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Abstract The magnetohydrodynamic effect generates
voltages related to blood flow, which are superimposed on
the electrocardiogram (ECG) used for gating during car-
diac magnetic resonance imaging (MRI). A method is
presented for extracting the magnetohydrodynamic signal
from the ECG. The extracted magnetohydrodynamic blood
flow potential may be physiologically meaningful due to its
relationship to blood flow. Removal of the magneto-
hydrodynamic voltages from the ECG can potentially lead
to improved gating and diagnostically useful ECGs.
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1 Introduction

The magnetohydrodynamic (MHD) potential arises when a
conductive fluid such as blood travels through a magnetic
field, inducing a voltage perpendicular to both the magnetic
field lines and the direction of the fluid flow [2, 11]. The
magnitude of this induced voltage is directly related to the
magnetic flux density, fluid velocity, and inter-electrode
spacing. The induced voltage V may be expressed as:

L
V:/u x B -dL
0

where u is the velocity (m/s), B is the magnetic flux
density (T), and L is the distance vector between electrodes
(m). The MHD blood flow potential may also be expressed
by a simplified equation:

V =BLu

which makes the assumption that B, L, and u are uniform
and all orthogonal to one another. These equations provide
a simplified method for calculating the MHD blood flow
potential by assuming that flow is in a straight, cylindrical,
rigid tube. Maxwell’s and Navier—Stokes equations are
needed to completely describe the generated MHD blood
flow potentials; consequently, computational methods are
typically used for such calculations.

The MHD blood flow potential is of clinical importance
because it generates voltages which distort the
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electrocardiogram (ECG) during cardiac MRI [10]. The
MHD potential arises because of blood flow within a strong
static magnetic field. It results in denigration of the diag-
nostic quality of the ECG, particularly for examination of
the S-T segment and T wave [9], since these typically
correspond to time periods of rapid ejection of blood from
the ventricles, and thus, a large voltage contribution from
the MHD blood flow potential. The ECG is used for gating,
which coordinates the timing of MR image acquisition.
Improper triggering can occur because of voltages resulting
from the MHD blood flow potentials. Alternative gating
methods, such as vectorcardiography and self-gating, have
been proposed [1, 3, 5]. While these techniques may result
in sufficiently accurate gating, they do not provide a
diagnostically useful ECG during MRI since they use
means other than the ECG to produce cardiac gating
signals.

Since the MHD potential is related to blood flow, we
hypothesized that it can be extracted from the ECG and
characterized as a meaningful physiological signal on its
own. Cancellation of the MHD blood flow potential can
likely improve gating as well as the diagnostic quality of
the ECG. As scanners evolve from 1.5T to 3.0T in clinical
practice, distortion caused by the MHD blood flow poten-
tial only worsens since its magnitude is directly related to
magnetic field strength. Consequently, removal of the
MHD blood flow potential from the ECG is becoming
increasingly more practically important.

2 Methods

The study protocol was approved by our institutional
review board, and written informed consent was obtained
from each subject. A Siemens 3.0T Trio MRI scanner with
a wireless MR-compatible ECG lead system was used for
the study. The ECG electrode pair was placed on the chest
and oriented in the transverse plane in order to be
orthogonal to the magnetic field lines of the static magnetic
field. With this arrangement, blood flow through the aortic
arch was roughly perpendicular to both the magnetic field
lines and the electrode pair. The ECG electrode pair was
centered on the fourth intercostal space at the left sternal
border with an inter-electrode spacing of 10 cm. Thirty
second ECG recordings, sampled at 100 Hz, were taken
during breath holds to minimize motion artifacts due to
respiration. The ECG recordings were taken with subjects
in the supine and prone positions with subjects outside the
magnet, inside the magnet without scanning, and inside the
magnet during conventional gradient echo (GRE) scans.
MATLAB (The MathWorks Inc., Natick, MA) code was
written to perform the signal processing tasks. First,
baseline wander was removed by a highpass filter with a
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cutoff frequency of 0.5 Hz. Next, QRS complexes were
detected using a modified version of the Pan and Tompkins
algorithm [6] in order to identify each PQRST segment, or
“beat,” of the ECG signal. Template matching was
applied, which involved finding the mean of beats which
had at least a 95% correlation with the median beat [7].
Finally, the MHD blood flow potential was extracted by
subtracting the mean beat generated when the subject was
outside the magnet from the mean beat generated when the
subject was inside the magnet. The MHD blood flow
potential was also extracted from the subtraction of the
mean beat generated with the subject outside the magnet
from the mean beat generated with the subject inside the
magnet during a conventional cine GRE scan. Cine GRE
sequence parameters used were TR = 5.0 ms, TE = 2.6
ms, FOV = 340 mm, flip-angle = 15°, voxel size = 2.3
x 1.8 x 6.0 mm, BW = 450 Hz/pixel. GRE cine was
chosen because it is a commonly used during cardiac MRI
protocols [8]. The MHD blood flow potentials generated
without scanning were compared with those generated
while scanning.

