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Field-Cycling Relaxometry:
Medical Applications!

Relaxometry between 10 kHz and
200 MHz (0.2 mT and 4.7 T) with a
field-cycling device and a high-
field-strength magnetic resonance
(MR) unit permitted the determina-
tion of longitudinal relaxation rates
of tissues and chemical compounds
at numerous field strengths. The re-
sulting nuclear magnetic relaxation
dispersion profiles allowed the pre-
diction of tissue contrast and effica-
cy of contrast agents at any field
strength. Pure T1 contrast of normal
brain tissue and pathologic lesions
(multiple sclerosis, astrocytoma) in-
creased from low field strengths to a
maximum between 10 and 20 MHz
and decreased afterward. Quadripo-
lar dips reflecting the interaction
between water and nitrogen atoms
of the protein backbone appeared at
2.15 and 2.8 MHz, reducing T1 and
opening the possibility of shorter
imaging times and better tissue dis-
crimination at these field strengths.
Furthermore, it was shown that zero
T1 contrast between normal and
pathologic tissue samples may exist
at certain field strengths. Gadolini-
um diethylenetriaminepentaacetic
acid and gadolinium tetraazacyclo-
dodecanetetraacetic acid provided
different contrast enhancement de-
pending on the field strength.

Index terms: Brain, MR studies, 10.1214 « Brain
neoplasms, MR studies, 10.363 « Magnetic reso-
nance (MR), contrast enhancement ¢ Magnetic
resonance (MR), contrast media e Sclerosis,
multiple, 10.871
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AS magnetic resonance (MR) imag-
ing and spectroscopy evolve as
routinely used modalities in medi-
cine, the use of MR relaxometry is in-
creasing in research and clinical ap-
plications.

Relaxometry is the study of the be-
havior of nuclear relaxation process-
es dependent on internal and/or ex-
ternal parameters, among which are
molecular and supramolecular struc-
tures, temperature, viscosity, pH, the
influence of paramagnetic and ferro-
magnetic agents, and, last but not
least, the magnetic field strength. For
the latter application, relaxometry re-
quires the use of a relaxometer,
which produces dispersion curves of
longitudinal relaxation rates (R1 =1/
T1) versus field strengths or frequen-
cies at different temperatures. Princi-
ples and methods of field-cycling re-
laxometry have been described in
detail (1,2), while to date biomedical
applications have been rather limited
(1-5).

It is well known that T1 in tissues
is strongly dependent on field
strength, while T2 is hardly influ-
enced by alterations in field strength.
Bottomley et al (4,6) and Escanye et al
(7) proposed the prediction of T1
changes by empirical mathematical
extrapolation between 1 and 100
MHz and 6 and 90 MHz, respective-
ly. There is, however, no simple or
absolute way to extrapolate further
the T1 values of a complex system
(like tissue) acquired at a certain field
strength. T1 is determined by means
of several factors, which depend on
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the tissue itself, and varies at differ-
ent field strengths.

Comparison of contrast behavior in
MR imaging at different field
strengths performed with different
MR imagers is very unsatisfactory be-
cause it is based on sporadic single
measurements that do not allow any
exact assessment or generalization.
Furthermore, these calculations are
complicated and time consuming.
Often values are given at a single
field strength or frequency, and even
for these measurements, no protocols
are established. Differences in gradi-
ent strength and pulse sequence can
change these results significantly. In
many instances, repetition of mea-
surements leads to irreproducible
data. We have commented on this
earlier (8,9), and a recent publication
concerning in vivo and in vitro T1
measurements of cerebrospinal fluid
illustrates this problem once more
(10). Thus, the approach to the con-
trast problem and imaging of patho-
logic conditions has been purely em-
piric (6,11-15). Deficiencies in
measurement techniques have been
due to the lack of a single reliable
method. For exact answers, measure-
ments of the same sample at different
field strengths and with exactly the
same variables are necessary. Field-
cycling relaxometry aims to solve
these problems.

Among our interests in MR relax-
ometry are tissue characterization
and optimization of inherent contrast
in MR imaging, as well as character-
ization of contrast agents, their de-
sign, and descriptions of their mech-
anisms of action. Two specific
questions needed answers: To what
extent, if any, is the inherent contrast
dependent on field strength? To
what extent, if any, is the behavior of
contrast agents dependent on field
strength?

