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Cranial Tissues: Appearance at
Gadolinium-enhanced and Nonenhanced MR
Imaging with Magnetization Transfer Contrast’

PURPOSE: To determine the relative
contrast of normal cranial tissues at
magnetization transfer (MT) spin-
echo magnetic resonance (MR) imag-
ing.

MATERIALS AND METHODS: MR
imaging at 1.5 T was performed with
conventional spin-echo techniques
without and with off-resonance MT
saturation pulses. The signal intensi-
ties of normal cranial tissues were
measured in 10 healthy volunteers on
spin-density— and T2-weighted im-
ages and in 10 patients on T1-
weighted images obtained before and
after administration of gadopentetate
dimeglumine.

RESULTS: MT saturation produced a
significant (P < .01) reduction in sig-
nal from all tissues except cerebrospi-
nal fluid and fat. Several gray matter
structures had higher signal intensity
than white matter on T1-weighted
MT images. After administration of
gadopentetate dimeglumine, imaging
with the MT sequence increased vi-
sualization of normally enhancing
structures.

CONCLUSION: MT saturation
pulses produce new patterns of tissue
contrast that differ substantially from
those seen on conventional spin-echo
images.

Index terms: Brain, MR, 10.121417 » Magnetic
resonance (MR), magnetization transfer contrast
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MAGNETIZATION transfer (MT) is a
relatively new magnetic reso-
nance (MR) imaging technique that
allows suppression of signal from tis-
sues in which macromolecular inter-
actions with water molecules contrib-
ute substantially to relaxation (1-3).
Although many variations of this
method are possible, the usual MT
technique consists of applying off-
resonance radio-frequency saturation
pulses selectively to saturate the pool
of macromolecular protons (4,5). MT
saturation of this macromolecular
pool then modulates the MR signal
from the nearby water molecules, pre-
sumably by means of dipolar cross-
coupling and chemical-exchange in-
teractions (6-8).

Findings in preliminary studies
have demonstrated that the MT tech-
nique may be useful in several cranial
imaging applications: for improving
the visualization of small vessels at
time-of-flight MR angiography (9-11);
for increasing tissue contrast in gradi-
ent-echo imaging (12); for demon-
strating the internal structure of the
eye (13); for assessing the integrity of
myelin (14-16); for detecting cerebral
infarction (17); and for delineating a
variety of intracranial mass lesions,
with and without gadolinium en-
hancement (4,18-22). As MT tech-
niques become more widely dissemi-
nated and used for general diagnostic
purposes, it becomes increasingly im-
portant to recognize and document
how these pulses alter the image con-
trast of normal intracranial tissues.

MATERIALS AND METHODS

MR imaging was performed on a 1.5-T
unit (Signa; GE Medical Systems, Milwau-
kee, Wis). An MT pulse was produced by
modifying the standard chemical-shift se-
lective saturation pulse available on this
system (Fig 1). The resultant MT satura-
tion pulse had a bandwidth of 220 Hz and
an envelope composed of a 16-msec, apo-
dized sinc function with two side lobes.

The frequency offset of this pulse was set
at 1,200 Hz downfield from the water reso-
nance. The pulse amplitude was maxi-
mized to produce a peak radio-frequency
field flux density (B;) of 7.3 uT. After each
MT pulse, gradient homospoiling was per-
formed by turning on the y-axis (phase-
encoding) gradient to maximum ampli-
tude for about 5 msec. (The purpose of
this spoiling pulse was to prevent possible
interference patterns with the next radio-
frequency pulse.) Allowing for gradient
ramp times, the interval between the end
of the MT pulse and the beginning of the
90° pulse was approximately 6 msec.

The MT pulse sequence was tested in 20
subjects: (a) 10 healthy volunteers (five
men and five women, aged 24-27 years)
who underwent noncontrast imaging only
and (b) 10 patients (three men and seven
women, aged 31-76 years) who under-
went gadolinium-enhanced imaging as
part of their work-up for suspected neuro-
logic disease. The conventional precon-
trast MR images of these 10 patients were
judged to be unequivocally normal by
three experienced neuroradiologists
(A.D.E, ]J.CK, V.P.M.). Patients were en-
rolled for the contrast material-enhanced
portion of the study so that volunteers
would not be exposed to any possible risk,
however small, of an adverse reaction to
gadolinium. Overall, therefore, our cohort
of 20 subjects comprised eight men and 12
women, aged 27-76 years (median, 38%;
years). Informed consent for the adminis-
tration of gadolinium and/or for the test-
ing of the MT sequences was obtained
from each subject. Approval was obtained
from our local institutional review board
and from GE Medical Systems to operate
the MR imager in an investigational mode.
Specific absorption rates were carefully
monitored in every case and remained
below limits mandated by the U.S. Food
and Drug Administration (average, 3.2
W/kg for the whole head and 8.0 W/kg
for any single gram of cranial tissue).

