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Off-Resonance Saturation Pulse Imaging with Varying

Frequency Offsets
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PURPOSE: To characterize near-resonance saturation pulse MR imaging on a 1.5-T scanner in
order to gain insight into underlying mechanisms that alter tissue contrast and to optimize the
technique for neuroimaging. METHODS: Off-resonance saturation pulses were applied to T1-
weighted, spin-density-weighted, and T2-weighted sequences at frequency offsets ranging from 50
Hz to 20 000 Hz down field from water resonance. Suppression ratios were determined at each
offset for phantom materials (MnCl, solution, gadopentetate dimeglumine, corn oil, water, and
agar), normal brain structures, and a variety of brain lesions. RESULTS: Signal suppression of
MnCl, on T1-weighted images occurred at offsets of less than 2000 Hz even though no macro-
molecules were present in the solution. Only those phantom materials and tissues with short or
intermediate T1 relaxation times and relatively large T1/T2 ratios were sensitive to changing
frequency offsets. Suppression of brain increased from approximately 20% at 2000 Hz offset to
approximately 45% when the offset was reduced to 300 Hz. In human subjects, the net effect of
reducing the frequency offset was to increase T2 contrast on T1-weighted, spin-density-weighted,
and T2-weighted images. Distilled water and contrast material did not suppress except at very
low offsets (<300 Hz). A frequency offset of 300 Hz was optimal for maximizing conspicuity
between most contrast-enhancing lesions and adjacent brain while preserving anatomic detail.
CONCLUSION: Suppression of MnCl,, indicates that magnetization transfer is not the sole mech-
anism of contrast in near-resonance saturation MR imaging. Spin-lock excitation can reasonably
explain the behavior of the phantom solutions and the increase in T2 contrast of tissues achieved
as the frequency offset is decreased from 2000 Hz to 300 Hz. Below 300 Hz, saturation is
presumably caused by spin-tip effects. With our pulse design, an offset of 300 Hz is optimal for

many routine clinical imaging examinations.
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Off-resonance saturation pulse imaging is a
relatively new magnetic resonance (MR) imag-
ing technique that selectively suppresses and
alters the contrast of normal and abnormal
brain tissues (1). The technique applies a pre-
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paratory radio frequency pulse at a specific fre-
quency offset from water resonance (near 1000
Hz for most commercially available systems)
before a standard imaging sequence. Off-reso-
nance imaging has already proved useful in a
number of neuroimaging applications: for im-
proving visibility of small vessels in time-of-
flight MR angiography (2, 3), for detecting ce-
rebral infarction (4-7), for displaying the
internal structure of the eye (8), for assessing
disorders of myelin (6, 9-11), for evaluating
infections of the central nervous system (6, 7),
and for characterizing a variety of intracranial
mass lesions (6, 7, 12, 13). According to cur-
rent theory, an off-resonance radio frequency
pulse selectively saturates the pool of macro-
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molecular protons and affects tissue contrast by
a mechanism known as magnetization transfer
(MT) (1, 14-16). MT saturation of the macro-
molecular pool modulates MR signal from the
nearby water molecules, presumably by means
of dipolar cross-coupling and chemical ex-
change interactions.

Several methods of off-resonance saturation
imaging have been used in clinical studies, in-
cluding continuous wave irradiation and pulsed
techniques (1, 17-19). Because of specific ab-
sorption rate constraints, continuous wave
methods used in low-field experiments have
been largely replaced with off-resonance pulsed
methods for clinical use on high-field systems.
Although considerable research has docu-
mented the effects of MT in this setting, much of
the theory concerning contrast generation re-
mains speculative, and other mechanisms may
be involved in the signal modulation. In fact,
when preparatory pulses are applied within sev-
eral thousand Hz from water resonance in lab-
oratory experiments, saturation effects have
been observed that do not require the presence
of macromolecules (1, 15, 16, 19-22). These
effects are inversely proportional to the satura-
tion pulse frequency offset and are considered
contaminants in pure MT experiments. Thus, in
this lower range of frequency offsets used in
clinical imaging, mechanisms of saturation
other than MT appear to be present.

Because of the clinical potential for off-res-
onance saturation imaging, it is important to
understand the specific mechanisms involved
for a given set of pulse parameters. The pur-
pose of this investigation was to characterize
tissue saturation on a clinical scanner, specif-
ically in the lower range of frequency offsets,
where non-MT effects have been observed.
More important, our goal was to determine
whether these near-resonance non-MT effects
are useful clinically in evaluating pathologic
conditions of the brain. We approached this
problem by studying the effect of varying the
frequency offset on T1-weighted images of a
variety of phantom materials, as well as on
T1-weighted, spin-density-weighted, and T2-
weighted images of normal brain and patho-
logic lesions. By doing this we hoped to gain
insight into underlying off-resonance satura-
tion mechanisms and to optimize the tech-
nique for clinical neuroimaging.
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Fig 1. Diagram illustrates off-resonance saturation pulse ap-
plied before standard spin-echo imaging sequence is obtained.
Pulse width is 16 milliseconds for T1-weighted images and 19.2
milliseconds for T2-weighted images; the bandwidth is 200 Hz for
both sequences. RF indicates radio frequency.