An answer to the first question is
necessary to evaluate the best experi-
mental conditions (ie, pulse se-
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quences and pulse sequence values)
for MR imaging at any field strength.
In the long run, the aim is to collect
data from a large population of well-
defined normal and pathologic tissue
samples, which will be stored in a
data bank. An artificial intelligence
system will then be able to select op-
timal values for imaging any suspect-
ed condition at any field strength.

The answer to the second question
is essential for the proper design and
use of contrast agents in MR imaging
and spectroscopy. Their behavior
might depend on field strength in a
way that may lead to different indi-
cations according to the field
strength (16).

MATERIALS AND METHODS

Proton nuclear magnetic relaxation dis-
persion (NMRD) profiles representing
the relaxation rate 1/T1 versus the mag-
netic field strength were obtained with a
research relaxometer (IBM, Yorktown
Heights, New York). Measurements were
obtained between 10 kHz (0.0002 T) and
50 MHz (1.2 T) with a standard spin-echo
(SE) sequence (echo time [TE] = 6 msec)
within 30-60 minutes. Relaxation rate
profiles were obtained from six to 13
points. The T1 value at each frequency
was calculated from 23 field-cycling se-
quences with the value of Ty, the mea-
sure time, the only value that was
changed. Details of the system are given
by Koenig and Brown (1).

T1 measurements at 200 MHz (4.69 T)
were performed with inversion-recovery,
Fourier transform on an MSL 200/15 sys-
tem (Bruker Medizintechnik, Rheinstet-
ten, Federal Republic of Germany). T2
values of the samples were determined
with a Multispec system (Bruker Medi-
zintechnik) with a Carr-Purcell-Mei-
boom-Gill sequence with a TE always
shorter than 1 msec to minimize the ef-
fects of diffusion.

The sample size varied between ap-
proximately 50 and 500 mm?3. For proton
density determination, the samples were
weighed before the MR relaxometry ex-
aminations. After the experiments, they
were dried in an oven for at least 7 days
at 70°C and weighed again to estimate
their water content.

Before the experiments, the best stor-

" age conditions had been determined, and
a protocol was set up. Details on the pro-
tocol are available in a preliminary report
(17). The final protocol will be published
soon (18). In accordance with this proto-
col, relaxation times were examined of
animal tissue and human brain samples
of different locations either shortly after
death or were flash frozen on dry ice,
kept at —=70°C, and defrosted shortly be-
fore the examinations. All examinations
were performed at 37°C.

To our knowledge, flash freezing is a
new efficient method for the preparation
of samples that cannot be examined im-
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Figure 1. Graphs of the longitudinal relaxation times (T1) of white (a) and gray matter (b)

of an adult brain.

mediately. Flash frozen rat brain samples
showed no significant changes in disper-
sion profiles compared with fresh sam-
ples. However, flash freezing of muscle
tissue leads to characteristic slight
changes (<10% change in dispersion
rate), and with liver tissue there are great
changes (>30% change in dispersion
rates).

For the animal experiments, female
Sprague-Dawley rats with an average
weight of 250 g were used. Normal hu-
man tissue samples were obtained from
two patients who had died of other than
neurologic causes and who had no neuro-
logic symptoms (man, 65 years old, acci-
dent victim; man, 60 years old, bronchial
carcinoma). Five pairs of gray and white
matter samples (frontal, parietal, tempo-
ral, occipital, cerebellar) from each pa-
tient were examined. In addition, be-
tween one and three samples per patient
of the following regions were examined:
thalamus and corpus callosum at different
locations, putamen, claustrum, caudate
nucleus, red nucleus, dentate nucleus,
and pons. Pathologic samples included
one large surgical specimen of a grade IV
astrocytoma (man, 45 years old, right tem-
poral tumor) and several small samples
from a patient with proved multiple scle-
rosis (woman, 66 years old, multiple
plaques).

Pure T1 contrast was calculated off-line
with the following equation:

(T1, = T1,)/(T1, + T1y), 1)

where T1, and T1, represent the spin-lat-
tice relaxation times of the two different
tissues (19).