Spin-density- and T2-weighted spin-
echo imaging were performed with and
without MT pulses in the 10 volunteers,
with use of the following parameters:
plane of imaging, transaxial; repetition

Abbreviation: MT = magnetization transfer.
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Figure 1. Diagram of the pulse timing of
the MT spin-echo sequence. RF = radio fre-
quency.

time, 3,000 msec; echo times, 30 and 90
msec; field of view, 22 cm; imaging matrix,
192 x 256; 20 sections with thickness of 5
mm; intersection gap, 2 mm; and one sig-
nal averaged, with partial phase-conjugate
symmetry. The total imaging time for both
conventional spin-echo and MT-saturated
long repetition time sequences was 7 min-
utes 48 seconds. Receive and transmit at-
tenuator settings were maintained at con-
stant levels within each pair of comparable
pulse sequences for each subject.

In the 10 patients, T1-weighted images
were obtained both with and without MT
saturation pulses, with use of the follow-
ing parameters: plane of imaging, trans-
axial; repetition time, 600 msec; echo time,
15 msec; field of view, 22 cm; imaging ma-
trix, 256 x 192; 20 sections with thickness
of 5 mm; intersection gap, 2 mm; and one
signal averaged. To obtain 20 sections with
the MT pulse, two separate 10-section ac-
quisitions were performed, each with a
35% MT duty cycle (ie, the fraction of time
the MT pulse was activated during each
repetition time interval). The imaging time
for each conventional T1-weighted spin-
echo study was therefore 2 minutes 4 sec-
onds, whereas each MT-saturated study
required 4 minutes 7 seconds. Gadopen-
tetate dimeglumine (Magnevist; Berlex
Laboratories, Wayne, NJ) was adminis-
tered by slow intravenous infusion to each
patient at a dose of 0.1 mmol/kg. After a
delay of approximately 5 minutes, T1-
weighted images were obtained with and
without MT saturation; in five patients,
T1-weighted images with MT were ob-
tained first, and in the remaining five pa-
tients T1-weighted images without MT
saturation were obtained first.

The images with each paired sequence
were obtained with identical window and
level settings and were visually assessed
by the same three experienced neuroradi-
ologists in side-by-side, nonblinded com-
parisons. To minimize the biases inherent
in any such visually based evaluation, six
anatomic regions of interest were selected
for quantitative signal analysis: cerebrospi-
nal fluid, scalp fat, cerebral white matter,
caudate, and putamen (for the long repeti-
tion time images), with the addition of the
pituitary gland (for the T1-weighted im-
ages only). These measurements were all
obtained by a single investigator (J.C.K.),
who, with use of conventional imager
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Figure 2. MR images of 27-year-old femalt volunteer. (a) On spin-density-weighted image

obtained without MT, cerebrospinal fluid has relatively low signal intensity and fat has rela-
tively high signal intensity. (b) On spin-density-weighted image obtained with MT, both cere-
brospinal fluid and scalp fat have relatively higher signal intensity compared with brain. The
white matter (MT ratio = 28%) is also suppressed somewhat more than the deep gray matter
nuclei (MT ratios = 20%-23%). (c) On T2-weighted image obtained without MT, cerebrospinal
fluid has relatively high signal intensity and scalp fat has intermediate signal intensity. (d) On
T2-weighted image obtained with MT, the brain parenchyma has lower signal intensity, mak-
ing both cerebrospinal fluid and fat appear relatively brighter.

software, placed an oval cursor over each
designated region of interest and obtained
mean signal intensity measurements. The
size and location of this region-of-interest
cursor was not changed between each set
of paired acquisitions; visual assessment of
the images confirmed that no noticeable
patient motion or image misregistration
had occurred. For all quantitative determi-
nations of signal intensity, the median of
at least three independently obtained
measurements was used.

