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  Abstract
 
OBJECTIVE: Anecdotal reports have suggested mood improvement
in patients with bipolar disorder immediately after they underwent an
echo-planar magnetic resonance spectroscopic imaging (EP-MRSI)
procedure that can be performed within clinical MR system limits. This
study evaluated possible mood improvement associated with this
procedure. METHOD: The mood states of subjects in an ongoing EP-
MRSI study of bipolar disorder were assessed by using the Brief Affect
Scale, a structured mood rating scale, immediately before and after an
EP-MRSI session. Sham EP-MRSI was administered to a comparison group of subjects with
bipolar disorder, and actual EP-MRSI was administered to a comparison group of healthy
subjects. The characteristics of the electric fields generated by the EP-MRSI scan were
analyzed. RESULTS: Mood improvement was reported by 23 of 30 bipolar disorder
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subjects who received the actual EP-MRSI examination, by three of 10 bipolar disorder
subjects who received sham EP-MRSI, and by four of 14 healthy comparison subjects who
received actual EP-MRSI. Significant differences in mood improvement were found
between the bipolar disorder subjects who received actual EP-MRSI and those who received
sham EP-MRSI, and, among subjects who received actual EP-MRSI, between the healthy
subjects and the bipolar disorder subjects and to a lesser extent between the unmedicated
bipolar disorder subjects and the bipolar disorder subjects who were taking medication. The
electric fields generated by the EP-MRSI scan were smaller (0.7 V/m) than fields used in
repetitive transcranial magnetic stimulation (rTMS) treatment of depression (1–500 V/m) and
also extended uniformly throughout the head, unlike the highly nonuniform fields used in
rTMS. The EP-MRSI waveform, a 1-kHz train of monophasic trapezoidal gradient pulses,
differed from that used in rTMS. CONCLUSIONS: These preliminary data suggest that the
EP-MRSI scan induces electric fields that are associated with reported mood improvement
in subjects with bipolar disorder. The findings are similar to those for rTMS depression
treatments, although the waveform used in EP-MRSI differs from that used in rTMS.
Further investigation of the mechanism of EP-MRSI is warranted.

  Introduction
 
Existing treatment approaches for bipolar disorder utilize primarily
pharmacologic agents, such as lithium, valproic acid, and antipsychotic
and antidepressant drugs, that sometimes are of limited efficacy and
may have objectionable side effects. ECT is usually effective as a
treatment for bipolar disorder, but it involves general anesthesia and
some degree of memory loss, and its effects can be transient. Repetitive
transcranial magnetic stimulation (rTMS), initially developed to test
gross central nervous system function, more recently has been applied
with some success in the treatment of depression (1–5). The success of rTMS in the
treatment of depression has been varied and has been described in a recent review as "often
statistically significant [but] below the threshold of clinical usefulness" (1). rTMS treatment
can be unpleasant, with some patients declining participation due to scalp pain induced by
the apparatus (6). It also carries a small risk of seizure (7).

McLean Hospital Brain Imaging Center is conducting several ongoing proton echo-planar
magnetic resonance spectroscopic imaging (EP-MRSI) studies of subjects with bipolar
disorder. These studies employ oscillating magnetic fields that are similar to those used in
functional magnetic resonance imaging (fMRI) but that differ from the usual fMRI scan in
field direction, waveform frequency, and strength. After the serendipitous observation of
mood improvement during EP-MRSI studies of depressed subjects with bipolar disorder, we
obtained clinical data of such mood changes systematically and prospectively.

In the study reported here, we tested the hypothesis that the EP-MRSI scan has mood-
enhancing effects in subjects with bipolar disorder, compared to sham EP-MRSI in bipolar
disorder subjects and the EP-MRSI scan in healthy subjects. We propose that this effect is
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caused by the time-varying gradient magnetic fields of the EP-MRSI scan and not by the
static main magnetic field in the MRI system.

  Method
 
Subjects
The study subjects were patients with bipolar disorder who participated
in any of three studies at the McLean Hospital Brain Imaging Center
and who shared the same EP-MRSI scan prescription and clinical
interview scheme. These studies were investigating the effects of
conventional and nonconventional (omega-3 fatty acid supplements)
therapies on mood and brain chemistry over a period of time and
included monthly EP-MRSI scans and clinical interviews. These
studies used the results of the EP-MRSI scan and clinical rating scales to evaluate the
effects of specific medication interventions; subjects were blinded to the hypothesis that the
EP-MRSI exam itself was being investigated for correlation with mood change. Subjects in
the three source studies came in for multiple visits, and many had changes in medication as a
part of a study. To reduce confounds arising from different study-specific treatment
interventions, we examined results from only the first visit by these subjects.

