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High Magnetic Field Water and Metabolite Proton T, and
T, Relaxation in Rat Brain In Vivo

Robin A. de Graaf,” Peter B. Brown, Scott McIntyre, Terence W. Nixon, Kevin L. Behar,

and Douglas L. Rothman

Comprehensive and quantitative measurements of T, and T,
relaxation times of water, metabolites, and macromolecules in
rat brain under similar experimental conditions at three high
magnetic field strengths (4.0 T, 9.4 T, and 11.7 T) are presented.
Water relaxation showed a highly significant increase (T,) and
decrease (T,) with increasing field strength for all nine analyzed
brain structures. Similar but less pronounced effects were ob-
served for all metabolites. Macromolecules displayed field-in-
dependent T, relaxation and a strong increase of T, with field
strength. Among other features, these data show that while
spectral resolution continues to increase with field strength, the
absolute signal-to-noise ratio (SNR) in T,/T,-based anatomical
MRI quickly levels off beyond ~7 T and may actually decrease
at higher magnetic fields. Magn Reson Med 56:386-394, 2006.
© 2006 Wiley-Liss, Inc.
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Magnetic fields strengths for in vivo MRI and MRS have
seen a steady increase, and are currently up to 9.4 T for
humans and >14 T for animals. This drive has largely been
fueled by the greatly improved contrast-to-noise (CNR)
ratio of functional MRI (fMRI) techniques, as well as the
linear increase in signal-to-noise (SNR) ratio and spectral
resolution with increasing field strength. However, al-
though T, and T, relaxation parameters play an important
role in the actual SNR and resolution, they are often ig-
nored in discussions of high-field NMR. While the field-
dependent trends for T, and T, relaxation of water have
been quantitatively established for lower magnetic fields
(1), no comprehensive and quantitative relaxation param-
eters are available for the range of high magnetic field
strengths (>3 T) currently used in MR research laborato-
ries. Some studies have reported T, and T, relaxation at
one magnetic field (e.g., Refs. 2 and 3), but it is difficult to
establish any quantitative trends because of large varia-
tions among laboratories. Knowledge about metabolite and
macromolecule proton T, and T, relaxation times is even
more limited, with few single field measurements (4—6)
and even fewer quantitative magnetic field comparisons
available (7). Here we present comprehensive and quanti-
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tative measurements of T, and T, relaxation of water,
metabolites, and macromolecules in rat brain under near-
identical experimental conditions at three high magnetic
field strengths (4.0 T, 9.4 T, and 11.7 T). Besides establish-
ing the contribution of relaxation on sensitivity and reso-
lution, these data will also be valuable for determining
optimal image T,/T, contrast, establishing optimal acqui-
sition parameters for quantitative MRS, and determining
optimal inversion delays for macromolecule detection or
suppression.

MATERIALS AND METHODS
General

All experiments were performed on 1) a 4.0 T Bruker
magnet equipped with 15-cm-diameter gradients (128
mT/m in 150 ps; Magnex Scientific, Oxford, UK), 2) a 9.4
T Magnex magnet equipped with 9-cm-diameter gradients
(490 mT/m in 175 ws; Resonance Research Inc., Billerica,
MA, USA), or 3) a 11.74 T actively-pumped Magnex mag-
net equipped with 9-cm-diameter gradients (395 mT/m in
120 ps; Magnex Scientific, Oxford, UK). All of the magnets
were interfaced to Bruker consoles and operated from
Linux computers running Paravision 3.0.1.

RF transmission and signal reception was performed
with 14-mm-diameter single-turn surface coils tuned to
the proton frequency (170.56, 400.55, and 499.82 MHz at
4.0, 9.4, and 11.74 T, respectively) at each magnetic field.

Animal Preparation

At each magnetic field five male Sprague-Dawley rats
(205 = 22 g, mean * SD) were prepared in accordance
with the guidelines established by the Yale Animal Care
and Use Committee. The animals were tracheotomized
and ventilated with a mixture of 70% nitrous oxide and
28.5% oxygen under 1.5% halothane anesthesia. A femo-
ral artery was cannulated to monitor blood gases (pO,,
pCO,), pH, and blood pressure. Physiological variables
were maintained within normal limits by small adjust-
ments in ventilation (pCO, = 33-45 mm Hg; pO, >
120 mm Hg; pH = 7.20-7.38; blood pressure = 90—
110 mm Hg). After all surgery was completed, anesthesia
was maintained by 0.3-0.8% halothane in combination
with 70% nitrous oxide. During NMR experiments the
animals were restrained in a head holder, while additional
immobilization was obtained with d-tubocurarine chlo-
ride (0.5 mg/kg/40 mins, i.p.). The core temperature was
measured with a rectal thermosensor and was maintained
at 37°C = 1°C by means of a heated water pad.