For each tissue and pulse sequence, an
MT ratio was calculated with the formula
MTR = (Sl, — SI,,)/ Sl,, where MTR is MT

ratio, Sl is the signal intensity of the tissue
before the MT pulse has been applied, and
Sl,, is the signal intensity after the MT
pulse has been applied. Calculation of the
MT ratio has been used by a number of
investigators (3,14,15,17) to quantify the
extent of saturation experienced by a
given tissue in an MT pulse sequence. The
MT ratio indicates the percentage of signal
loss that occurs during the irradiation of
the immobile pool of protons and, conse-
quently, is proportional to the pseudo-
first-order rate constant for saturation
transfer between two chemical species of
Forsén and Hoffman (6). In general, the
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MT Ratios for Cranial Structures on MR Images Obtained with Different Sequences

Sequence

Proton- Gadolinium-enhanced
Structure T2-weighted  density-weighted Tl-weighted T1-weighted
Cerebrospinal fluid 0.0=09 -1.0x10 -1.0= 2.0 00x23
Scalp fat 00=x12 90=07 1.0=08 00x1.0
White matter 27.0 £ 0.7 280 0.7 150 £ 08 160=1.1
Caudate 22006 230+09 7.0+%1 80+14
Putamen 200=+1.0 200=+10 B0 =08 80x10
Pituitary gland Not measured  Not measured 100 = 1.0 2014

Note.—All measurements are MT ratio in percentage + standard error. Larger MT ratios imply
greater suppression and, therefore, decreased signal intensity.

Figure 3. MR images of a 42-year-old female patient. (a) Precontrast T1-weighted image ob-
tained without MT shows the white matter with higher signal intensity than the gray matter.
(b) Precontrast T1-weighted image obtained with MT shows the putamen and caudate head
with higher signal intensity than the white matter. (c) Postcontrast T1-weighted image ob-
tained without MT shows enhancement of choroid plexus and internal cerebral veins in addi-
tion to the higher signal intensity of white matter compared with gray matter. (d) Postcontrast
T1-weighted image obtained with MT shows more conspicuous enhancement of choroid
plexus, internal cerebral veins, subependymal veins, and cortical vessels, and higher signal
intensity of the putamen and caudate head compared with white matter.

larger the MT ratio, the more suppressed
(with lower signal) the tissue will be. Sta-
tistical analysis was performed with two-
tailed t tests to compare MT ratios of pairs
of structures, and a one-way analysis of
variance with Bonferroni corrections was
used for multiple comparisons of MT ra-
tios.

RESULTS

The appearance of the brain on
spin-density— and T2-weighted im-
ages when MT pulses were used dif-
fered slightly from that expected on
conventional spin-echo images (Fig
2). Specifically, MT pulses reduced the

signal from brain by 20% or more but
had little effect on the signal from
scalp fat or cerebrospinal fluid (Table).
As a result of this differential suppres-
sion of signal, cerebrospinal fluid and
fat appeared relatively brighter than
brain on MT spin-echo images when
compared with conventional (ie, non-
MT) spin-echo images. Within the
brain itself, we could demonstrate no
visually apparent differences in the
usual appearance of intrinsic struc-
tures on long repetition time MT im-
ages. Specifically, no statistically sig-
nificant differences in suppression
were noted between white matter
and gray matter.

On T1-weighted images, however,
qualitative differences in tissue con-
trast were more dramatic between the
MT and conventional spin-echo im-
ages (Figs 3-5). As with the long rep-
etition time MT sequences, the MR
signals from all brain structures were
decreased compared with fat, which
therefore appeared to be abnormally
bright. Moreover, even though brain
signal was globally decreased, some
brain structures were suppressed
more than others. In particular, the
white matter had the largest MT ra-
tios and hence the greatest degree
of signal suppression. As a result,
certain brain components (gray mat-
ter of the central sulcus, putamen,
caudate, aqueduct, and substantia
nigra) were rendered significantly
brighter than white matter and be-
came conspicuous when MT pulses
were used.

After administration of gadopen-
tetate dimeglumine, several more dif-
ferences were noted between the con-
ventional and MT-saturated T1-
weighted images. Structures that
normally enhance with gadolinium
(eg, choroid plexus, dural sinuses, pi-
tuitary, pineal) were rendered even
more conspicuous than normal when
MT pulses were used. Multiple small
cortical veins, not seen to enhance
appreciably on the conventional T1-
weighted images, were well visual-
ized on the MT images. Quantitative
analysis of the MT ratios of pituitary
tissue revealed a statistically signifi-
cant reduction in MT saturation after
administration of contrast material
(P < .05).

No significant differences were
noted for the MT ratios of fat or cere-
brospinal fluid on T1- or T2-weighted
images. Both white matter and gray
matter structures demonstrated sig-
nificantly greater MT effect (greater
MT ratios) on T2-weighted images
than on T1-weighted images
(P < .01).