The extracted MHD blood flow potential was analyzed
as a signal, referred to as the “MHD signal.” Measure-
ments of the morphology and timing of the MHD signals
included the maximum amplitude of the negative deflection
of the MHD signal, the duration of the MHD negative
deflection, and the delay between the onset of the QRS
complex and the onset of the MHD negative deflection. A
sample MHD signal indicating these measurements is
shown in Fig. 1.

In addition to the ECG recordings, axial orientation 2D

phase contrast (PC) MRI scans were performed
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Fig. 1 Sample MHD signal with measurements of duration of the
MHD negative deflection, maximum amplitude of the MHD negative
deflection, and delay between onset of QRS complex and onset of the
MHD negative deflection indicated. In the figure, time # =0
corresponds to the P-wave onset in the original ECGs from which
the MHD signal was derived
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independently to allow blood flow measurements in the
descending aorta near the aortic arch. These scans were
performed to compare the timing of the blood flow with
that observed on the MHD signal; the time resolution of the
PC MRI scans was 50 ms. The sequence parameters used
were TR = 66.0 ms, TE = 3.0 ms, FOV = 320 mm, flip-
angle = 20°, voxel size = 2.0 x 1.3 x 5.0 mm, BW =
383 Hz/pixel, velocity encoding = 150 cm/s. Argus post-
processing software was used to draw the region-of-interest
within the lumen of the vessel in order to measure mean
flow through the cardiac cycle.

2.1 Subject population

Data from ten healthy subjects were recorded, but the
ECGs for one subject were eliminated from analysis due to
poor signal quality attributed to electrode failure. Of the
remaining nine subjects, three were female and six were
male, ranging in age from 20 to 31 years (mean + standard
deviation, 24 + 3 years). The subjects’ average resting
heart rate ranged from 46 to 76 beats per minute (bpm)
(60 £ 11 bpm). The resting heart rate for each subject did
not significantly change during the study.

3 Results
3.1 MHD signal characteristics

MHD signals were similar in all subjects in both the supine
and prone positions and included a prominent negative
deflection during the S-T segment and T wave. Figure 2
shows the MHD signals from all subjects for both the
supine and prone positions. The maximum amplitude of the
MHD negative deflection ranged from 0.13 to 0.27 mV
(mean £ SD, 0.19 £ 0.04 mV) for the supine position
compared to 0.14 to 0.30 mV (0.21 £ 0.08 mV) for the
prone position. There was no statistically significant dif-
ference (NS) in amplitude between the supine and prone
positions. The duration of the MHD negative deflection
ranged from 320 to 380 ms (340 £ 20 ms) for the supine
position compared to 300 to 360 ms (330 £ 20 ms) for the
prone position (NS). The delay between the onset of the
QRS complex and the onset of the MHD negative deflec-
tion ranged from 110 to 190 ms (140 £ 20 ms) for both
the supine and prone positions (NS).

3.2 Effect of GRE cine scanning

The presence of GRE scanning during ECG signal acqui-
sition had a minimal effect on the resulting MHD signals.
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Fig. 2 MHD signals for all subjects for one cardiac cycle. a Subjects
in the supine position, b Subjects in the prone position. The signals
are aligned on the minimum of the primary negative deflection; they
are different lengths due to different cardiac cycle lengths among the
subject population

The maximum amplitude of the MHD negative deflection
ranged from 0.13 to 0.28 mV (0.19 £ 0.05 mV) for the
supine position and 0.13 to 0.30 mV (0.20 £ 0.06 mV) for
the prone position; these values were not statistically sig-
nificantly different from those obtained without scanning.
Neither the duration of the MHD negative deflection nor
the delay between the onset of the QRS complex and the
onset of the MHD negative deflection differed from those
obtained without scanning (NS). In addition, for all sub-
jects the correlation between the two MHD signals (with
and without scanning) ranged from 97.8 to 99.4%.

