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Variations in the magnetic field in the human brain caused by
the processes of swallowing or speaking are measured. In
both processes, motion of the pharyngeal muscles, especially
the tongue and jaw, aiter the susceptibility-induced magnetic
field distribution at the brain slice being imaged. This leads to
image warping, compromising the analysis of a time series of
images, such as in functional magnetic resonance imaging
(fMRI). These dynamic changes are assessed by acquiring a
time series of images using a gradient-echo asymmetric-spin-
echo sequence (GREASE), a technique in which two images
are acquired for each excitation— one during the gradient
echo, and one during the latter part of the spin echo. The NMR
phase difference betwecen the two images is a measure of the
magnetic field distribution. A series of brain images, acquired
with this sequence while the subject either swallows or
speaks, indicated negative magnetic field changes of up to
0.087 ppm in the inferior region of the brain for both speaking
and swallowing, and in some speech, additional positive
changes of up to 0.056 ppm in the frontal region of the brain
were indicated.

Key words: magnetic field measurement; dynamic imaging;
swallowing; fMRI.

INTRODUCTION

Since 1991, high-speed acquisition of T, *-weighted mag-
netic resonance images has been used to study the neu-
ronal control of a variety of tasks from simple finger
movements to complex auditory language processing (1-
4). The evaluation of the neuronal function associated
with certain tasks, such as speaking or swallowing, has
been difficult because of large artifacts in the resulting
functional images (5, 6). As a result, experimental para-
digms have heen designed to focus on specific aspects of
these tasks. In swallowing, for example, studies have
turned to esophageal balloon distension (7) or analyzing
only the activity in the motor cortex associated with
swallowing (8). For the analysis of language, paradigms
that do not involve overt subject motion, such as silent
word generation or silent semantic processing with non-
verbal responses, have been implemented (9). There are,
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however, some aspects of the swallowing and speaking
processes that cannot be addressed in this manner, such
as the neuronal function associated with the movement
itself. In addition, many neuropsychological paradigms
for functional magnetic resonance imaging (fMRI) would
benefit from having the subject vocalize a response. It is
therefore important to understand fully the mechanisms
that give rise to these artifacts.

The artifacts observed in fMRI of speech or swallowing
have commonly been attributed to motion of the subject’s
head during the imaging study. Although this is certainly
an imporlant faclor, a large part of the artifact is in fact
due to changes in the magnetic field caused by the pro-
cesses of swallowing and speaking. It is the aim of this
study to measure these magnetic field changes. This pa-
per will first present a mechanism by which motions
such as speaking and swallowing can cause changes in
the magnetic field and will introduce a technique by
which these magnetic field changes can be measured
throughout the imaging series. This magnetic field map-
ping technique is then applied to measure the magnetic
field changes during both swallowing and speaking,
demonstrating that significant magnetic field perturba-
tions are caused by swallowing and speaking, especially
in the inferior region of the brain.

BACKGROUND

Both speaking and swallowing involve the coordination
of a complex series of movements. In fact, swallowing
alone requires 31 pairs of muscles (10). In an fMRI study
of spcaking or swallowing, this motion would by defini-
tion be correlated with the task, and thus one would
expect any artifactual signal changes to result from the
stimulus-correlated motion of the subject’s head (11).
Motion correction algorithms, however, have only been
partially successful in correcting for this, and artifacts are
still observed even with rigorous head restraints. This
shortcoming can be explained by some recent experi-
ments that demonstrate that motion outside the FOV near
the object being imaged can cause apparent motion of the
image, even if the imaged object remains absolutely still
(12, 13). This is because the additional presence of an
object outside the FOV perturbs the magnetic field in the
region being imaged. The magnetic field distortion alters
the spatial relationships of the magnetic field to the ob-
ject being studied, thus causing the image to be warped.
When this is correlated with the presentation of the stim-
ulus, then the apparent motion leads to stimulus-corre-
lated signal intensity changes near edges that can be
mistaken for signal changes resulting from neuronal ac-
tivation.
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The exact form of this warping is dependent on the
pulse sequence used for imaging. In echo-planar imaging,
a magnetic field distortion causes pixels in the image to
shift in the phase-encoding direction by an amount re-
lated to the amount of offset in the magnetic field (14).
Consequently, the largest signal changes when the object
is shifted will occur in regions with a large spatial gra-
dient in signal intensity, such as an edge. A spatial vari-
ation in the strength of the magnetic field perturbation,
and hence the amount of shift, can cause the image to be
stretched or compressed, leading to additional decreases
or increases in the signal intensity. These effects were
demonstrated in ref. 12 by moving a small vial of water
alternately toward and away from a phantom while a
series of echo-planar images were being acquired. The
resulting images showed corresponding signal changes
near the edges in the phase-encoding direction.