MRI Data Acquisition and Processing

Echo-planar imaging (EPI) was performed with an in-
house-written PVM method employing a (nonadiabatic)
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Shinnar-Le Roux (SLR) pulse (pulse length T = 1 or 2 ms,
R = bandwidth X pulse length = 5.6) for excitation and
two adiabatic full passage (AFP) pulses (hyperbolic secant
modulation, T = 2 or 3 ms, R = 10 or 20) for refocusing.
Twenty-four axial slices were acquired in an interleaved
manner (0.5-mm thickness at 9.4 T and 11.74 T, 0.75-mm
thickness at 4.0 T). EPI data acquisition was performed as
a data matrix of 128 X 128 over 2.56 X 2.56 cm with eight
interleaves and an imaging bandwidth of 200 kHz (9.4 T
and 11.7 T) or 100 kHz (4.0 T). The EPI data were pro-
cessed offline in Matlab 7.0.4. (The Mathworks, Natick,
MA, USA) and involved properly combining the inter-
leaved echoes, reversing every other echo, and performing
a zero- and first-order phase correction. Image ghosting
was typically less than 1% of the maximum signal ampli-
tude. Prior to signal acquisition, the magnetic field homo-
geneity was optimized by adjusting all first- and second-
order shims with an in-house-written version of the FAST-
MAP method (8) on a centrally-placed 6 X 6 X 6 mm cubic
volume, leading to water linewidths of 9.5, 15, and 18 Hz
at 4.0, 9.4, and 11.74 T, respectively.

T, weighting was introduced by extending the sequence
with a nonselective adiabatic half passage (AHP) excita-
tion pulse, a 5000-ms recovery time, and a nonselective
AFP inversion pulse. Echo-planar images were acquired at
eight variable delays (10, 350, 650, 1000, 1500, 2000, 3000,
and 6000 ms) following the inversion pulse. All pixels
above a minimum threshold (typically 5% of the maxi-
mum signal in the 6000-ms image) were fitted with a
three-parameter, single-exponential T, recovery function.

T, weighting (TR = 3000 ms) was introduced by insert-
ing eight variable delays (30, 35, 40, 45, 50, 60, 75, and
90 ms) symmetrically split around the second AFP refo-
cusing pulse. All pixels above a minimum threshold (typ-
ically 5% of the maximum signal in the 30 ms image) were
fitted with a two-parameter, single-exponential T, decay
function.

Tissue regions of interest (ROIs) were manually drawn
in Matlab for the corpus callosum, cortex, hippocampus,
olfactory bulb, striatum, thalamus, midbrain, and cerebel-
lar gray (GM) and white matter (WM) based on the brain
atlas by Paxinos and Watson (9). For all ROIs great care
was taken to avoid inclusion of ventricular and cerebro-
spinal fluid.

MRS Data Acquisition and Processing

Proton MRS was performed with an in-house-written PVM
method employing a nonselective AHP excitation pulse
(tanh/tan modulation (10), T = 1 ms, R = 150) and three
pairs of AFP pulses (sech/tanh modulation, T = 1 or 3 ms,
R = 20) for slice-selective refocusing of three orthogonal
slices (11). Each AFP pulse was surrounded by 0.5-ms
crusher gradients leading to minimum TEs of 12.5 ms at
9.4 T and 11.74 T, and 22.5 ms at 4.0 T. A standard size
volume of 5.0 X 3.0 X 5.0 mm (x X y X z) was selected in
the middle of the brain with a dominant contribution from
the cerebral cortex (60—70%) and a minor contribution
from the corpus callosum and hippocampus. The magnetic
field homogeneity was optimized with an in-house-written
adiabatic version of the FASTMAP method ona 4 X 4 X 4
cubic volume. Magnetic field homogeneity typically con-
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verged within two iterations, leading to water linewidths
of 8, 14, and 16 Hz at 4.0, 9.4, and 11.74 T, respectively.