3.3 Comparison with MRI flow measurements
MHD signals were compared with standard MRI flow
measurements in the descending aorta. The negative

deflection following the QRS complex was clearly defined
in both MHD and MRI flow signals for all subjects. The
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duration of the MRI flow signal negative deflection ranged
from 280 to 370 ms (330 + 40 ms), which was compara-
ble to the MHD negative deflection duration, which ranged
from 320 to 380 ms (340 £ 20 ms) for the supine position
and 300 to 360 ms (330 £ 20 ms) for the prone position
(NS). The minimum of the MRI flow signal lagged behind
the minimum of the MHD signal in all subjects; the dif-
ference in timing between the minima of these signals
ranged from 20 to 90 ms (60 £ 20 ms) for the supine
position and 10 to 80 ms (50 £ 20 ms) for the prone
position (NS). The MHD signals and MRI flow data for a
sample subject are shown in Fig. 3.

4 Discussion

The main finding of this work was that the MHD blood
flow potential can be extracted from the ECG obtained in
the MRI magnet. In theory, the MHD blood flow potential
should reflect the net effect of the blood flow occurring at a
particular instant and orientation, as registered on the
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Fig. 3 MHD signal (solid line) and MRI flow (dashed line). a
Subject in the supine position, b Subject in the prone position

@ Springer

surface of the body. A primary contributor to the MHD
blood flow potential observed in this study was likely blood
flow in the aortic arch for several reasons. First, the
velocity of blood is greatest in the aorta immediately fol-
lowing ejection from the left ventricle. Second, the aorta is
the largest diameter blood vessel. Finally, blood flow
through the aortic arch is approximately perpendicular to
both the electrode pair used in this study and the magnetic
field lines of the MRI magnet. The magnitude of the MHD
blood flow potential is influenced by the velocity of the
fluid and the orientation of flow relative to the electrode
pair and the magnetic field lines. Though blood flow in
other vessels which are orthogonal to the magnetic field
lines and the electrode pair may also contribute to the
magnitude of the MHD blood flow potential, the velocity of
blood flow is greatest in the aorta; therefore, due to its
orientation, flow in the aortic arch should make the most
significant contribution to the observed MHD blood flow
potential. Since the aortic arch is roughly orthogonal to the
magnetic field lines and the electrode pair in both the
supine and prone positions, the MHD signals were, as
expected, not significantly different when subjects were
supine or prone. The observed delay between the onset of
the QRS complex and the onset of the MHD deflection
agreed with the anticipated lag as a result of the delay
between electrical activation and mechanical activation,
time for isovolumetric contraction prior to ejection, and
time for the flow to propagate into the aortic arch [4].

Scanning during ECG signal acquisition had a minimal
effect on the resulting MHD signal. This is reasonable
because radiofrequency interference was removed by fil-
tering, and an optimized lead system as well as the use of
template matching minimized the switching MR gradient
artifacts.

The correlation in timing and similarity in morphology
between the independently obtained MRI flow data and the
MHD signal help to verify that the MHD signal is in fact
flow-related. The coarse time resolution of 50 ms for the
MRI flow data may explain the small discordance in timing
between the two signals. Although MRI flow measure-
ments were used for sake of comparison in this study, a
major potential advantage of flow data obtained from the
ECG is its superior temporal resolution in comparison to
MRI flow data. In this study, the ECG was sampled at
100 Hz while MRI flow measurements were acquired only
every 50 ms, or at a rate of 20 Hz. In addition, the negative
deflection of the MHD signal begins after and ends before
the negative deflection of the MRI flow signal because the
MHD signal is generated over a shorter time interval than
the MRI flow signal. Blood flow through the aortic arch
largely produces the negative deflection of the MHD sig-
nal; however, the negative deflection of the MRI flow
signal is produced before flow has propagated into the
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aortic arch and continues after the bolus of blood has
traveled through the aortic arch.

The next set of challenges will be to use these methods
not only to improve gating but also to record a diagnostic
quality ECG during cardiac MRI. Further application of
this work has potential to make use of the MHD signal as a
physiologically meaningful signal due to its relationship to
blood flow.

5 Conclusions

The MHD signal can be extracted from the ECG obtained
in the MRI magnet. The MHD signal so obtained correlates
well in timing with the flow signal acquired from standard
MRI flow measurement techniques.
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