that, in the control phantom, the spatial pattern of phase 

changes develops immediately (i.e., by the first time bin), unlike the slow evolution seen in 

the volume-current phantom. Incidentally, the phase-change images for the control phantom 

have a very similar spatial pattern to that of the z-component of the magnetic field produced 

by a current in an infinite straight wire along x (i.e., the direction of the central capillary 

tube), as given by Ampère’s law.

In order to quantify the pattern of phase changes seen in Fig. 6, we computed the root-mean-

square-difference (RMSD) between the phase map for the first time bin and the phase map 

for each subsequent time bin, for both the control phantom and the volume-current phantom, 
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excluding voxels lying outside the phantom. Plots of RMSD versus time are shown in Fig. 7, 

confirming the qualitative observations made from inspection of Fig. 6.

As described in the Methods, the imaging gradients were reversed in order to investigate the 

sensitivity of the acquired images to flow effects, and the resulting phase maps for the 

central slice through the volume-current phantom are shown in Fig. 8. Note the reversal of 

the sign of the main phase changes with the reversal of the gradients, even with the direction 

of the ionic currents kept unchanged. The implications of this result are discussed in greater 

detail in a later subsection (“The source of the observed MRI phase contrast”). Since the 

data shown in the lower rows of Fig. 6 and Fig. 8 were collected under the same conditions 

but several months apart, we remark as an aside that a comparison of these two rows also 

demonstrates the test-retest reliability of these measurements.

Discussion and Conclusions

Comparison with other MRI studies of electric-current phantoms

Several reports on the detection of electric currents in phantoms with MRI have been 

published (12, 19,20, 44–54); in these studies, however, the currents were carried by either 

metal or carbon wires, neither of which are realistic conduits for neural currents (or, more 

generally, biological currents). On the other hand, the currents in the phantoms used by Scott 

and colleagues (55–59) were carried by ions in solution, as is the case with biological 

currents. However, the main goal of those studies was to demonstrate the use of MRI for 

noninvasively measuring static or periodic current densities, and thus the experiments were 

designed to minimize the effect of the main magnetic field  on the current distributions 

(55). In other MR studies of phantoms carrying ionic currents, the influence of  on the 

currents was similarly deemed insignificant given the experimental conditions (60, 61) or 

was not considered at all (3, 62, 63).

To the best of our knowledge, the only MRI studies that have investigated the effect of the 

main magnetic field  on the behavior of ionic volume currents are the present study and 

that of Truong et al. (36), and we now describe the main differences between these two 

studies. With regard to the design and composition of the phantoms, Truong et al. used a 

spherical phantom containing copper sulphate (CuSO4) solution with a conductivity of 1.4 

S/cm, whereas our phantoms had a roughly rectangular shape (see Fig. 1) and contained 

normal (0.9%) saline (i.e., NaCl solution), which has a conductivity of approximately 0.015 

S/cm (64)—two orders of magnitude lower than the conductivity used by Truong et al. and a 

more realistic model of fluids in biological tissues and organs. Furthermore, the 60 μA 

currents that we passed through our phantoms have a plausible amplitude for epileptiform 

activity, as discussed in a later subsection (“The amplitude of epileptiform currents in 

humans”), whereas Truong et al. use currents as high as 5 mA (i.e., approximately two 

orders of magnitude higher).

With regard to pulse sequences, Truong et al. (36) used a modification of a conventional 

gradient-echo sequence, acquiring one line of k-space per RF excitation, rather than using a 

single-shot EPI readout that acquires all lines of k-space following each RF excitation, as we 
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did. Consequently, it would have taken them 19.2 seconds (150 ms TR × 128 phase 

encoding steps) to acquire a single image (per slice position), whereas we acquired one 

image (per slice position) every 750 ms, allowing us to investigate signal evolution at time 

scales on the order of a second. It should be mentioned, however, that they obtained images 

with much higher in-plane resolution (0.5 mm) than ours (3.4 mm). Furthermore, Truong et 

al. did not look at phase images, as we did, and instead focused on magnitude images. In 

order to produce detectable signal changes in the magnitude images, they applied oscillating 

magnetic-field gradients in synchrony with the ionic-current pulses, thus amplifying the 

intra-voxel dephasing induced by the currents (for details, see reference 36).