Materials and Methods

Saturation Pulse

MR imaging was performed on a 1.5-T unit (Signa,
General Electric Medical Systems, Milwaukee, Wis). The
off-resonance saturation pulse used (Fig 1) had a band-
width of 200 Hz. The pulse shape was an apodized sinc
function with no side lobes and a duration of 16 millisec-
onds for T1-weighted sequences and 19.2 milliseconds for
spin-density-weighted and T2-weighted sequences. The
peak pulse amplitude was 9.5 uT for T1-weighted se-
quences and 14 uT for spin-density-weighted and T2-
weighted sequences. After each saturation pulse, gradient
homospoiling was performed by turning on the y-axis
(phase-encoding) gradient to maximum amplitude for
about 5 milliseconds. Allowing for gradient ramp times,
the interval between the end of the saturation pulse and the
beginning of the 90° pulse was approximately 6 millisec-
onds. The multisection off-resonance saturation pulses are
nonselective and their saturation effects are cumulative
throughout the repetition time.

Imaging Parameters

Axial T1-weighted images were acquired with and with-
out the off-resonance saturation pulse with imaging pa-
rameters of 650/30/1 (repetition time [TR]/echo time
[TE]/excitations), 24-cm field of view, 256 X 192 matrix,
5-mm section thickness, 2-mm intersection gap, and flow
compensation. Imaging time for the T1-weighted spin-
echo sequence (20 sections) with and without the off-
resonance saturation pulse applied was 4 minutes, 34
seconds. The imaging parameters for conventional and
off-resonance saturation spin-density-weighted and T2-
weighted axial images were 3000/30,90/0.75, 24-cm field
of view, 192 X 256 matrix, 5-mm section thickness, and
2-mm gap. The total imaging time for both conventional
spin-echo and off-resonance saturation spin-density-
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weighted and T2-weighted image acquisitions (18 sec-
tions) was 7 minutes, 48 seconds. Receive and transmit
attenuator settings were held constant for comparable
pulse sequences for each experiment.

Frequency Offset

Off-resonance saturation pulse T1-weighted imaging
with frequency offsets of 50, 100, 150, 200, 300, 500,
1000, 2000, 5000, 10000, and 20 000 Hz down field from
water resonance were used for human volunteers, and
offsets of 100, 200, 300, 600, 1200, 2400, 5000, 10000,
15000, and 20 000 Hz were used for phantom experi-
ments. For spin-density-weighted and T2-weighted im-
ages, the frequency offsets used were 100, 200, 300, 600,
1200, 2400, 7500, and 20 000 Hz down field from water
resonance. Approval for the use of off-resonance satura-
tion pulse imaging was obtained from our local institu-
tional review board and from GE Medical Systems to op-
erate the MR imager in an investigational mode. Specific
absorption rates were carefully monitored in human stud-
ies and remained below limits mandated by the Food and
Drug Administration (average, 3.2 W/kg for the whole
head and 8.0 W/kg for any single gram of tissue).

In a separate experiment, the T2 weighting produced by
the off-resonance saturation pulse was simulated on long
TR images (with no pulse applied) by increasing the TE.
With the TR constant at 3000, images with TEs of 75 and
135 and no saturation pulse were compared with images
with TEs of 30 and 90 in which a saturation pulse was
applied at a frequency offset of 300 Hz.

Phantom Experiments

Saturation pulse imaging on T1-weighted images was
performed on phantom materials within plastic bottles at
the frequency offsets described above. The materials in-
cluded 4% agar, 2% agar, 1% agar, distilled water, 0.5 mM
and 1 mM gadopentetate dimeglumine in solution, and 1
mM manganese chloride (MnCl,) in solution. The T1 and
T2 relaxation times for the phantom materials were calcu-
lated from a multiecho long-TR study using software pro-
vided on the GE Signa scanner.

Human Experiments

The imaging studies were explained to all subjects and
informed consent was obtained. The off-resonance satu-
ration sequences were tested in 10 healthy volunteers (5
men and 5 women, 26 to 49 years of age) who underwent
noncontrast T1-weighted imaging, and in 10 healthy vol-
unteers (5 men and 5 women, 22 to 47 years of age) who
underwent spin-density-weighted and T2-weighted imag-
ing. Off-resonance saturation imaging at 300 Hz offset was
performed in 4 healthy volunteers (2 men and 2 women)
with spin-density-weighted and T2-weighted sequences,
and compared with nonsaturated sequences in which the
TR was kept constant (3000) and the TE was lengthened
as described above.
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To determine whether near-resonance saturation
pulses can improve lesion detection on T1-weighted se-
quences, several patients with pathologic conditions were
scanned after administration of contrast material at offsets
of 1200, 600, and 300 Hz from water resonance and com-
pared with nonsaturated T1-weighted sequences. The
pathologic conditions included meningeal neoplasm, ve-
nous angioma, metastases, primary neoplasm, and
stroke. Improved visibility of enhancing lesions was judged
subjectively by unanimous agreement of three neuroradi-
ologists. To assess lesion contrast on T2-weighted and
spin-density-weighted images, we also applied saturation
pulse offsets of 1200, 600, and 300 Hz to long-TR se-
quences in several patients with abnormalities (stroke,
neoplasm, gliosis).