Since the magnetic field perturbation increases rapidly
as the distance from the object outside the FOV to the
image planc is decreased, small movements closc to the
imaged object can produce the same magnitude of signal
change as large movements that are further away. There-
fore, even small movements, such as those of the tongue
or the jaw during speaking and swallowing, can produce
significant changes in the magnetic field in the brain.
These magnetic field changes then can produce signal
intensity changes on the same order, or higher, than
those resulting from the neuronal activation-induced
blood oxygenation changes (blood oxygen level depen-
dent (BOLD) signal) (12, 13).

It is possible to obtain a measure of the magnetic field
changes by analyzing the NMR phase of the signal. This
is because any variation in the magnetic field alters the
resonance frequency, causing a phase shift at a given
point in time. Using just the phase as a measure of the
magnetic field, however, makes the assumption that
there are no other influences on the phase, such as mo-
tion or flow, throughout the whole imaging scan. A more
robust estimate of the changes in B, can be made by
acquiring two images with different echo times. The ex-
tra phase acquired in the ATE is directly proportional o
the magnetic field at that point (15). This technique only
makes the assumptions that there are no intra-FOV mo-
tion or change in the magnetic field between the two
images, a period of time that can be reduced to only 100
ms or less.

This technique can be extended to measure dynamic
changes in the magnetic field by alternating the TE for
every other image. Consecutive phase images can then be
subtracted to produce a time series of magnetic field
maps (see Fig. 1).

METHODS

Dynamic changes in the magnetic field were measured
using a gradient echo asymmetric spin echo (GREASE)
sequence (16). In this technique, two images were ac-
quired for each excitation—the first during the gradient
echo, and the second after the spin echo, but offset such
that the effective echo time of the second image (7 in Fig.
2) is slightly longer than that of the first image (TE,, in
Fig. 1). Because the time between the acquisition of the
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FIG. 1. The technique used to obtain a time series of magnetic field
maps. Echo time was varied between 2 values, TE1 and TE2, for
every image. Consecutive pairs of phase images are subtracted in
the complex domain in order to produce a series of magnetic field
maps.

two images with differing echo times is only 100 ms, any
errors in the B-field map resulting from motion or
changes in the magnetic field in the time between the two
images are minimized.

In Study 1, a series of 200 pairs of images was acquired
while the subject swallowed once every 10 s. In addition,
another series of images was obtained while the subject
alternately swallowed and held the position of the larynx
in the maximal superior excursion for 5 s, a procedure
known as Mendelsohn’s maneuver (17, 18), then rested
for 5 s. This latter maneuver was done to more accurately
assess the magnetic field change during the swallow as
well as minimize the chance of intra-FOV motion or
changes in the magnetic field between the two images
collected at different TEs. In Study 2, the subject alter-
nately spoke the words “one” and “two” once every 5 s
during the collection of 200 pairs of echo-planar images.
The subject was asked to speak each word slowly and
clearly without moving the head.

Both studies were performed on a Bruker Biospec
3T/60 scanner (Bruker Medical, Karlsruhe, Germany) us-
ing local head gradient coils (19). The TR for both studies
was 200 ms, with a TE of 27.2 ms for the first image and
a spin echo time of 109.6 ms. The second image was
collected 47.2 ms after the center of the spin echo, result-
ing in an image with an effective echo time 20 ms greater
than the echo time of the first image. It was found that
this 20-ms difference in TE provided sufficient dynamic
range to visualize the magnetic field change while min-
imizing (but not completely eliminating) any wrapping
of the phase difference. The 180° pulse was applied along
an axis perpendicular to the 90° pulse. The bandwidth
per pixel in the phase-encoding direction for these 64 X
64 images was Zz.1 Hz. Gross head motion in all studies
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was reduced by tight foam padding around the subject’s
head.

A measure of the magnetic field was obtained by com-
puting the difference of successive phase images gath-
ered at the two different echo times. Since these magnetic
field maps are based on phase images, the values wrap
whenever the phase difference exceeds 7 or —. To cor-
rect for this, the computed magnetic field maps were
unwrapped using a phase-unwrapping algorithm similar
to that described by Hedley et al. (20), but employing a
region growing algorithm to visit all of the points within
the region of interest. Phase values outside the brain
image were suppressed by simple threshold of the mag-
nitude image. Since the two images used to produce this
magnetic field map are warped as a result of the magnetic
field perturbation, the magnetic field map calculated
from these two images is also be warped. However, it is
warped in exactly the same way as the magnitude image
and thus still describes the magnetic field at every point
in the (warped) image. To correct [or this distortion in the
B-field map and report the magnetic field distortions
with respect to a normal, unwarped, brain image, each of
the two complex images collected at the two different
echo times was unwarped by shifting every pixel in the
phase-encoding direction by an amount corresponding to
the magnetic field value at that point (21, 22).
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This warping function can also be written in terms of the
shift of each pixel, Ay, as shown in Eq. [2]. F(y) describes
the signal decreases when the image is stretched, and the
signal increases when it is compressed. The shifting was
performed in Fourier space by multiplying the Fourier
transform of the image by appropriate phase factors (),
specifically,