In spite of all of these differences, signal changes primarily perpendicular to  were 

observed both by Truong et al. (36) and by us. However, very different explanations of these 

observed signal changes are proposed in the two studies: we contend that the slow 

development of phase patterns, as seen in our study, provides experimental support for 

MHD effects as the underlying explanation of the phenomena observed in both studies, in 

agreement with the theoretical arguments made by Wijesinghe and Roth (37) and in 

contradiction to the explanation proposed by Truong et al. (36). Computer simulations (65) 

also provide support for MHD effects as the best explanation of the signals observed by 

Truong et al.

The source of the observed MRI phase contrast

Let ΔBz be the z-component of the average magnetic field change within a voxel due to the 

presence of electric currents within the object of interest. The resulting phase shift Δϕcurrent 

of the magnetization vector in this voxel (for a gradient-echo sequence) is given by

[5]

where γ is the gyromagnetic ratio (2π × 42.58 MHz/T for protons), TE is the echo time, 

ΔBz(t) is the z-component of the magnetic field due to the currents as a function of time, and 

t is time. If the currents, and therefore ΔBz(t), can be assumed to be static in the time interval 

between the application of the RF excitation pulse and the time at which the subsequent 

gradient echo forms (i.e., ΔBz(t) = ΔBz), the equation above simplifies to

[6]

Eq. 6 (or its generalization, Eq. 5) is typically invoked as the source of current-related MRI 

phase contrast (2, 3, 19, 26, 27, 29–31, 34, 35, 44, 48, 51, 62)—however, this fails to fully 

explain the phase changes seen in Fig. 6, as we discuss below.

Recall that the amplitude of the current passed through the two phantoms is the same (60 

μA); in the control phantom, however, the current is contained within the central capillary 

tube, whereas in the volume-current phantom, the current can flow throughout the body of 

the phantom. Therefore, the current density should be much higher in the control phantom 

than in the volume-current phantom, resulting in greater values of ΔBz, as follows from the 

Biot-Savart law (40). We would therefore expect the maximum phase change to be far 
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greater in the control phantom than in the volume-current phantom—however, close 

examination of Fig. 6 reveals that this is clearly not the case.

In order to account for the “extra” phase shifts seen in the volume-current phantom, we 

remark that MRI phase is sensitive to fluid flow, even in the absence of any current flow—a 

fact that is routinely exploited in velocity-encoding MRI techniques used for flow 

quantification (66–71). For a bipolar, rectangular gradient waveform, such that each of the 

two lobes has amplitude G and duration tδ, with the temporal separation between the 

positive lobe and the negative lobe given by tΔ, the phase shift Δϕflow of the magnetization 

vector within a voxel due to fluid flow is given by

[7]

where γ is again the gyromagnetic ratio, v is the average speed of the fluid within the voxel, 

and θ is the angle between the direction of the first gradient lobe and the direction of the 

average fluid velocity within the voxel (72). For flow quantification, velocity-encoding 

gradients are typically introduced into the pulse sequence in addition to the imaging 

gradients; however, even in the absence of explicit velocity-encoding gradients, the imaging 

gradients themselves will exhibit some sensitivity to fluid flow (unless flow-compensated 

imaging gradients are used). Although Eq. 7 is not directly applicable to EPI gradient 

waveforms, which are typically neither rectangular nor bipolar, it nevertheless serves to 

illustrate the relationship between magnetic-field gradients, fluid flow, and phase shifts in a 

simplified scenario.

Note that the phase change Δϕflow due to fluid flow could have the opposite sign as the 

phase change Δϕcurrent due to electric currents, leading to a (partial) cancellation of phase 

shifts within the voxel. However, the fact that we see such robust phase shifts in the volume-

current phantom relative to the control phantom (Fig. 6) suggests that Δϕflow dominates 

Δϕcurrent (since the latter is expected to be much smaller in the volume-current phantom than 

the control phantom, based on the argument above). Reversing the direction of the EPI 

gradients and hence the sign of Δϕflow (but not that of Δϕcurrent) led to a reversal of the sign 

of the phase changes observed in the volume-current phantom (Fig. 8), confirming that 

Δϕflow is indeed the dominant source of phase contrast here.