The theoretic contrast of SE sequences
was calculated with Equation (1) in which
T1 was replaced by I, the individual pixel
or voxel intensity. [ was calculated with
the following equation:

I=i AN XEX(1 =exp ')
X exp-—TE/TZ, (2)

where A is a factor dependent on field
strength representing the influence of
the static magnetic field (Bo) on the sig-
nal-to-noise ratio (S/N), p is the water
content of the brain, and K is a constant
representing the contributions of flow
and diffusion. K was considered as 1
and did not take into account any pulse

imperfections.

For fast low-angle shot (FLASH) se-
quences, the following equation was
used:

I=[AXpXKXsind X (1 — exp” TR/
X exp‘TE/TZ]/ [1 — cosy X exp'TR/Tl],
3)

where A is a factor dependent on field
strength representing the influence of
the static magnetic field By on the S/N, ¢
is the flip angle, p is the water content of
the brain, and K is a constant represent-
ing the contributions of flow and diffu-
sion (K = 1; modified after [20]). Again, to
calculate the theoretic contrast, the result-
ing I replaces the respective T1 term in
Equation (1).

RESULTS

Figure 1 depicts the relaxation
times, T1, of white and gray matter of
an adult. Both white and gray matter
of different locations can be distin-
guished by means of different relax-
ation times due to the variable tissue
composition.

The pure T1 contrast of gray and
white matter in the brain has been
calculated in Figure 2. In Figure 2a,
additional results obtained at 200
MHz have been added. For clarifica-
tion, only average values of temporal
brain samples are shown in this fig-
ure. Cerebellar, frontal, parietal, and
occipital samples had similar values
and behavior. One of the most inter-
esting observations was the increase
of T1 contrast from low field strength
to a peak at medium field strength,
and a sharp decline afterward. This is
also evident in Figure 2b and 2c: The
pure T1 contrast between substantia
nigra and neighboring white matter
and dentate nucleus and neighboring
cerebellar white matter climbs to a
peak between 10 and 20 MHz and
drops sharply afterward.

Similar results were observed in
pathologic samples. Figure 3a shows
the dispersion curves of a grade IV
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Figure 2. Graphs of pure T1 contrast (C) of gray and white matter of a human brain. (a) Graph shows additional results of the same sample
obtained at 200 MHz added to data recorded with the field-cycling relaxometer. Pure T1 contrast increases from low field strength to a peak
at medium field strength and declines sharply afterward. (b, ¢) Graphs depict the pure T1 contrast between substantia nigra and neighbor-

ing white matter (b) and dentate nucleus and neighboring cerebellar white matter (c) that again climbs to a peak between 10 and 20 MHz

and drops afterward.
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Figure 3. (a) Graph shows the dispersion curves of a grade IV astrocytoma compared with
gray (GM) and white matter (WM) dispersion curves. The curves of gray matter and astrocy-
toma take a more or less parallel course, while white matter possesses higher relaxation
times. (b) The pure T1 contrast curves between different parts of the astrocytoma versus
white matter again reveal the peak at medium field strength.
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Figure 4. Longitudinal relaxation times of
another sample of a grade IV astrocytoma
(Astro) and gray matter (GM). In this case,
the dispersion curves intersect in the low-
field-strength range. At the point of inter-
section, no contrast exists between the two
tissues. Note that at higher field strengths,
the pathologic sample has a shorter T1 than
that of gray matter.

astrocytoma compared with gray and
white matter dispersion curves. The
curves of gray matter and astrocyto-
ma take a more or less parallel
course, while white matter exhibits
higher relaxation times. The pure T1
contrast curves between different
parts of the astrocytoma versus white
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matter (Fig 3b) again reveal the peak
at medium field strength.

All but two pairs of data, that is,
those described in this article and nu-
merous others, showed this contrast
behavior. Contrast climbs to a maxi-
mum at approximately 20 MHz,
where it reaches a peak between 20%
and 30%. Earlier experiments with rat
brain displayed the same behavior.
The one exception was a contrast
comparison between substantia nigra
(the sample was inhomogeneous)
and white matter. This contrast curve
decays with field strength. The con-
trast between these two tissues, how-
ever, is irrelevant, because they are
not adjacent tissues.