Tissue Measurements

Quantitative signal analysis was performed in nine re-
gions of interest: cerebrospinal fluid, frontal white matter,
corpus callosum, putamen, thalamus, caudate, red nu-
cleus, and substantia nigra (pars reticularis and pars com-
pacta). These measurements were obtained with the use of
conventional imager software by delineating a region of
interest on the designated area in order to obtain a mean
signal intensity measurement at each frequency offset.
The size and location of the region of interest cursor were
not changed between each set of acquisitions; visual as-
sessment of the images confirmed that no significant pa-
tient motion or image misregistration had occurred. For all
quantitative determinations, the median signal intensity of
at least three independently obtained measurements was
used. A region of interest was placed outside the cranium
to obtain noise measurements, which were consistent
across the range of frequency offsets studied in each pa-
tient.

Ratios

For each pulse sequence, suppression ratios were cal-
culated with the formula SR = (SI, — SI;)/SI,, where SR is
the suppression ratio, Sl is the signal intensity of the
tissue or phantom material before the saturation pulse was
applied, and SI; is the signal intensity after the saturation
pulse was applied. Calculation of the suppression ratio has
been used by a number of investigators to quantify the
extent of saturation of a given tissue using off-resonance
pulse sequences. The SR indicates the proportion of signal
loss that occurred during the saturation and 1—-SR is the
relative remaining signal. To quantify the effects of off-
resonance saturation pulses on lesion conspicuity in some
patients, contrast-to-noise ratios (CNR) were calculated
by the formula CNR = (S, — S,)/n, where S, is the signal
intensity of the lesion of interest, S, is the signal intensity
of the background parenchyma, and n is the standard
deviation of the noise.
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Fig 2. Graphs show relative signal at frequency offsets from
100 Hz to 10 000 Hz for phantom materials.

A, Direct suppression of distilled water occurs at approxi-
mately 300 Hz offset. Suppression of agar is inversely propor-
tional to water content and, hence, T2 relaxation time.

B, Note that suppression of MnCl,, solution is greater than other
materials, occurring at offsets below 2000 Hz. Corn oil suppressed
at offsets within 800 Hz of fat resonance (600 Hz from water
resonance), whereas contrast material was relatively unaffected
by the off-resonance pulse above 300 Hz.

Results
Phantom Experiments

Figure 2 shows the effect of off-resonance
saturation pulses on T1-weighted images of
agar, 1 mM MnCl,, 0.5 mM and 1 mM gado-
pentetate dimeglumine, corn oil, and distilled
water. Suppression of agar concentrations in-
creased as the frequency offset was decreased
toward water resonance (Fig 2A). The degree of
suppression was inversely proportional to the
free water content with distilled water suppress-
ing the least and 4% agar suppressing the most.
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Fig 3. Graph shows relative signal (error bars represent * 1
SD) of representative normal brain tissues (caudate, white matter,
cerebrospinal fluid [CSF]) from 10 volunteers on T1-weighted
images with saturation pulses at frequency offsets from 300 Hz to
10 000 Hz. Note progressively greater suppression of white matter
relative to gray matter as the frequency offset is reduced. CSF
shows least suppression across the range of offsets studied.

On the T1-weighted images, this differential
suppression increased the contrast between the
agar concentrations as the frequency offset was
decreased to approximately 300 Hz. Direct sat-
uration of distilled water did not occur until the
frequency offset was brought within a range of
200 Hz to 300 Hz down field from water reso-
nance (Fig 2A).

T1-weighted off-resonance saturation images
of a 1-mM solution of MnCl, showed dramatic
suppression at frequency offsets below 2000 Hz
from water resonance, despite the fact that no
macromolecules were present in the solution
(Fig 2B). Likewise, corn oil suppressed at fre-
quency offsets within 800 Hz from fat resonance
(600 Hz from water resonance) (Fig 2B). Sup-
pression of MnCl, was greater than that of any
of the other phantom materials investigated and
greater than that of brain tissue at 300 Hz fre-
quency offset (Fig 3). This is very different from
the contrast solutions, which showed no signif-
icant suppression until frequency offsets below
300 Hz were reached (Fig 2B). On T1-weighted
images, saturation of phantom solutions con-
taining no macromolecules (hence no MT ef-
fect) was present only in those materials with a
relatively short T1 relaxation time and a large
T1/T2 ratio (MnCl, and corn oil), whereas those
with a long T1 relaxation time (water) or those
with a T1/T2 ratio near unity (gadopentetate
dimeglumine) were unaffected except at very
low offsets (<300 Hz) (see Table).
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Suppression versus T1/T2 ratios for phantom materials

Suppression

Material T1/T2 (Ratio) (300 Hz), %
0.5 mM 393 /343 (1.2) 3
gadopentetate
dimeglumine
1.0 mM 214 /178 (1.2) 3
gadopentetate
dimeglumine
Water 2873/1400 (2.1) 5
Corn oil 240 /48 (5.0) 21*
1.0 mM MnCl, 144 /14 (10.3) 48

Note.—Phantom materials: Relative T1 and T2 relaxation times
and suppression at a frequency offset of 300 Hz for simple solutions
containing no macromolecules of gadopentetate dimeglumine, MnCl,,
water, and corn oil. Note that substances with a T1/T2 much greater
than 1.0 (similar to ratios seen in tissues) are suppressible, while those
closer to unity and those with a very long T1 are relatively unaffected.
Values calculated by least squares fit from data acquired at 1.5 T using
six-point inversion recovery and multiple TE spin-echo sequences.