Although greater contrast in phase images over magnitude images (in response to electric 

currents) has been reported in several studies (14, 16, 44, 62), arguments for magnitude 

contrast over phase contrast have also been made (13, 20, 21, 26, 31, 48). In our study, we 

see far greater contrast in the phase data than in the magnitude data (compare Fig. 3 and Fig. 

5)—a result we attribute to flow-related phase shifts in the volume-current phantom, as 

discussed above.

The amplitude of epileptiform currents in humans

In this study, we applied 60 μA currents to the two ionic-current phantoms that were imaged, 

and we now consider the question of how this current amplitude compares to the amplitude 

of epileptiform currents in humans. Direct measurements of this nature are obviously hard to 

obtain and we therefore provide a “back-of-the-envelope” estimate of the relevant current 

Balasubramanian et al. Page 8

Magn Reson Med. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



amplitude, based in part on the strategy used by Kobayashi et al. (73) in their attempt to 

estimate the current dipole-moment density associated with epileptiform discharges.

Assume that we have a cylindrical patch of cortex with length l and circular cross-sectional 

area a, with current uniformly distributed throughout the cylinder and flowing along its main 

axis. Let v be the potential difference across the two circular faces of the cylinder and let ρ 

be the resistivity of cortex. The current amplitude i is then obtained via Ohm’s law:

[8]

Estimating i therefore requires knowledge of v, a, ρ, and l, and we turn to the epilepsy 

literature for these values: Alarcon et al. (74) studied interictal discharges in presurgical 

epilepsy patients implanted with intracranial electrodes and observed voltage differences of 

up to 750 μV between depth electrodes 2.5 mm apart. The area of cortex that needs to be 

synchronously active in order to generate an interictal spike on scalp EEG is believed to be 

at least 6 cm2 (73, 75) and the resistivity of cortex is approximately 3 Ωm (73, 74). Inserting 

these values (v = 750 × 10−6 V, l = 2.5 × 10−3 m, a = 6 × 10−4 m2, and ρ = 3 Ωm) into Eq. 8, 

we obtain an estimate of i = 6 × 10−5 A = 60 μA—the value we used in our phantoms.

We emphasize that 60 μA should not be taken as an exact figure for epileptiform current 

amplitudes. As mentioned above, 6 cm2 is a lower bound for the active area of cortex, 

leading to a possible underestimate of the current amplitude. On the other hand, a potential 

difference of 750 μV across 2.5 mm is at the high end of the published range (73, 74), 

leading to a possible overestimate. Furthermore, neural currents are unlikely to be modeled 

well by a simple homogeneous cylinder, with complicated conductivity boundaries between 

tissue and CSF more likely to be found in reality. Thus 60 μA is best seen as a “ballpark” 

figure, within approximately one order of magnitude of actual epileptiform current 

amplitudes.

MHD-driven CSF flow: a novel functional MRI contrast mechanism?

Functional magnetic resonance imaging (fMRI) based on the “blood-oxygen-level-

dependent” (BOLD) signal is by far the most common functional neuroimaging technique in 

use today (76–80). However, other fMRI methods based on non-BOLD vascular signals are 

also worthy of mention, such as functional cerebral blood flow (CBF) changes measured 

with arterial spin labeling (ASL) techniques (81–85) or functional cerebral blood volume 

(CBV) changes measured with the VASO technique (86–88).

Considerable effort has gone into the search for fMRI signal changes that are non-vascular 

in origin, in the hope of finding signals that are more tightly coupled to neural activity than 

the vascular changes accompanying this activity. One avenue of research is based on 1–100 

μT “ultra-low-field” MRI (89–91), where the proton Larmor frequencies overlap with the 

frequency bands of neural electrical activity, leading to the intriguing possibility that neural 

activity itself can serve as the excitation pulse in an ultra-low-field fMRI pulse sequence 

(92, 93). The extremely low signal-to-noise ratio (SNR) at these field strengths, however, 
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poses a major challenge. At field strengths of 1.5 T or above, another avenue of research has 

been the investigation of high b-value diffusion changes associated with brain activation 

(94–97), hypothesized to be due to changes in cell structure during neural activity (98, 99). 