The subjects with bipolar disorder had a diagnosis of bipolar I disorder or bipolar II disorder
and were between ages 18 and 65 years. They either were currently receiving a course of
medication, including lithium, divalproex sodium, and other anticonvulsants, or were
unmedicated at the start of the study. Subjects who were given anxiolytic medication during
the scan sessions or who were taking medication in addition to those listed in the previous
sentence were not considered in this study. Thirty (16 women and 14 men) subjects with
bipolar disorder received EP-MRSI scans; 11 of those subjects were unmedicated. Ten (five
women and five men) subjects with bipolar disorder received sham EP-MRSI scans; two of
those subjects were unmedicated. Fourteen (eight women and six men) healthy subjects
received actual EP-MRSI scans. The subjects’ demographic characteristics are summarized
in Table 1.

View this table:
[in this window]

[in a new window]
 

TABLE 1

Although no explicit blinding procedures were used in this study, all subjects were
participating in ongoing medication studies and were not aware that the EP-MRSI
evaluation itself was being investigated for mood effects; subjects could not tell the
difference between the sham and the actual EP-MRSI procedure and were blinded to this
aspect of the study. The rater was not blinded to the treatment conditions.
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Written informed consent was obtained from all subjects, and the study protocols were
approved by the McLean Hospital Institutional Review Board.

Clinical Ratings
On the basis of anecdotal reports that subjects were experiencing enhanced mood after the
EP-MRSI scanning session, an additional rating scale, the Brief Affect Scale (A. L. Stoll,
personal communication, 2001), was added to the study. The original Brief Affect Scale was
a nine-item scale designed for a past study of mood lability in patients with bipolar disorder
conducted by one of the authors (A.L.S.). Each item measured the severity of a specific
symptom at the time the subject completed the scale. For the present study, the Brief Affect
Scale was modified to include only one item measuring mood, specifically depression. In
addition, instead of being asked to indicate depression severity in the moment, the subjects
were asked how much, if any, their mood had improved or worsened since they last filled
out the form. The subjects provided their responses on a 7-point scale, as follows: 3, very
much improved; 2, much improved; 1, minimally improved; 0, no change; –1, minimally
worse; –2, much worse; and –3, very much worse. These numerically ranked responses were
grouped into the categories of improved (3 to 1), same (0), and worse (–1 to –3) for
statistical treatment. This grouping is referred to as the ordinal Brief Affect Scale ratings.

The modified Brief Affect Scale was administered to all subjects immediately before and
after the EP-MRSI scanning session, and the difference in the mood ratings before and after
the scan was the primary outcome measure. In addition, at each visit, the 17-item Hamilton
Depression Rating Scale (8) and the Young Mania Rating Scale (9) were administered. All
Hamilton depression scale, Young Mania Rating Scale, and Brief Affect Scale ratings were
administered by the same research assistant.

A small validity study was performed for the original Brief Affect Scale. To determine a
"gold standard" measurement of depression, an experienced psychiatric clinician-researcher
(A.L.S.) rated the severity of depression in nine subjects with bipolar disorder. These
subjects had a wide range of symptoms, with some experiencing mania or mixed states,
while others were depressed. This "gold standard" rating was compared to a Brief Affect
Scale rating simultaneously obtained by a research assistant. The correlation of the "gold
standard" depression rating with the depression rating on the Brief Affect Scale was very
strong (r=0.90, df=8, p=0.0008). In addition, a "gold standard" mania rating in these nine
subjects was compared to the depression rating on the Brief Affect Scale. There was little or
no correlation (r=0.25, df=8, n.s.), indicating some degree of specificity for the Brief Affect
Scale depression item and supporting the validity of the Brief Affect Scale.

EP-MRSI Methods
The studies were conducted at the McLean Hospital Brain Imaging Center. Scanning was
performed on a General Electric 1.5-T Signa MRI scanner (5.8 EchoSpeed version) (GE
Medical Systems, Milwaukee). Four EP-MRSI scans were acquired for each patient at each
clinic visit. The EP-MRSI pulse sequence has been extensively described (10). The complete
MR examination consisted of a conventional double-echo spin-echo T2 scan, four EP-MRSI
scans totaling 20.5 minutes, a T1 anatomic scan, and an echo-planar T2 imaging acquisition;
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the entire study took about 1 hour. The sham EP-MRSI examination was identical to the
actual examination, except that the EP-MRSI scans were replaced with a 15-minute three-
dimensional spoiled gradient echo scan so that the duration of the sham EP-MRSI
examination was the same as that of the actual EP-MRSI examination.