* 100 Hz from water resonance, 320 Hz from fat resonance.
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Normal Brain Tissues: T2-Sensitive Saturation
on T1-Weighted Images

As expected from the phantom experiments,
suppression of normal intracranial structures
(except cerebrospinal fluid) on T1-weighted im-
ages dramatically increased as the saturation
pulse frequency offset was decreased (Fig 3).
At frequency offsets below 300 Hz, direct water
suppression and susceptibility artifacts from the
skull base limited adequate visualization of nor-
mal structures. An offset of 300 Hz was subjec-
tively judged by 3 neuroradiologists to be opti-
mal for maximal suppression while maintaining
adequate visualization of normal structures in
each of the 10 volunteers.

Suppression of normal brain on T1-weighted
images resulted in altered contrast between the
specific brain structures (Fig 4). No tissue sup-
pression was seen at 20 000 Hz frequency off-
set. As the frequency offset was brought closer
to water resonance, there was progressively
greater suppression of white matter structures
relative to deep and cortical gray matter struc-
tures (Figs 3 and 4). The overall effect of this

Fig 4. MR images of the brain at the
level of the basal ganglia. T1-weighted spin-
echo images with an off-resonance satura-
tion pulse applied at 20 000 Hz (a), 2000 Hz
(b), 500 Hz (c), and 300 Hz (d) frequency
offset, compared with long-TR (3000) im-
ages at TEs of 30 (e) and 90 (f). Note on a
through d that differential tissue suppres-
sion results in progressive T2-weighted tis-
sue contrast of the deep and cortical gray
matter structures relative to adjacent white
matter structures, giving an appearance
similar to the long-TR sequences. All win-
dow settings are constant for T1-weighted
sequences.
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Fig 5. Graphs show relative signal (error bars represent * 1
SD) of representative normal tissues (caudate, white matter, CSF)
of 10 volunteers on spin-density-weighted images (3000/30) (A)
and T2-weighted images (3000/90) (B) at saturation pulse fre-
quency offsets ranging from 300 Hz to 10 000 Hz. There is little
suppression of CSF as compared with brain tissue.

process on the appearance of the intracranial
structures was to increase T2 effects on T1-
weighted images, such that tissue contrast was
similar to that seen on T2-weighted images (Fig
4). As expected from the corn oil phantom,
extracranial fatty tissues showed little suppres-
sion at frequency offsets above 300 Hz from
water resonance but demonstrated approxi-
mately 15% suppression at 100 Hz offset (320
Hz from fat resonance).

Normal Brain Tissues: T2-Sensitive
Saturation on Spin-Density-Weighted and
T2-Weighted Images

Off-resonance saturation pulses applied to
spin-density-weighted and T2-weighted images
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of healthy volunteers resulted in dramatically
increased suppression as the frequency offset
was brought closer to water resonance (Fig 5).
As was the case with the T1-weighted images,
loss of anatomic detail from direct water satu-
ration and susceptibility artifacts from the skull
base limited visualization of normal structures
at frequency offsets below 300 Hz. As the fre-
quency offset was decreased and suppression
was increased, spin-density-weighted images
began to show tissue contrast characteristics
similar to standard T2-weighted images (Fig
6A-C). Likewise, when a saturation pulse was
applied to T2-weighted pulse sequences, im-
ages appeared progressively more T2-weighted
as the frequency offset was reduced (Fig 6D-F).

Increasing the TE: Simulation of a T2-Sensitive
Saturation Mechanism

Reducing the frequency offset of the satura-
tion pulse applied to spin-density-weighted im-
ages produced increased T2-weighted contrast
(Fig 6); an effect similar to increasing the TE of
long TR pulse sequences. Figure 7A shows that
with a constant, long TR (3000), increasing the
TE can yield similar suppression and contrast
between gray matter, white matter, and cere-
brospinal fluid as did the near-resonance satu-
ration pulse technique. However, there are sub-
tle differences in image contrast particularly in
iron-containing structures (Fig 7B) when these
two techniques are compared, suggesting that
saturation mechanisms in some tissues are not
simply equivalent to T2-weighting.

Lesions: T1-Weighted, Spin-Density-Weighted,
and T2-Weighted Images

As seen in normal brain tissues, off-reso-
nance saturation pulses applied to T1-weighted
images in patients with pathologic conditions
resulted in tissue contrast similar to that seen on
T2-weighted images (Fig 8). In other words,
there was a relative lack of suppression of tis-
sues known to have long T2 relaxation times.
This was demonstrated in patients with a num-
ber of pathologic conditions, including metas-
tases, primary neoplasm with vasogenic
edema, acute stroke, and demyelination. The
end result was that lesions, poorly delineated on
T1-weighted images and hyperintense on T2-
weighted images, had slightly increased signal
on near-resonance saturated T1-weighted im-
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ages relative to adjacent brain structures. Near-
resonance saturation of spin-density-weighted
and T2-weighted sequences resulted in similar
differential suppression of tissues with different
T2 relaxation times. However, increased lesion
conspicuity was seen most often on the spin-
density-weighted images and was generally not
present on T2-weighted images; this effect is
most likely related to the specific T2 relaxation
times of the various pathologic disorders stud-
ied (gliosis, stroke, neoplasm), specific se-
quence timing parameters, and reduced signal-
to-noise ratios on the saturated images (Fig 9).
As might be expected from the relative lack
of suppression of contrast solution (Fig 2B), an
off-resonance saturation pulse applied to T1-
weighted sequences with enhancing lesions re-
sulted in increased lesion conspicuity in most
cases as the frequency offset was decreased
(Fig 10). This effect results from the differential
suppression between contrast material and nor-
mal brain structures and was seen in patients
with a variety of pathologic conditions, includ-
ing meningeal neoplasm, venous angioma, me-
tastases, primary neoplasm, and stroke.
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Fig 6. MR images of the brain at the
level of the basal ganglia. Spin-density-
weighted images (3000/30) (top row) and
T2-weighted images (3000/90) (bottom
row) obtained after an off-resonance sat-
uration pulse applied at 20 000 Hz (a and
d), 1200 Hz (b and e), and 300 Hz (c and
f) frequency offset from water resonance.
On both the spin-density-weighted and the
T2-weighted images there is progressive
suppression and T2 contrast of tissues as
the frequency offset is reduced. Note the
progressive loss of gray-white differentia-
tion, presumably related to T2 weighting
from the off-resonance saturation pulse.
All window settings are constant.