DISCUSSION

MT imaging is a relatively new
technique in which image contrast is
thought to be manipulated through
the selective saturation of a pool of
protons on proteins, cell membranes,
and other macromolecules that are in
close thermal contact with a sphere of
associated water molecules (1-3).
These macromolecular protons were
long considered to be invisible on
clinical MR images because of their
extremely short T2 values (which are
measured in microseconds rather
than in milliseconds) (23). Since the
MR line width is inversely propor-
tional to the T2 value, the macromo-
lecular pool has a broad spectral den-
sity and can thus theoretically be
stimulated over a wide range of radio
frequencies. According to current
theory, by selectively stimulating the
macromolecular reservoir, saturation
effects can be transferred to the asso-
ciated water pool, thereby affecting
the observed MR signal (7,8,24). Pre-
sumably this modulation of the water
signal takes place with dipolar cross-
coupling interactions and chemical
exchange processes (2). However,
much of the current MT theory re-
mains highly speculative; other
mechanisms (eg, water interactions
with paramagnetic free radicals on
protein surfaces, spin-lock relaxation
effects, or chemical exchange reac-
tions with a hot environment [the
McConnell effect {25}]) may also be
invoked to account for some of the
effect of saturation on contrast ob-
served in MT imaging.

Several methods of producing MT
saturation have been proposed, in-
cluding use of continuous-wave irra-
diation and pulse techniques (5). Be-
cause of considerations about specific
absorption rates, continuous-wave
methods are limited to use in low-
field-strength systems (2,26,27). Appli-
cation of the MT technique at high
field strengths has generally involved
use of pulse methods with which an
MT saturation pulse of relatively low
power is applied with a frequency
offset of between several hundred
and several thousand hertz from the
water resonance. This off-resonance
pulse is designed to have sulfficient
power to saturate protons in the im-
mobile pool but with a frequency
spectrum that will not directly stimu-
late protons in the free tissue water.

Use of the MT saturation pulse lim-
its the time available for multisection
acquisition and, hence, the number of
allowed sections for a given repetition
time. In addition, the number of sec-
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Figure 4. MR images of a 31-year-old female patient. Compared with (a) the T1-weighted
image obtained without MT, (b) the T1-weighted image obtained with MT demonstrates rela-
tive hyperintensity of gray matter adjacent to the central sulcus (arrows).

tions acquired may have to be further
reduced to avoid exceeding limita-
tions of specific absorption rates for
tissue energy deposition. The precise
penalty in multisection imaging de-
pends on the repetition time: At 600
msec, for example, the number of
available sections in our study was
reduced by 40%, necessitating two
separate acquisitions to cover the en-
tire brain axially.

Preliminary research by several
groups of investigators has demon-
strated the usefulness of MT imaging
in a variety of radiologic applications.
Outside the nervous system, MT tech-
niques have been used to image the
knee (28), heart (29), liver (30), and
breast (31). Many imaging applica-
tions for the central nervous system
have also been proposed, the most
important of which include suppres-
sion of background brain tissue at MR
angiography (9-11), detection of de-
myelinating and degenerative lesions
(14-16), and increased visibility of
gadolinium enhancement (18-22).
These applications of the MT tech-
nique encompass a wide range of im-
aging protocols; MT pulses will likely
prove useful in conjunction with T1-,
T2-, and spin-density-weighted imag-
ing. To interpret MT-enhanced im-
ages of the brain properly, therefore,
the radiologist must be aware of the
expected patterns of tissue contrast
likely to be encountered and how
these patterns differ from those seen
on conventional spin-echo images.
Herein lies our motivation and justifi-
cation for performing the present in-
vestigation.

Although the exact mechanisms

responsible for the generation of MT
contrast remain unclear, a few simple
concepts can reasonably explain
many of the signal changes we ob-
served in routine cranial imaging.
First, MT effects should be most no-
ticeable in tissues in which the inter-
action between water and macromol-
ecules are the principal determinant
of relaxation time. This is clearly the
case for skeletal muscle and brain, for
which several investigators (14,28,29)
have measured MT ratios between
30% and 80%. Conversely, fluids with
relatively low concentrations of mac-
romolecules (eg, cerebrospinal fluid
and blood) should experience little if
any suppression of signal when MT
pulses are applied. Our measure-
ments of MT ratios in these tissues
(Table) confirm this hypothesis.