EP-MRSI Electromagnetic Fields
The characteristics of the electromagnetic fields of EP-MRSI can be further illustrated by
comparing the fields of EP-MRSI with those of rTMS. EP-MRSI and rTMS both subject the
brain to time-varying magnetic and electric fields. The fields in the EP-MRSI experiment are
very different from those in rTMS in strength, uniformity, direction, and timing. It is
noteworthy that the EP-MRSI fields are 100 to 1,000 times weaker than the rTMS fields,
penetrate throughout the whole brain, and are delivered at 1 kHz.

The EP-MRSI magnetic field of interest is the readout gradient. This magnetic field is
delivered in a series of 512 trapezoid pulses that are each 1 msec long, as Figure 1 shows.
The series of 512 pulses is repeated every 2 seconds for 128 repetitions (4 minutes) for each
scan; in our study this scan was performed four times in each examination. The magnetic
field is an MRI gradient field with the form of a linear ramp, with a zero field in the middle
of the coil and a ramp of 0.3 gauss/cm (G/cm) that reaches a maximum of less than 10 G in
the brain. The electric field for EP-MRSI consists of a series of alternating square pulses that
are each about 0.25 msec long and that occur at 1 kHz. This waveform is shown in Figure 1.
The electric field is constant during each pulse. The strength of the electric field is about 0.7
V/m, is uniform to 5%, and is in the direction of the subject’s right to left. A contour plot of
the electric field magnitude is shown in Figure 2.

View larger version (24K):
[in this window]

[in a new window]
 

Figure 1. Magnetic Field and Electric Field
Waveforms Generated by Echo-Planar
Magnetic Resonance Spectroscopic Imaging
(EP-MRSI) and Repetitive Transcranial
Magnetic Stimulation (rTMS)a

aThe EP-MRSI magnetic field (upper left
panel) consists of 512 alternating trapezoids,
each 1.024 msec long, repeated every 2
seconds for 4 minutes; EP-MRSI magnetic
fields range from 6 gauss (G) to 0 G in the
head. The rTMS magnetic field (upper right
panel) is a single-cycle sine pulse with a
period of 0.28 msec, repeated at 20 Hz to 1
Hz; rTMS magnetic fields range from 20,000
G to 10 G in the head. The EP-MRSI electric
field (lower left panel) is a series of 512
alternating square pulses, each 0.256 msec
long; the series is repeated every 2 seconds
for 4 minutes. The rTMS electric field (lower
right panel) is a single-cycle cosine pulse
with a period of 0.28 msec, repeated at 20 Hz
to 1 Hz. Note that the scales of measure for
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the two magnetic field magnitudes and for
the two electric field magnitudes are
different.
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Figure 2. Electric Field Magnitude Contour
Plots for Echo-Planar Magnetic Resonance
Spectroscopic Imaging (EP-MRSI) and
Repetitive Transcranial Magnetic Stimulation
(rTMS)a

aEach contour plot represents a 20-cm field
of view in a representative coronal plane in
the head. Contours of different colors show
order of magnitude of the electric field
strength. Green contours show electric fields
less than 1 V/m at intervals of 0.01 V/m
(these contours are not shown for the rTMS
plot), blue contours show fields between 1
and 10 V/m at 1-V/m intervals, and red
contours show fields between 10 and 50 V/m
at intervals of 10 V/m. Fields greater than 50
V/m are not shown; fields in the rTMS coil
exceed 500 V/m in the 1–2 cm surrounding
the coil. rTMS contours were obtained by
modeling the rTMS coil as a figure eight
made of two 4-cm diameter loops that were
tangent and coplanar in relation to each
other. The loops are placed at a 45° angle
and are shown as a thick diagonal line. The
rTMS coil was modeled with 60,000 Amp-
turns, producing a magnetic field of 20,000 G
at a distance of 1 cm from the tangent point.