Discussion

Recently, there has been considerable inter-
est in applying off-resonance radiation to rou-
tine MR imaging sequences in order to alter
image contrast. To accomplish this, a prepara-
tory pulse of low amplitude and short duration is
applied at a specific frequency offset down field
from water resonance before a conventional im-
aging sequence is performed. Although stan-
dard off-resonance pulse sequences are now
available commercially, the optimal pulse pa-
rameters for given pathologic conditions have
not been fully explored. Tissue contrast ob-
served empirically with these methods has been
attributed to MT, a phenomenon by which MR
signal from free protons is modulated by selec-
tive saturation of restricted protons associated
with macromolecules (1, 14-16). However,
there are “direct” saturation effects that occur in
the lower range of frequency offsets currently
used clinically (<2000 Hz) and that clearly do
not depend on the macromolecular pool (1, 15,
16, 19-22). Although these effects are consid-
ered contaminants in pure laboratory MT exper-



Fig 7. Increasing the TE on long-TR
(3000) sequences simulates near-reso-
nance saturation effect on images at the
level of the basal ganglia.

A, Top row: Spin-density-weighted im-
age (3000/30) (a), spin-density-weighted
image (3000/30) with near-resonance satu-
ration pulse (300 Hz) (b), and long-TR im-
age (3000/75) without saturation pulse ap-
plied (c).

Bottom row: T2-weighted image (3000/
90) (d), T2-weighted image with near-reso-
nance saturation pulse (300 Hz) (e), and
long-TR image (3000/135) without satura-
tion pulse applied (f). Near-resonance satu-
ration pulse applied to spin-density-
weighted and T2-weighted images at 300 Hz
frequency offset results in tissue suppres-
sion and tissue contrast characteristics sim-
ulated by lengthening the TE to 75 and 135,
respectively, in the absence of off-reso-
nance radiation. All window settings are
constant.

B, Top row: Spin-density-weighted im-
age (3000/30) (g), spin-density-weighted
image (3000/30) with near-resonance satu-
ration pulse (300 Hz) (h), and long-TR im-
age (3000/75) without saturation pulse ap-
plied (i). Bottom row: T2-weighted image
(3000/90) (j), T2-weighted image (3000/
90) with near-resonance saturation pulse
(300 Hz) (k), and long-TR image (3000/
135) without saturation pulse applied (l).
There are subtle differences in tissue con-
trast characteristics within iron-containing
structures between these sequences. Note
that the globus pallidus shows less signal on
the image obtained without the saturation
pulse but with a TE of 75 (i) compared with
routine spin-density-weighted image (TE,
30) after near-resonance pulse has been ap-
plied (h). All window settings are constant.
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A B Cc

Fig 8. A 56-year-old man with diffuse radiation changes of the cerebral white matter and corpus callosum.

A, T1-weighted image. Note that when a near-resonance saturation pulse is applied at 300 Hz (B), there is a relative lack of
suppression of the diseased white matter and corpus callosum compared with normal brain tissue. The net result is increased signal of
the diseased tissue relative to normal brain, giving T2 tissue characteristics similar to that seen on the T2-weighted image (C). Window

settings are constant for T1-weighted images.

Fig 9. A 35-year-old woman with an
acute cerebellar infarct.

Spin-density-weighted images (a and
b) and T2-weighted images (c and d). In-
creased visual conspicuity between the in-
farct and normal brain on spin-density-
weighted image after application of
saturation pulse at 300 Hz offset (b) coin-
cides with an increase in the contrast/noise
ratio from 22.8 to 26.0. This effect is not
evident on the T2-weighted sequence after
application of saturation pulse at 300 Hz
(d), since a loss of signal-to-noise ratio
results in a decreased contrast/noise ratio
from 74.0 to 68.9. All window settings are
constant.
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Fig 10. A 63-year-old man with meta-
static melanoma.