The MT ratios we measured should
not be taken as absolute values but
rather as indexes of the relative sup-
pression of tissues for a given pulse
sequence and MT saturation method.
Other investigators, with use of dif-
ferent MT pulses and imaging proto-
cols, have reported different MT ra-
tios for cranial tissues (14,20,27,29).
Even in our own data, the MT ratios
for brain tissue were two to three
times larger for T2-weighted than for
T1-weighted images. The precise ex-
planation for this effect is unclear but
may be a result of the fact that T1
weighting usually counteracts the
contrast created with MT pulses. In
addition, the MT ratio may be in-
creased because of the increased
number of sections acquired (with
more nonselective MT pulses applied
per image) and because of the off-
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resonance effects of 180° refocusing
pulses used in the multiecho long
repetition time sequence. Since twice
as many refocusing pulses are used
on a double-echo sequence compared
with a single-echo sequence, one
would expect a greater MT effect on
the double-echo sequence. This MT
effect of multiple 180° pulses has been
documented in fast spin-echo imag-
ing (32). An increase in MT effects in
multisection (compared with single
section) MR imaging has also been
reported (33). The MT ratios we mea-
sured are proportional to and consis-
tent with ratios measured in other
studies and allow us to understand at
a quantitative level the contrast differ-
ences between tissues that we observe
visually.

The poor suppression of fat signal
with MT pulses has been noted in
several previous studies (11,27,29), in
which computed MT ratios have not
usually exceeded 5%. Adipose tissue
contains numerous large intracellular
deposits of lipid stored principally in
the form of medium- and long-chain
triglycerides. These triglycerides are
of moderate size and mobility and
hence have T2 relaxation times com-
parable to those of many other bio-
logic tissues. Stored lipids, therefore,
may not be considered to be macro-
molecules in the sense of being di-
rectly saturated with MT techniques.
Furthermore, because stored lipids
are hydrophobic and are loculated
into self-contained droplets within
adipose cells, stored fats have few di-
rect interactions with free water.

b

Figure 5. MR images of a 56-year-old female patient. Compared with (a) the T1-weighted image obtained without MT, (b) the T1-weighted
image obtained with MT shows that the substantia nigra (black arrows) and the periaqueductal gray matter (open arrow) are relatively hyper-
intense.

MT effects are also minimized
whenever high concentrations of a
paramagnetic substance are present
within tissue (2,18-22). Because con-
trast enhancement at MR imaging is
due to a direct water-gadolinium ion
interaction (34) (not to macromolecu-
lar cross relaxation), MT pulses will
preferentially suppress the signal
from background tissues and, hence,
render gadolinium-enhanced areas
more conspicuous. This use of MT
pulses has been exploited at low field
strength to increase the conspicuity of
a variety of contrast-enhancing le-
sions (18,19). That such a phenom-
enon occurs is confirmed by our mea-
surements of the pituitary gland and
by our nonquantitative assessment of
other structures such as veins, cho-
roid plexus, and other tissues that
normally enhance.

Within the brain parenchyma itself,
we have discovered that a variety of
structures are more conspicuous on
T1-weighted images when MT pulses
are used. The gray matter along the
central sulcus, the basal ganglia, and
substantia nigra are the most dramatic
examples of this phenomenon. Our
signal intensity measurements reveal
that the gross MR signals from these
structures are actually reduced by the
MT pulses. However, the signals from
these gray matter structures are less
reduced than are those arising from
the adjacent white matter; therefore,
the gray matter structures are ren-
dered more conspicuous on T1-
weighted MT images. The reason is
unknown for the differences in MT

ratio between white matter and gray
matter and between different gray
matter structures. The degree of my-
elination, iron deposition, and density
of neurons may all play a role. We are
now conducting research to deter-
mine how these effects vary with the
age of the patient and with the type
of MT pulse employed.

This pattern of relative prominence
of the central sulcus and of the nuclei
of deep gray matter must be recog-
nized as a normal finding in the inter-
pretation of T1-weighted MT images.
When MT pulses are used in conjunc-
tion with gadolinium enhancement,
the high signal from these gray matter
structures must not be misconstrued
as indicating a pathologic condition.

The prominence of the central sul-
cus is a curious and unexplained ob-
servation; one immediate practical
benefit of this phenomenon is that it
provides a method with which to de-
termine easily the exact location of
this sulcus on T1-weighted MT im-
ages. Potentially, this may prove help-
ful in at least three situations: (@) when
general radiologists are not familiar
enough with normal gyral anatomy to
locate this structure with traditional
means; (b) when coronal, oblique, or
low axial images are obtained (when
even expert neuroradiologists may
find it difficult to locate the sulcus);
and (c) whenever normal gyral land-
marks are distorted by tumors,
masses, or surgical change.

We conclude that in routine cranial
imaging, MT saturation pulses pro-
duce new patterns of tissue contrast
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that differ substantially from those
expected on conventional spin-echo
images. These patterns must be recog-
nized for proper interpretation of pre-
and postcontrast MR images that

have been obtained with MT
pulses. =
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