In contrast, the fields in rTMS are produced by a small coil some inches across and are large
and nonuniform. The rTMS magnetic field is delivered in single-cycle sine pulses with a
period of about 0.28 msec at 1–20 Hz for 20 minutes (J. Cadwell, personal communication,
2002). The rTMS magnetic field pulse waveform is shown in Figure 1. rTMS magnetic
fields have strengths up to 2 T (20,000 G) (11) at locations in the cortex falling off to less
than 10 G at a distance of 20 cm away. The rTMS electric field consists of single-cycle
cosine pulses with the same 0.28-msec period, at 1–20 Hz, similar to the magnetic field
pulses. The electric field reverses sign during each pulse. This waveform is shown in Figure
1. The strength of the rTMS electric field ranges from more than 500 V/m in the cortex
under the coil to 1 V/m 20 cm away. This electric field is highly nonuniform, and it has no
well-defined direction in the brain (12–14). A contour plot of the rTMS electric field
strength is shown in Figure 2. It is noteworthy that the distribution of the rTMS field in the
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head depends greatly on the position of the coil; for EP-MRSI, head position is less
significant.

Statistical Methods
Ordered logistic regression modeling methods were used to examine the differences in Brief
Affect Scale scores among the study groups. Robust estimators of standard errors were
obtained. Data were summarized as means and standard deviations or as means with 95%
confidence intervals. Two-sided significance tests, requiring p<0.05 for statistical
significance, were employed. The statistical software systems that were used included
Statview (SAS Institute, Inc., Cary, N.C.) and Stata (Stata Corp., College Station, Tex.).

  Results
 
Twenty-three of 30 subjects with bipolar disorder reported
improvement in mood of at least 1 point on the Brief Affect Scale after
the EP-MRSI examination. No change was reported by six subjects,
and a worsening of mood was reported by one subject. Among the
subjects with bipolar disorder who received actual EP-MRSI, 11 of 11
unmedicated subjects reported improvement in mood, compared with
12 of 19 subjects who were taking mood-stabilizing medication. Three
of the 10 subjects with bipolar disorder who received sham EP-MRSI
reported improvement in mood after the examination, two reported worsening in mood, and
five reported no change. Four of the 14 healthy comparison subjects reported improvement
in mood after the EP-MRSI examination, no subjects reported worsening of mood, and 10
reported no change.

We assessed the significance of acute mood change measured with the Brief Affect Scale
and examined differences among the three subject groups. For statistical treatment we used
the ordinal Brief Affect Scale ratings because they provided a more conservative scale (Table
2).

View this table:
[in this window]

[in a new window]
 

TABLE 2

The ordinal Brief Affect Scale ratings of the subjects with bipolar disorder who received
actual EP-MRSI (N=30, mean Brief Affect Scale=0.87, SD=0.68) were compared with those
of the bipolar disorder subjects who received sham EP-MRSI (N=10, mean Brief Affect
Scale=0.30, SD=1.06) by using ordered logistic regression methods; this difference was
statistically significant (z=2.63, p=0.009). The higher Brief Affect Scale scores in the bipolar
disorder subjects who received actual EP-MRSI indicate greater perceived mood
improvement in this group, compared to the bipolar disorder subjects who received sham
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EP-MRSI.

Among the bipolar disorder subjects who received actual EP-MRSI, those who were
unmedicated (N=11) had higher Brief Affect Scale scores (mean=1.18, SD=0.41) than those
who were taking medication (N=19) (mean=0.68, SD=0.75). This difference was statistically
significant (z=2.02, p<0.05).

The mean ordinal Brief Affect Scale rating of the subjects with bipolar disorder who
received actual EP-MRSI was compared with that of the healthy subjects, who also received
actual EP-MRSI (mean=0.29, SD=0.47); this difference was also statistically significant
(z=2.61, p=0.009). The contrast in mean ratings between the subjects with bipolar disorder
who received sham EP-MRSI and the healthy subjects, who received actual EP-MRSI, was
not significant (z=0.29, p=0.77).

  Discussion
 
We found significant improvement of mood in subjects with bipolar
disorder after EP-MRSI scans. This change was absent in bipolar
disorder subjects who had sham EP-MRSI scans and was also absent in
healthy subjects who had actual EP-MRSI scans. A greater effect was
evident in unmedicated subjects with bipolar disorder.

This prospective pilot study had a number of limitations. A change in
the study facility’s MRI system during the course of the study and a
corresponding suspension in EP-MRSI examinations limited the size of the group receiving
sham EP-MRSI. Although data from several visits were available for some subjects,
medication changes over time were confounded with changes associated with EP-MRSI
scans, so that the analyses reported here were limited to data for the first visit. Also, the
serendipitous use of existing study groups may be considered a limitation. The consistent
and statistically significant rates of reported mood improvement, however, suggest that a
significant neurobiological effect was present.