T1-weighted image (a) shows metastatic
lesion before chemotherapy. T2-weighted (b)
and contrast-enhanced T1-weighted
(c) images obtained 8 months after treatment
show no detectable lesion. When an off-reso-
nance saturation pulse is applied to
a postcontrast T1-weighted sequence at
frequency offsets of 1200 Hz (d), 600 Hz (e),
and 300 Hz (f), a residual right temporal
lobe lesion becomes visible. Maximum con-
trast between the enhancing lesion and
normal brain is at frequency offset of 300 Hz
(f) down field from water. Window set-
tings are constant for c through f.

iments, our MnCl,, results suggest that they also
contribute to tissue contrast with pulse param-
eters currently used in practice on clinical scan-
ners. Furthermore, these same non-MT effects
have the potential to improve detection of
pathologic lesions within the central nervous
system significantly.

To understand fully the importance of the
observations regarding MnCl,, one should con-
sider the relaxation properties of aqueous solu-
tions containing paramagnetic ions that are ex-
plainable in terms of the theory developed by
Solomon (23) and later modified by Bloember-
gen and Morgan (24). Such analysis shows that
change in solution relaxation rates (1/T1 and
1/T2) due to a paramagnetic ion (such as ga-
dolinium) is proportional to the concentration of
that ion and its specific relaxivity (X1g4 or
X2¢4). For Gd*2 (and most other metallic aquo-
ions), X1 and X2 are approximately equal. Con-
sequently, the ratio T1/T2 is approximately
unity for aqueous solutions of most paramag-
netic agents in low concentrations (25). The
aqueous Mn™"? ion, on the other hand, has long
been known to have aberrant relaxation behav-
ior, particularly in the 10 MHz to 100 MHz range
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(26, 27). For Mn"2, the ratio X2/X1 is signifi-
cantly greater than unity, ranging from 2.6 (at 6
MHz) to 7.5 (at 50 MHz). The physical basis of
this behavior is complex, but relates to the fact
that in this range of MR imaging frequencies, a
powerful spin-exchange interaction exists be-
tween electron spins in Mn* 2 and nuclear spins
in water protons in the first coordination sphere
(25).

At 64 MHz, the disparate T1/T2 behavior be-
tween simple solutions of MnCl, and gado-
pentetate dimeglumine becomes apparent (see
Table). In low concentrations, contrast solutions
exhibit T1/T2 values close to unity, similar to
ratios of pure liquids. Because of short T2 re-
laxation times, MnCl, solutions have T1/T2
much greater than 1.0, similar to values re-
corded for solid tissues, such as brain. The be-
havior of MnCl, in our saturation experiments
cannot be due to MT interactions with macro-
molecules, because no macromolecules are
present. The saturation effects we see at low
frequency offsets must therefore have another
explanation, presumably based on relative dif-
ferences in the T1 and T2 relaxation times of the
various substances (20) (see Table). A recent
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investigation into the behavior of these simple
solutions in the presence of near-resonance ir-
radiation found that magnetic relaxation could
be described by using Bloch’s equations trans-
formed to an alternative, spin-lock coordinate
system (28) (see Appendix).

In spin-lock imaging, tissue contrast is al-
tered by exploiting an effective relaxation time
known as T1,, in a rotating frame of reference
(21, 29-31). Traditional methods have used
high-amplitude continuous wave radio fre-
quency pulses that are limited by specific ab-
sorption rate considerations in higher field
strength units. More recently, off-resonance
spin-lock imaging techniques have been devel-
oped that use pulses of low amplitude that can
affect tissue contrast in high-field systems with-
out losing the benefits of an adequate signal-to-
noise ratio (21, 30, 31). The degree of satura-
tion achieved with these techniques in phantom
materials, such as agar, is highly sensitive to the
frequency offset of the radio frequency pulse.
With frequency offsets far removed from water
resonance, T1, will approach T1 relaxation
time. However, as the frequency offset is
brought closer to water resonance, the magne-
tization relaxes more rapidly toward a new,
smaller equilibrium, M (EQ). This new equilib-
rium can range from 100% of the M, when no
spin-lock effect is present (offset far removed
from water resonance) to 0% of M, when the
saturation pulse is on resonance. Several inves-
tigators have used spin-lock techniques to sup-
press tissues selectively and improve contrast
between normal structures and abnormal le-
sions, including in vitro and in vivo breast le-
sions (30, 31) and tumors in mice that contain
paramagnetic substances (32). However, the
spin-lock sequences used for these applications
are not practical for clinical neuroimaging.

Clearly, research is necessary to determine
the potential interplay between MT and spin-
locking at the lower range of frequency offsets
used in clinical imaging, and to determine spe-
cific macromolecule binding characteristics
that may account for each phenomenon. How-
ever, our MnCl, results do suggest that non-MT
effects, presumably spin-lock excitation, ac-
count for a significant proportion of the satura-
tion observed in clinical imaging at frequency
offsets below 2000 Hz from water resonance. In
our experiments, suppression of normal white
matter was dramatically increased from ap-
proximately 20% to approximately 45% as the

OFF-RESONANCE SATURATION PULSE IMAGING 815

off-resonance pulse was decreased from 2000
Hz to 300 Hz. Offsets below 300 Hz resulted in
saturation of free water protons, most likely due
to spin-tip effects (28) and, consequently,
caused marked reduction of image quality.
Note, however, that the magnitude of a spin-
lock effect and the specific frequency offset at
which it begins to contribute to image contrast
depend on pulse amplitude and design. The
larger the pulse amplitude, the farther away
from water resonance spin-locking will occur. In
addition, the pulse design must be adiabatic in
nature with a gradual rise/fall time in order to
achieve spin-locking and to avoid direct spin-tip
effects.