The relative error (standard devi-
ation) of the T1 measurements (st;)
was less than 2%. For similar T1 val-
ues, the absolute error of contrast (s.)
can be calculated with the following
equation:

5. = G (2172 X T1),

for T1, = T1p and sty = 2%, s. is
+1.5%. Thus, the error bar would be
+1.5% for all samples and measure-
ment points.

4)

The second sample that did not
possess the same properties is depict-
ed in Figure 4. Here the dispersion
curves of another sample of a grade
IV astrocytoma and gray matter inter-
sect in the low-field-strength range.
At the point of intersection, no con-
trast exists between the two tissues.

The development of T1, however,
is not as monotonic and smooth as
shown with the previous measure-
ments. If the resolution of the NMRD
curve is increased, especially be-
tween 1.0 and 10.0 MHz, at least two
dips can be detected. Figure 5a gives
an example of T1 relaxation times of
a multiple sclerosis sample, in which
special attention was directed to the
frequency range between 1.0 and
10.0 MHz. At approximately 2.1 and
2.8 MHz (0.05 and 0.066 T), two dips
interrupt the otherwise steady in-
crease of T1. Figure 5b gives a similar
example for rat muscle in which the
protein content is higher than that in
average brain tissue.

The implications of relaxometric
measurements on the choice of the
most adequate pulse sequence for a
particular indication are shown in
Figures 6-9. Figure 6 shows the de-
pendence on field strength of con-
trast between gray and white matter
of several T1- and T2-weighted se-
quences. Compared with pure T1
contrast (curve A), the heavily T1-
weighted sequence B has a similar
contrast behavior, with a peak be-
tween 10 and 20 MHz. The less T1-
weighted sequence C reaches zero
contrast at medium field strengths;
afterward, contrast inverts and in-
creases again. The T2-weighted se-
quence D reveals a general decrease
of contrast with field strength.

Figures 7a and 8a illustrate the sig-
nal intensities of normal gray and
white matter and pathologic condi-
tions in T1-weighted SE sequences.
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At approximately 3.0 MHz, intensi-
ties of gray and white matter become
the same; that is, no contrast will be
visible on an image acquired at this
frequency in these conditions.

The well-known finding that mul-
tiple sclerosis plaques are not visible
with T1-weighted sequences at low
and medium field strengths (21) be-
comes understandable through Fig-
ure 7. Figure 7a depicts the signal in-
tensity of a T1-weighted sequence,
showing a long interval at low and
medium field strengths of poor or no
contrast between multiple sclerosis
plaques and white matter. Figure 7b
illustrates the behavior of T2-weight-
ed SE sequences with good contrast
between gray matter, white matter,
and multiple sclerosis plaques at low
and medium field strengths.

Figure 8 presents a similar example
for a high-grade astrocytoma, which,
from MR imaging, is known to be
difficult to see on T1-weighted im-
ages.

The signal intensity and contrast
behavior of normal and pathologic
brain tissue in fast imaging se-
quences is demonstrated in Figure 9.
The peaks of the signal intensity
curves move to lower flip angles
with increasing field strength, and
overall signal intensity decreases
with field strength. Figure 9c depicts
the contrast behavior between white
matter and high-grade astrocytoma
in FLASH sequences. It is obvious
from these calculations that the pro-
posed flip angle for brain imaging at
36° (22) only creates sufficient con-
trast between 1 and 10 MHz, whereas
at 20 MHz, 36° offers zero contrast.
At higher field strengths, contrast at
this pulse angle is less than 5% and
thus insufficient for the detection of
pathologic changes.

Table 1 summarizes the p and T2
values of the samples mentioned
above.