The immediate improvement shown in the Brief Affect Scale scores of the subjects with
bipolar disorder, 77% of whom responded, indicates a surprising response to this treatment,
particularly among the unmedicated subjects (100% of whom responded), compared with the
subjects who were taking medication (63% of whom responded) and those who received
sham EP-MRSI (30% of whom responded). Studies of rTMS treatments for depression
typically show a response rate of 40%–50% (responders in these studies had a reduction  of
>50% in Hamilton depression scale scores) or a change of 50% or more in mean Hamilton
depression scale scores (15–24). The overall proportion of responders for EP-MRSI in our
study was greater, but the characteristics of the two types of studies make comparisons
difficult. rTMS treatments generally include 2 weeks of daily treatments, and the results are
measured by the change in Hamilton depression scale scores over that period; the effects of
the EP-MRSI examination described here were measured with a different scale (the Brief
Affect Scale) over the course of a day, and a single EP-MRSI treatment was used owing to
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the exploratory nature of this study.

A placebo effect is thought to be unlikely because the subjects were not aware that the EP-
MRSI examination itself was being tested for mood effects. Although follow-up data were
not systematically obtained, this effect was reported by some subjects to endure for days.
The relative lack of mood improvement in healthy subjects who had EP-MRSI examinations
(29% of healthy subjects responded) is consistent with results in rTMS studies (25).

The mood improvement effect we report here seems specific to the EP-MRSI examination
used in this study; it appeared on the introduction of the EP-MRSI examination and was so
noticeable in the first two subjects who underwent the procedure that we decided to organize
this study to evaluate the effect more systematically by using the Brief Affect Scale as an
objective clinical assessment. McLean Hospital is a psychiatric hospital and has performed
more than 10,000 MRI and echo-planar imaging MRI examinations of psychiatric subjects
over the last 10 years, before the use of the EP-MRSI examination, without observing a
similar effect. The EP-MRSI gradient fields constitute the outstanding difference, compared
to the previous MRI examinations.

Contrast can be made with rTMS in seeking a likely mechanism of action. While the
presence of electromagnetic fields suggests a similar mechanism in the two procedures, the
disparity in field strength and in the distribution of the fields may indicate a different
mechanism. In particular, the discussion of rTMS involving ECT-like seizure or
subthreshold seizure mechanisms (5) would seem to be inapplicable to this study. The
uniformity, unidirectionality, and whole-brain penetration of the EP-MRSI treatment may be
selecting very different structures in the brain, compared with rTMS. An intriguing
possibility is that the right-to-left electric fields in EP-MRSI could be selecting the corpus
callosum, whose axons lie in that direction. A final point of comparison with rTMS is the
characteristics of the electric field pulses themselves. Given that neuronal conduction
processes occur on millisecond time scales, we hypothesize that the monophasic pulses
delivered at 1 kHz in this EP-MRSI system, which are on the same time scale as neuronal
processes, may interact with these processes, particularly with conduction processes that
have time constants greater than 1 msec, differently than the biphasic pulses delivered by
rTMS at 1–20 Hz.

There were no adverse effects to this treatment. The EP-MRSI sequence operates well
within U.S. Food and Drug Administration clearance values for MRI gradient fields and is
free of the discomfort and seizure concerns associated with rTMS studies.

We propose that the effect noted here depends only on the time-varying magnetic and
electric fields discussed here and is not linked to the static main field of the magnet in MRI.
Further studies with a table-top, head-sized system that is free of the MRI system but that
provides the time-varying electromagnetic fields discussed here are under way.

  Conclusions
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These preliminary data suggest that the EP-MRSI scan induces electric
fields that are associated with reported mood improvement in subjects
with bipolar disorder. Overall response rates to the EP-MRSI scan were
consistent with rates reported in current rTMS depression treatment
trials. The rate of mood improvement associated with EP-MRSI was
much higher for unmedicated subjects with bipolar disorder than for
bipolar disorder subjects who were receiving medication. As expected,
there were markedly lower response rates in healthy subjects, compared with subjects with
bipolar disorder. EP-MRSI shares these response characteristics with rTMS depression
treatments. These data suggest that further investigation into possible shared mechanisms is
warranted. The study results suggest that antidepressant effects could be elicited with more
uniform, deeply penetrating magnetic and electric fields and different timing parameters than
those previously used in rTMS. Thus, optimal magnetic stimulation treatment for depression
may call for a different apparatus and a different approach than those previously used and
may include designs that provide fields deep within the brain in addition to fields at the
cortical surface. The achievement of results comparable to rTMS with a reduced electric
field suggests that the timing parameters of EP-MRSI may be more suited to deep
stimulation.

  Footnotes
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