Analysis of simple solutions suggests that
signal saturation due to near-resonance spin-
locking is greatest in materials with a short T1
relaxation time and a relatively large T1/T2 ra-
tio (28). Our in vitro and in vivo data support the
idea that a relatively large T1/T2 ratio is neces-
sary for semisolid and liquid materials (agar,
MnCl,, corn oil) and tissue (brain, fat) to be
susceptible to spin-lock excitation, whereas
those substances with T1/T2 ratios closer to
unity (contrast material) or those with very long
T1 relaxation times (cerebrospinal fluid, water)
are relatively unaffected (see Appendix). Like-
wise, pathologic lesions showing a proportion-
ally greater increase in T2 compared with T1
relative to normal brain (ie, tumor, edema, de-
myelination) should be less saturated, causing
relative T2 weighting of T1-weighted images.
This was a consistent finding in our study,
wherein lesions that were poorly seen on T1-
weighted images but hyperintense on T2-
weighted images showed relative T2 contrast
when near-resonance radiation was applied.

To appreciate the effects of spin-lock excita-
tion and MT on tissue contrast, one must have
an understanding of mechanisms at the molec-
ular level responsible for T1 and T2 relaxation
times. Specifically, the T1 and T2 of a particular
tissue is dependent on the interaction of water
with hydrophilic macromolecules in that tissue
(1, 33, 34). The extremely short T2 of these
macromolecules (ie, microseconds) does not
allow them to be visible on routine clinical im-
ages. Nevertheless, they exert an effect on tis-
sue contrast by restricting proton movement
and decreasing relaxation times (T2 proportion-
ally more than T1) of the visible water mole-
cules. Consequently, these interactions are re-
sponsible for both the transfer of energy from
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Fig 11. Simplified model of the effects of tissue macromole-
cules in the presence of near-resonance radiation, showing that
water molecules in the hydration layer of macromolecules are
susceptible to both MT and spin-lock (SL) excitation.

macromolecule to water molecule in MT and for
shortening T2 relative to T1, causing tissues to
be susceptible to spin-lock (21, 28, 31, 34).
While macromolecules clearly influence the
spin-lock effect in tissues, the presence of mac-
romolecules is not obligatory for it to occur
(28). In other words, water molecules in the
hydration layer of macromolecules are suscep-
tible to both spin-locking and MT (Fig 11), but
these phenomena act by distinctly different
mechanisms and at different frequency offsets.
One can expect both mechanisms to affect sus-
ceptible tissues maximally with a relatively
short T2 relaxation time (and long correlation
time) arising from macromolecule-water inter-
actions, thereby producing qualitatively T2-
weighted contrast (14, 21, 30, 31, 35-38).
The tissue contrast observed in our investiga-
tion has significant clinical import in the evalu-
ation of pathologic lesions within the brain. On
off-resonance saturated T1-weighted images,
parenchymal lesions with long T2 relaxation
times (ie, edema, tumor, demyelination, stroke)
will be slightly hyperintense relative to adjacent
brain, and if contrast material has been admin-
istered, this hyperintense signal could be con-
fused with subtle enhancement when in fact no
enhancement is present. Additionally, one can
expect to see greater suppression of normal
tissue relative to adjacent lesions with long T2
relaxation times on spin-density-weighted and
T2-weighted images. Conspicuity of brain
structures and lesions on these long-TR se-
quences, however, depends on the specific T2
of the tissue being imaged and on the relative
loss of signal-to-noise ratio from the saturation
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pulse. In essence, for brain tissue, the net qual-
itative effect of introducing spin-locking by de-
creasing the saturation pulse frequency offset
toward water resonance is to add T2 weighting
to whichever sequence is being used. However,
further research is necessary to determine how
spin-lock contrast may differ quantitatively
from T2-weighted contrast at field strengths
used in clinical neuroimaging.

One of the most interesting and useful find-
ings of our investigation is the differential sup-
pression of contrast material relative to normal
brain structures as the off-resonance saturation
pulse is brought closer to water resonance. With
this in mind, one can expect a significant im-
provement in the visibility of enhancing lesions
relative to normal adjacent brain as the fre-
quency offset is decreased to approximately
300 Hz. Clearly, more research is needed to
determine the optimal parameters for detecting
subtle enhancing lesions within the brain. How-
ever, our experiments in evaluating gado-
pentetate dimeglumine in solution and our ob-
servations of several patients with enhancing
brain lesions do suggest that use of near-reso-
nance spin-lock contrast can significantly im-
prove lesion detection over standard T1-
weighted images and also over commercially
available MT saturation sequences that use
larger frequency offsets.

Summary

Near-resonance saturation pulses most likely
produce both spin-lock excitation and MT ef-
fects at the frequency offsets currently used in
clinical imaging. Our data regarding offsets be-
tween 300 Hz and 2000 Hz are better explained
by spin-locking as a determinant of image con-
trast than by MT alone. In this lower range of
frequency offsets, only tissues with a short or
intermediate T1 and a relatively large T1/T2
ratio are susceptible to spin-locking. Above this
range, MT effects are probably more important
than spin-locking effects in generating image
contrast. Precise contributions or possible inter-
actions of these two distinct mechanisms for a
given set of pulse parameters are unknown and
have yet to be examined on clinical scanners.
Below 300 Hz, direct spin-tip excitation causes
significant deterioration of image quality, negat-
ing the effects of spin-lock and MT.