Although the influence of the
magnetic field on paramagnetic re-
laxation is well documented (23), its
effect is often neglected in the case of
. contrast media. Figure 10 shows the
pivotal importance of the magnetic
field. It depicts the dispersion curves
of proton relaxation times of aqueous
solutions of the two paramagnetic
compounds gadolinium-diethylene-
triaminepentaacetic acid (DTPA) and
gadolinium tetraazacyclododecanete-
traacetic acid (DOTA). It is obvious
that the relaxation times of Gd-
DOTA are shorter than those of Gd-
DTPA at low field strength but
slightly longer at high field strength.
The relaxivity shown in this figure
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Graphs show that if the number of data points is increased, especially between

1.0 and 10.0 MHz, at least two dips in the T1 curves can be detected. (a) Graph gives an ex-
ample of T1 relaxation times of a multiple sclerosis sample. At approximately 2.1 and 2.8
MHz (0.05 and 0.066 T), two dips interrupt the monotonic increase of T1. (b) Graph shows a

similar example for rat muscle.

Table 1
Average T2 and p Values
Standard
P T2  Deviation
Tissue (%) (msec) (msec)
White matter 2 89 12
Gray matter 82 105 1.6
Astrocytoma
grade IV 78 144 22
Multiple sclerosis
(chronic plaque) 84 140 2.1

(ie, the paramagnetic contribution of
1 mmol/L contrast agent to the relax-
ation rate of solvent protons) of Gd-
DOTA is significantly higher than
that of Gd-DTPA at low field
strengths (16).

DISCUSSION

Relaxometry will strongly influ-
ence the understanding of MR imag-
ing and spectroscopy. The implica-
tions of its results will alter future
experimental and commercial appli-
cations; in particular, the ability to
predict tissue contrast is of para-
mount importance for the efficiency
and efficacy of MR imaging.

The main factors influencing con-
trast in MR imaging are the relax-
ation times and, to a lesser extent,
proton density. T2 is essentially inde-
pendent of the magnetic field
strength (6,23). Therefore, pure T2
contrast can be expected to stay the
same at high and low field strengths.

T1 changes. However, the ratio be-
tween the NMRD profiles of normal
gray and white matter, several nuclei
of the brain, and all pathologic sam-
ples we examined varied with in-
creasing field strength. In many
cases, dispersion curves stay relative-
ly close together at low and high
field strengths and separate at medi-
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Figure 6. Graph shows dependence of
gray-white matter contrast on field strength
of several T1- and T2-weighted sequences.
Compared with pure T1 contrast (curve A),
the heavily T1-weighted sequence B (repeti-
tion time [TR]/TE = 200/30) possesses a sim-
ilar contrast behavior with a peak between
10 and 20 MHz. The less T1-weighted se-
quence C (800/30) reaches zero contrast at
medium field strengths; afterward contrast
turns negative and increases again. The T2-
weighted sequence D (2,000/120) reveals a
general decrease of contrast with field
strength.

um field strengths (Figs 1-3), which
leads to low or poor T1 contrast at
low and high field strengths and to
good contrast at medium field
strengths, with a peak between 10
and 25 MHz (approximately 0.2 and
0.6 T). This underlines the validity of
the findings by Escanye and collabo-
rators (25) of a fast-growing tumor in
mice (chemically induced rhabdo-
myosarcoma); they found the opti-
mum contrast to be within the fre-
quency range of 10-15 MHz.
Collections of relaxation data, such
as the reviews by Bottomley et al
(4,6), have shown a change of T1 re-
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Graphs illustrate the normal gray and white matter and pathologic signal intensi-

ty behavior (in arbitrary units) in T1-weighted SE sequences. At approximately 3.0 MHz, the
signal intensities of gray and white matter become the same, that is, no contrast will be visi-
ble on an image acquired at this frequency. Multiple sclerosis plaques are not visible with
T1-weighted sequences at high and medium field strengths. (a) Graph depicts the signal in-
tensity behavior of a T1-weighted sequence (500/20), showing a long interval at low and
medium field strengths of low or no contrast between multiple sclerosis plaques and white
matter. (b) Graph shows the behavior of T2-weighted SE sequences (2,000/120) with good
contrast between gray matter, white matter, and multiple sclerosis plaques at low and medi-
um field strengths. WM = white matter, MS = multiple sclerosis, GM = gray matter.
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Figure 8. Graphs show the dependence of signal intensity (in arbitrary units) on field
strength for a high-grade astrocytoma, which is known to be difficult to detect on T1-
weighted images. Data obtained with SE sequences of 500/20 (a) and 2,000/120 (b). WM =

white matter, GM = gray matter.