However, this hypothesis has been challenged by several groups (100, 101).

The non-vascular fMRI contrast mechanism that has to date received the greatest attention, 

however, is that based on changes of the phase of spins due to the magnetic fields generated 

by neuronal currents (see Eq. 5 and Eq. 6), resulting in either net phase shifts in activated 

voxels or in reductions of signal magnitude due to intra-voxel dephasing. Using this contrast 

mechanism, several groups have reported positive findings in humans (12–15, 19–24). 

However, this area of research is highly controversial, with several published reports of 

negative findings (3–11) or theoretical arguments (i.e., based on modeling and simulations) 

against the detectability of these signals with present-day MRI technology (29, 34, 35).

To this menagerie, we nevertheless propose adding a novel functional MRI contrast 

mechanism: MHD-driven changes in the flow of cerebrospinal fluid (CSF) in response to 

neural activity. To elaborate, consider a patch of cortex that, when activated, produces an 

electric field  in the adjacent CSF. In the presence of a magnetic field , this will result in 

CSF flow driven by a force proportional to , as described in the Theory. Note that 

this MHD-driven flow of CSF should be distinguishable from the pulsatile flow of CSF 

(102–106), by virtue of being unrelated to the cardiac cycle. When high electric fields are 

generated, e.g., during epileptiform activity, the resulting MHD-driven CSF flow may be 

detectable with MR phase imaging methods, such as those used in this study. If so, this 

technique could prove useful in the presurgical evaluation of epilepsy patients, by assisting 

efforts to delineate the “epileptogenic zone”—the area of cortex that is responsible for the 

generation of seizures and which is consequently the target of surgical resection. However, 

the sensitivity, specificity, and localization accuracy of MHD-driven CSF flow as a 

functional MRI contrast mechanism—especially in comparison with well-established 

techniques such as BOLD fMRI—have yet to be determined.
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Appendix

Our goal is to derive Eq. 4 in the Theory section. For convenience, we begin by rewriting 

Eq. 1 (the Navier-Stokes equation), Eq. 2 (the Lorentz force density), and Eq. 3 (Ohm’s 

law):

[A1]

[A2]
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[A3]

Substituting Eq. A3 into Eq. A2, we obtain

[A4]

[A5]

The second term in Eq. A5 can be rewritten using a standard vector algebra identity:

[A6]

[A7]

where  and  is the unit vector in the direction of . Note that  is the 

component of  that is parallel to ; subtracting this component from  (as in the square 

brackets above) leaves the component of  that is perpendicular to .

Therefore, let , where  is perpendicular to  and  is parallel to . Eq. A7 

then becomes

[A8]

Substituting Eq. A8 into Eq. A5 leads to

[A9]

Note that all terms in  are perpendicular to .

If we also let , where  is perpendicular to  and  is 

parallel to , and substitute this expression and Eq. A9 into Eq. A1, we obtain the desired 

equation:

[A10]
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Fig. 1. 
(a) Photograph of the volume-current phantom used in this study. (b) Diagram of the 

volume-current phantom, with the capillary tubes shown in blue. Positive ionic current 

(schematic red arrows) flows into and along the left capillary tube, through the volume of 

the phantom, and along and out of the right capillary tube. Photograph (c) and diagram (d) 

of the control phantom, which is nearly identical to the volume-current phantom, except for 

an additional capillary tube connecting the left and right capillary tubes of the original 

phantom. Consequently, ionic currents in this phantom (red arrows) are restricted to the 

interiors of the capillary tubes and do not flow through the volume of the phantom.
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Fig. 2. 
(a) The location of a slice in the y-z plane (a “sagittal” slice), slightly to the left of the left 

capillary tube in the volume-current phantom, is shown with the dashed green line. The 

corresponding EPI magnitude and phase DICOM images, as reconstructed by the scanner, 

are shown in (b) and (c), respectively (intensities are in arbitrary units, i.e., the 12-bit integer 

values typical of DICOM images). For the voxel marked with the blue square in (b) and (c), 

the phase time course (light blue) is shown in (d). The current is off for the first 150 seconds 