Ad(x, y)
= - 4 7, (time between scan lines) [
ATE

0(x,y) ]
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where A¢ is the phase difference between the two images
acquired with an echo time difference of ATE. This al-
lowed subpixel shifts to be performed. Any signal de-
crease or increase resulting from stretching or compress-
ing the image was also corrected.

The phase images of the two corrected images were
then subtracted by multiplying the complex conjugate of
the first image by the second image and taking the phase
of the result, in order to yield the final corrected mag-
netic field map (see Figure 3). Changes in the magnetic
field were computed by subtracting an average of the
magnetic field values during the “rest” from an average of
the magnetic field values during speech or swallowing.

RESULTS

For Study 1 (magnetic field changes during swallowing),
the greatest magnetic field change of approximately —9.5
Hz occurred in the inferior region of the brain, decreasing
rapidly to — 1.3 Hz at the superior edge (see Fig. 4). This
maximal magnetic field change corresponds to a —0.075-
ppm change that causes a 0.43-pixel shift in the final
image. The exact amount of signal change in the magni-
tude fimage as a result of this shift depends on the spatial
gradient in signal infensity. In a region where there is a
large spatial gradient in signal
intensity, such as the edge of
the imaged object, this shift
could thus lead to a 40%
change in signal intensity. In-
side the brain. the spatial vari-

ation in signal intensity is only
10-15%. and the shift leads to
a 4- 6% signal change. There-
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FIG. 2. GREASE sequence used to acquire two images with different echo times necessary to
obtain a measure of the magnetic field. The first image was collected during the gradient echo, and
the second image was collected during the spin echo but offset such that the effective echo time
of the second image, 7, is slightly longer than the echo time of the first image, TEge.

| signal intensily exists,

For Study 2 (magnetic field
changes during speaking the
words “one” and “two”), the
largest magnetic field change
again occurred in the inferior
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duced a slightly larger peak
field change of approximately
—11.1 Hz (0.087 ppm) in the

inferior region. In addition,
there was a positive change in
the magnetic field of approxi-
mately 7.2 Hz (0.056 ppm) in
the frontal lobe that was not

observed while speaking the
word  “two.” These signal
changes correspond to a 0.5
pixel shift in the inferior re-
gion, and a 0.32 pixel shift in

— | B-map

the frontal lobe.

DISCUSSION

The largest magnetic field
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FIG. 3. Steps performed to produce correct magnetic field maps. The measure of the magnetic
field obtained from the two images at different echo times is warped in the phase-encoding
direction, since it is calculated from two warped images. This map is used to unwarp each of the
original images. The corrected images are then combined to produce a corrected magnetic field

map.

region of the brain, decreasing rapidly in the superior
and lateral directions (see Fig. 5). The exact value and
distribution of the magnetic field change, however, de-
pended heavily on what was being spoken. Speaking the
word “two” resulted in a maximum magnetic field
change of approximately —5.6 Hz (0.044 ppm) in the
inferior region of the brain. This corresponded to a 0.25
pixel shift in the image. Speaking the word “one” pro-

change for both tasks occurred
in the inferior region of the
brain. This is to be expected,
since it is closest to the site of
the jaw and tongue movement
occurring during these activi-
ties. On magnitude images,
these magnetic field distor-
tions appear as a warping, or
shifting, of the image in the
phase-encoding direction. For example, during a swal-
low, the brain stem and surrounding regions appear to
shift and compress substantially during the swallow or
speech. Since these signal changes are correlated with
the motion, neurofunctional assessment during tasks in-
volving speech or swallowing is difficult. These distor-
tions could not be corrected by an image registration
algorithm (23-25), since the image was warped by the

left
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right
x=3cm

l
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FIG. 4. Magnetic field changes during swallowing. Three sagittal slices are shown—a midsagittal slice and slices 3 cm to the left and to
the right of the midline. The white tracing represents an outline of the brain as seen on the magnitude echo-planar images. Largest
magnetic field changes occurred in the inferior region of the brain and decreased rapidly in the superior and lateral directions as the
distance to the source of the muotiun, the jaw and the tongue, Is increased.



Bz-Field Changes Due to Swallowing or Speaking

magnetic field perturbation, rather than simply rotated
and translated.