laxation of tissues with field
strength, but they cannot be com-
pared with data acquired from identi-
cal samples under identical experi-
mental conditions in a single MR
device. It is understood that there are
always errors associated with relax-
ation time measurements of tissues.
Any volume of normal and patholog-
ic tissue may contain different tissue
components that will contribute to
the MR signal. The advantages of our
relaxometric measurements are the

. selection of tissue that looks homoge-
neous and the ability to reject mixed
tissue samples. This is impossible in
MR imaging in which relaxation time
measurements are usually obtained
from only two or three images taken
at different time delays and are addi-
tionally hampered by partial volume
effects. A number of other factors de-
teriorate the quality of in vivo mea-
surements. Diffusion, perfusion, flow
within the partial volume, artifacts,
and interindividual variations in the
delineation of regions of interest add

Volume 168 Number 3

to the uncertainty of direct in vivo
measurements.

Because T1 relaxation time values
are absolute time values, noise has
not been considered in the pure T1
contrast determination (26-29). The-
ory and experimental data concern-
ing the S/N dependence versus mag-
netic field strength support the idea
of an optimal clinical imaging field
in the 0.2-0.6-T range. Hart and col-
laborators found a general trend for
the T1 contrast-to-noise ratio to in-
crease with field strength throughout
the range of field strengths used for
imaging (26). They stated, however,
that the data they presented were
very limited and did not necessarily
indicate how well a particular dis-
eased tissue will be discriminated rel-
ative to its host tissue in clinical im-
aging. They claimed that more data
were needed. It is clear that these ad-
ditional data could easily be collected
with our field-cycling system.

Hoult et al (27) underlined in a
1986 paper that the S/N immediately

following a 90° pulse increases lin-
early at low and medium field
strengths and flattens out at higher
field strengths, resulting in dimin-
ishing gains as the field strength is
increased. This limits their earlier
statement claiming a linear relation-
ship between the S/N and field
strength, which is only true for MR
spectroscopy (30). The dependencies
described in the 1979 paper (30) are
presumably inaccurate because the
resistivities of the various tissues
within the human body are decreas-
ing with increasing frequency.

With increasing field strength, less
and less molecular motion contrib-
utes to relaxation processes, and the
T1 relaxation time of tissues ap-
proaches that of pure water. Thus, for
T1, the higher the field strength, the
more the human body looks like a
water bottle. The water content of tis-
sues, however, is neither tissue nor
lesion specific but rather is changed
by multiple factors. At lower field
strengths, there is a stronger multi-
factorial dependence of T1 on total
water content, macro- and microscop-
ic water distribution, and interac-
tions between macromolecules and
water. Thus, theoretically it is more
difficult to create physiologically rel-
evant T1 contrast at high field
strengths than at low field strengths
(31). Our results proved that pure T1
contrast deteriorates at high field
strengths. On the other hand, they
show a decline of contrast at low and
ultralow field strengths. This dis-
agrees with earlier theories (20,31).

The question of optimal clinical
field strength is an area of much de-
bate and has important commercial
implications. Data obtained with
field-cycling relaxometry may not
adequately describe the clinical situa-
tion, but the findings concerning
contrast combined with the earlier
results by Hoult et al concerning sig-
nal strength and noise (27,30) under-
line the arguments supporting the
use of low and medium field
strengths for head and body imaging.
High field strengths may be ideal for
spectroscopy and head-only imaging.

The T1 of tissues does not show a
monotonic increase with field
strength but reveals at least two dips
(quadrupolar dips) around 2.1 and
2.8 MHz. Because the dips reflect in-
teractions between water protons
and nitrogen atoms of the protein
backbone of cells (5,32), they are
more marked in muscle tissue (in our
case, approximately 20%) but are seen
well in brain tissue (in our multiple
sclerosis sample, approximately 7.5%)
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Figure 9. Diagrams show signal intensity (in arbitrary units) and contrast behavior of white matter (a) and multiple sclerosis plaques

(b) with FLASH sequences. The peaks of the signal intensity curves move to lower flip angles with increasing field strength, and overall sig-
nal intensity decreases with field strength. (c) Diagram depicts the contrast (in percent) behavior between white matter and high-grade as-
trocytoma in FLASH sequences. All data were obtained at 500/20.

and may be exploited for ultralow-
field-strength imaging. This may al-
low better tissue discrimination. On
the other hand, the shorter T1 and
subsequent gain in S/N at these fre-
quencies allow a reduction of data ac-
quisition time and thus imaging
time.