(the baseline period), on for the next 150 seconds (the ON period), and then off again for the 

last 150 seconds, as indicated by the red trace. The phase time course was quadratically 

detrended and the average value during the baseline period was subtracted out—in other 

words, the light blue trace shows the phase change (in degrees) relative to the baseline 

period, for this voxel. The ON period was divided into 15-second bins, indicated by the 

vertical black lines, and the average phase change (relative to baseline) for each bin was 

calculated and is shown by the black dots. This process was repeated for each voxel in order 

to generate the phase-change images shown in Fig. 3 and Fig. 4.
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Fig. 3. 
Using the process described in Fig. 2, images of phase change (in degrees) relative to the 

baseline time period were generated for several time bins and slice positions. Each column 

of images corresponds to a different time bin, with the time corresponding to the bin center 

shown at the top of each column (e.g., the center of the first time bin is 7.5 s after current 

onset). Each row of images corresponds to a different slice position, indicated by the dashed 

green line on the schematic diagram to the left of each row. Ionic current flows “up” the left 

capillary tube (in the positive z-direction), through the body of the phantom and “down” the 

right capillary tube (in the negative z-direction), as shown by the red arrows in the schematic 

diagrams. The black contour in the images indicates the boundary of the phantom. Note that 

the spatial pattern of phase changes develops over the course of tens of seconds, as is 

particularly evident in the images from the central slice (fourth row of images).
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Fig. 4. 
Phase-change images relative to baseline (in degrees) as in Fig. 3, but with the direction of 

the ionic currents reversed, i.e., current flows “up” the right capillary tube (in the positive z-

direction), through the body of the phantom and “down” the left capillary tube (in the 

negative z-direction), as shown by the red arrows in the schematic diagrams. As with the 

results shown in Fig. 3, the spatial pattern of phase changes develops over the course of tens 

of seconds. However, unlike Fig. 3, the large region of phase change near the center of the 

phantom (e.g., see fourth row of images) is now positive (rather than negative), and migrates 

in the positive (rather than the negative) y-direction.
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Fig. 5. 
Changes in the magnitude of the EPI images for the same current direction, time bins and 

slice positions as Fig. 3. The magnitude time course for each voxel was quadratically 

detrended and the percent change relative to the baseline time period was computed for each 

time bin, resulting in the magnitude-change images shown here. The black contour in the 

images indicates the boundary of the phantom.

Balasubramanian et al. Page 22

Magn Reson Med. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Phase-change patterns in the control phantom, in which there are no volume currents, versus 

the volume-current phantom (see Methods and Fig. 1 for a detailed description of the two 

phantoms). The upper row shows the spatial pattern of phase changes over time for the 

central slice through the control phantom. The lower row shows the corresponding phase 

changes in the volume-current phantom (note that this is a reproduction of the fourth row of 

images from Fig. 3). By comparing these two rows of images, we see that the spatial pattern 

of phase changes develops “immediately” in the control phantom (i.e., by the first time bin), 

but takes tens of seconds to develop in the volume-current phantom.
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Fig. 7. 
The root-mean-square-difference (RMSD) between the phase map for the first time bin and 

the phase map for each time bin is shown for the control phantom (red curve) and the 

volume-current phantom (blue curve). These plots support the result that can be observed 

qualitatively in Fig. 6, i.e., that the spatial pattern of phase changes develops immediately in 

the control phantom, which contains no volume currents, but takes on the order of a minute 

to develop in the volume-current phantom. (Note that, for both phantoms, the RMSD for the 

first time bin, centered at 7.5 seconds, is zero by definition.)
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Fig. 8. 
The effect of reversing the direction of the imaging gradients on the phase changes observed 

in the volume-current phantom. The upper row shows the spatial pattern of phase changes 

over time for the central slice through the phantom when the PE direction was along −y and 

the RO direction was along −z. The lower row shows the corresponding phase changes 

observed in the same phantom when the PE direction was along +y and the RO direction 

was along +z, as was the case for all previous results. Note that the direction of the ionic 

currents is the same for the two conditions, and for both conditions the large region of phase 

change migrates in the −y direction. However, the sign of the main phase changes reverses 

with the gradients, suggesting that these phase changes are predominantly due to flow 

effects.
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