By appreciating the spin-lock contribution to
off-resonance saturation imaging, it is possible
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to predict, in qualitative terms, what effect the
technique will have on tissue appearance,
which has important diagnostic implications.
One can expect that a near-resonance satura-
tion pulse applied to a T1-weighted sequence
will add T2 weighting to the image and result in
tissue contrast similar to that seen on a spin-
density-weighted or T2-weighted image. Like-
wise, near-resonance radiation applied to a
spin-density-weighted image will produce tis-
sue contrast similar to that of a T2-weighted
image. In addition, the differential suppression
of contrast material relative to the brain paren-
chyma achieved by near-resonance spin-lock-
ing should yield considerably improved detec-
tion of enhancing lesions compared with
standard T1-weighted images and commer-
cially available MT sequences. With the pulse
parameters used in this study, a frequency off-
set of 300 Hz down field from water resonance is
optimal to achieve maximal differential sup-
pression between brain and enhancing lesions,
without significant loss of anatomic detail. How-
ever, when near-resonance saturation is used
on T1-weighted images, the resulting hyperin-
tensity of lesions with long T2 relaxation times
could be mistaken for subtle enhancement if the
postcontrast images are not compared with the
precontrast images.

Fig Al. The effective fields in the rotating frame for off-reso-
nance B;.
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Fig A2. Spin-lock (M,) and spin-tip (MXy)) components of M
for off-resonance excitation at 45°.

Appendix

In an MR imaging experiment, a radio frequency (RF)
field, B,, oscillating at a frequency .., is applied perpen-
dicularly to the main magnetic field, B,, which is oriented
in the z direction. In the laboratory frame of reference, the
RF field rotates about the By, field at rate w,.. Analysis is
greatly simplified by viewing the experiment in a frame of
reference rotating at the same rate as the RF field. Such a
transformation to rotating-frame coordinates is equivalent
to subtracting w,. from the Larmor frequency, wy, = yB,,
resulting in a z-directed field of A/y = (wg — w,.)/7y. The net
effective field, B, is then the vector sum of A/y and B,
oriented at an angle of ® = arctan[(A/y)/B;]. Figure Al
illustrates the rotating frame fields.

In the usual MR imaging experiment, A is zero; that is,
the RF field is tuned to exactly match the Larmor fre-
quency. The net effective field, about which the magneti-
zation precesses perpendicularly, is simply B;. Selection
of a given B, amplitude and duration generates a desired
flip angle as pure spin-tip in the x-z plane. The flip angle
determines the amount of magnetization left in the x-y
plane that then undergoes ordinary T1 and T2 relaxation
until imaged.

In this study, we applied off-resonance excitation,
where A is nonzero. If B, is off-resonance and is turned on
slowly relative to the Larmor frequency—that is, d®/dt <<
wo—then the magnetization remains locked along the di-
rection of B¢ Such a mode of excitation is referred to as
spin-lock excitation. Typically, an admixture of spin-tip
and spin-lock excitation results, which precesses about
B.g in a cone. Figure A2 illustrates the resultant magneti-
zation components for a spin-lock angle of 45°, where
B, = A/y. (A B; of 10 uT corresponds to a A of 425 Hz.)
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Fig A3. The degree of signal suppression in off-resonance

spin-lock imaging is proportional to 1/T1,. T1 and T2 for four

different materials are used to calculate 1/T1, for an off-reso-

nance angle of 45°. The materials are water (T1 > 2000; T2,

1400), 0.5 mM gadopentetate dimeglumine (393/343, T1/T2),
white matter (700/74), and 1 mM MnCl, (144/14).

In a process analogous to ordinary T1 and T2 relax-
ation, Mp will tend to relax toward an equilibrium value, denoted
M,(EQ), with time constant T1,, and Mxv will decay toward zero
with time constant T2,. If spin-tip is avoided by appropriately
shaping B, to limit d®/dt, Bloch’s equations reduce to a single
simple spin-lock equation

d 1
Al) aMp(t) = - T_I,J[M’J(t) - M,(EQ)]
where
1 1 1
A2) — = — sin’® + — cos °®
Ti, Tl T2
1 Tl
= — (sin®® + — cos’D)
Tl 2
and
T1,
A3) Mp (EQ) = E MO sin .

As A is lowered, Equation A2 shows that T1, will ap-
proach T2, since ® is decreasing. Also note from Equation
A3 that M (EQ) is lowest for large values of T1/T1, and
decreases as A is decreased. Near-resonance spin-lock
contrast will therefore appear somewhat T2 weighted with
greater suppression for materials with large T1/T2 ratios.

At the end of the pulse, M, will return to z-axis align-
ment, with its magnitude determined by the amount of T1,
relaxation during the pulse as determined by T1, T2, and
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A. 1t is this magnetization that is then imaged with a stan-
dard spin-echo or gradient-echo pulse sequence. Any re-
sidual M,, magnetization left in the x-y plane after the
off-resonance pulse is typically spoiled by a large x or y
gradient immediately after the pulse.

A plot of 1/T1, for various T1 and T2 provides a useful
qualitative understanding of spin-lock contrast. Figure A3
presents such a plot for T1 of 0 to 2000 milliseconds and
a T1/T2 ratio of 0 to 10.
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