Damadian in 1971 (33) and others
shortly afterward (14,34) found that
neoplastic tissue generally has an ele-
vated T1 (shorter 1/T1) compared
with normal tissue. This finding cre-
ated the philosophy of the possibility
of distinguishing between normal
and abnormal tissues with relaxation
time values. Relaxation rate profiles
reported here and profiles of human
breast cancer and normal human
breast tissue published earlier by
Koenig et al (35) prove that this hy-
pothesis is only partially true and
should not be generalized. At certain
field strengths, pathologic tissue may
have a lower T1 than normal tissue.
This observation holds for neoplastic
and nonneoplastic diseased states
and also influences contrast. MR im-
ages obtained before the crossing
point of the two signal intensity ver-
sus field strength curves will show a
positive contrast compared with a
negative contrast at higher field
strengths. There is no T1 contrast at
the field strength of the intersection.
This means that comparison of two
images taken at two different field
strengths may create difficulties in
the assessment of a disease (36).

This is even more marked with T1-
weighted sequences. Although it was
known from imaging experience that
certain pathologic conditions could
be seen at one field strength but not
at another (37,38), the origin and im-
plications of the phenomenon are
only visible with MR relaxometry. It
proves that even a complete reversal
of contrast from positive to negative
between low and high field strengths
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is possible. In T1-weighted se-
quences, this feature can be intensi-
fied by the influence of T2 and pro-
ton density. Even if the T1 of a
diseased tissue is higher than that of
normal tissue, it may be impossible to
highlight the lesion with T1-weight-
ed sequences at certain field
strengths. Multiple sclerosis and
high-grade astrocytomas are exam-
ples of this feature. At other field
strengths (in our cases, ultralow field
strengths), detection of the lesion is
possible. MR relaxometry helps in
choosing the most appropriate se-
quence for imaging.

The same holds true for fast imag-
ing sequences. Here, the contrast for
every indication has to be precalcu-
lated, to select the best pulse angle
(Fig 9). The claim that contrast media
should be used in any case with these
sequences results from the ignorance
of this problem, as was the case with
SE sequences some years ago (39). In
many cases, precalculation of con-
trast in multiple SE sequences allows
the differentiation of pathologic con-
ditions without contrast agents (8,9,
40,41).

Paramagnetic contrast agents cause
a relatively strong decrease in T1
and, to a lesser extent, in T2. Com-
monly used agents are transition
metals and lanthanides bound in
complexes with various polydentate
chelate ligands, such as Gd-DTPA
and Gd-DOTA (42). Similar consider-
ations as those mentioned are true
for these agents, too. They possess a
relaxivity that changes with the field
strength. Furthermore, it is some-
times underestimated and underap-
preciated that the efficiency of con-
trast agents is highly dependent on
the field strength (16,43,44). For in-
stance, Gd-DOTA becomes more effi-
cient as a contrast agent than Gd-
DTPA at field strengths lower than
0.2 T. Therefore, the use of Gd-DOTA

would give better results at low field
strengths than at high field
strengths. It remains true, however,
that both substances lose their effi-
ciency at field strengths higher than
0.2 T. This fact, combined with our
finding that T1 contrast decreases at
high field strengths, justifies that
more research in the design of field
strength independent of contrast
agents has to be done.

To summarize, this preliminary
work with the field-cycling relax-
ometer has proved that inherent pure
T1 contrast is strongly dependent on
field strength and reaches a peak at
medium field strengths. T1-weighted
contrast in some cases can disappear
at certain field strengths, and T2-
weighted contrast decreases with
field strength. The T1 of lesions is
not always higher than the T1 of nor-
mal tissue but might be lower. Final-
ly, the efficiency of paramagnetic
contrast agents dependent on field
strength must not be overlooked, to
achieve the best conditions for clini-
cal utilization of the method. ®
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