Speaking the words “one” and “two” involves different
movements of the tongue and jaw, explaining the ob-
served difference in the associated magnetic field distor-
tion. Speaking the word “one” involves significant move-
ment of both the tongue and jaw, and an opening of the
palate. The word “two,” in contrast, begins with a closed
palate and involves no significant jaw movement and
only slight tongue movement (26). The greater motion of
the tongue in speaking the word “one” can thus lead to a
larger distortion in the magnetic field in the inferior
region of the brain, whereas the motion of the jaw, which
is minimal in speaking the word “two,” can induce fur-
ther changes in the magnetic field in the anterior regions
of the brain.

A potential difficulty in obtaining a true measure of
magnetic field changes from phase images is that motion
of the subjects head (intra-FOV motion) also influences
the phase. This phase change comes primarily from two
sources—motion of the subject’s head through an exter-
nally inhomogenous magnetic field, and changes in the
magnetic field perturbation produced by the susceptibil-

59

ity of the human head. Thus, a shift in the phase reflects
either true changes in the magnetic field or intra-FOV
motion. This error in the magnetic field measurement is
eliminated in this study by unwarping the magnetic field
maps, as illustrated in Fig. 3. The process of unwarping
the magnetic field maps corrects for any phase changes
caused by motion of the subject’s head through an exter-
nally inhomogenous magnetic field. The only change in
the corrected magnetic field map resulting from intra-
FOV motion comes from actual perturbations in the mag-
netic field produced by rotation of the head. The latter
effect is reduced by acquiring the two images used to
create the magnetic field map with a temporal separation
of only 100 ms.

The dynamic magnetic field mapping technique pre-
sented here compares the difference between an image
acquired during the free induction decay (FID) and an
image acquired during the latter half of the spin echo,
shifted to a longer effective echo time (TEq; + ATE). An
alternative, suggested by one of the referecs, is to shift the
second image to a shorter effective echo time (TEgg —
ATE). This would produce the same measurement of the
magnetic field with a reduction in interimage time, a

left mid-sagittal
x=0cm

X =-3cm

right
X=3cm

I
-11.1 Hz

O Hz

l l
7.2 Hz

FIG. 5. Top: magnetic field changes while the subject spoke the word “one.” Bottom: magnetic field changes while the subject spoke the
word “two.” Three sagittal slices are shown—a midsagittal slice and slices 3 cm to the left and to the right of the midline. The white tracing
represents an outline of the brain as seen on the magnitude echo-planar images. In both cases, the largest magnetic field changes occur
in the inferior region of the brain, closest to the site of most of the jaw and tongue motion. Speaking the word “one” produces slightly larger
magnetic field changes in the inferior region and additional changes in the magnetic field in the frontal region ot the brain.
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reduction in TR, and a somewhat greater signal-to-noise
ratio.

An important distinction between magnetic field-in-
duced signal changes and BOLD signal changes is that
the signal intensity changes caused by the magnetic field
occur nearly instantaneously, whereas the BOLD signal
changes typically lag 5-7 s due to the slower hemody-
namic response (27). Therefore, signal intensity changes
that occur immediately after the onset or cessation of the
stimulus are a good indication of an artifact. This, how-
ever, cannot be used as the sole criterion for distinguish-
ing pixels corrupted by motion or magnetic field distor-
tions, since slower movements will lead to slower signal
intensity changes (13). These artifactual signal changes
can still be present after a correlation analysis, because
the correlation is only 0 if the time series of the motion is
urthogonal o the signal intensity time series from the
slower hemodynamic response to the stimulus. Motions,
especially those associated with speaking, and hence the
temporal variations in the magnetic field. can be quite com-
plicated. Thus, in general, the correlation between the mo-
tion or magnetic field-induced signal changes and a refer-
ence function representing the hemodynamic response to
the stimulus will not be 0, and the artifact is not eliminated.

CONCLUSION

As demonstrated here, considerable changes in the mag-
netic field do occur as a result of either swallowing or
speaking. These changes lead to distortions in the image
that can complicate fMRI experiments, especially those
in which the tasks involve speaking or swallowing. In
tasks not explicitly involving speaking or swallowing,
field changes from these motions as well as from respi-
ratory motion, lead to signal fluctuations that increase
the noise in task activation studies (28, 29). Since the
magnetic field perturbation warps the image, the artifact
cannot be corrected using conventional rigid body image
registration algorithms. The detection of these artifactual
signal changes from solely the magnitude images is often
quite difficult, since the motions involved can be quite
complex. The dynamic mapping of the magnetic field
opens an avenue by which these magnetic field distortion-
induced signal changes can be detected and eventually
corrected by unwarping the image in correspondence to the
spatial variation of the magnetic field, as in Eqs. [1] and [2].
This is an important step in the eventual elimination of
artifacts resulting from activities during the functional im-
aging scan such as swallowing and speaking.
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