Water suppression was achieved with the adiabatic se-
quence for water suppression with adiabatic-modulated
pulses (SWAMP) method (12) employing either four or six
asymmetric AFP pulses ((13) T = 10 ms (9.4 T and 11.74 T)
or T = 20 ms (4.0 T)) followed by 1.0 -ms 120 mT/m
crusher gradients. Signal was acquired with a 12 ppm
spectral bandwidth and a 200—300 ms acquisition time.

T, weighting was introduced by extending the MRS
sequence with a nonselective AHP excitation pulse, a
5000-ms recovery time, and a nonselective AFP inversion
pulse. Signal excitation was executed at 16 variable delays
(nonlinearly distributed between 50 and 5000 ms) follow-
ing the inversion pulse. To minimize effects of motion,
frequency drift, and other system instabilities, the inver-
sion delays were employed in random order, and instead
of signal averaging each free induction decay (FID) at a
given inversion delay 32 times, all 18 X 32 = 576 FIDs
were individually stored. Following Fourier transforma-
tion and frequency alignment of all spectra, the 576 spec-
tra were separated and summed to yield 18 high-sensitiv-
ity, T,-weighted NMR spectra.

T,-weighted data sets were acquired at the minimum TE
and at TE = 100 ms (9.4 T and 11.75 T) or 125 ms (4 T). In
the long-TE data sets, the macromolecular resonances had
decayed below the detection limit due to their short-T,
relaxation time constants (see also Results). At TE =
100 ms the T, relaxation of total creatine (creatine +
phosphocreatine; CH,, 3.92 ppm), myo-inositol (~ 3.5—
3.6 ppm), taurine (3.42 + 3.25 ppm), total choline
(~3.2 ppm), total creatine (CH,, 3.03 ppm), glutamate +
glutamine (H4, ~2.3-2.4 ppm) and N-acetyl aspartate
(NAA; CH,, 2.01 ppm) were determined. Because of the
lower spectral resolution and the specific scalar coupling
evolution at TE = 125 ms, T, relaxation of myo-inositol
and taurine could not be determined at 4.0 T. The short-TE
data sets were only used to determine the T, relaxation of
macromolecular resonances M1 (1.7 ppm), M2 (1.4 ppm),
M3 (1.1 ppm), and M4 (0.9 ppm).

T, weighting (TR = 3000 ms) was introduced by insert-
ing 16 variable delays (nonlinearly distributed between 10
and 450 ms) symmetrically split around the first AFP
refocusing pulse. T,-weighted data sets were acquired and
processed as described for T,-weighted data sets (i.e., ran-
dom delay order and individually stored FIDs). Since the
transverse magnetization of most metabolites is affected by
scalar coupling, only the T, relaxation of total creatine
(CH,, 3.92 ppm), total choline (N(CH,),, ~ 3.2 ppm), total
creatine (CH,, 3.03 ppm), NAA (CH,, 2.01 ppm), and the
macromolecular resonances (M1-M4) were determined.

The NMR spectra were zero-filled to 16 K data points,
apodized with an exponential function corresponding to
2 Hz line-broadening, Fourier transformed, and phase cor-
rected (zero-order phase only). Resonance areas were ob-
tained by simple numerical integration following a linear
baseline correction. Even at the higher magnetic field
strengths, taurine and total choline significantly over-
lapped at 3.22 ppm. The relaxation parameters for total
choline were established by subtracting the taurine reso-
nance intensity at 3.42 ppm from the total integrated in-
tensity of taurine + total choline at 3.22 ppm. Similarly,
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FIG. 1. T, (top) and T, (bottom) weighted images and calculated maps of rat brain at 9.4 T. The images represent a single 0.5-mm slice extracted
from a 24-slice data set. The T,- and T,-weighted images show three Tls and TEs, respectively, extracted from eight-Tl or -TE data sets. The T,
and T, maps are calculated from three- and two-parameter pixel-by-pixel fits to the T;- and T,-weighted data sets, respectively.

lactate and alanine overlapped with macromolecular res-
onances M2 and M3. To minimize the confounding effects
of lactate and alanine on the T, measurements, the mac-
romolecular resonances M2 and M3 were considered as
one resonance and a 10% signal intensity of lactate and
alanine was subtracted assuming an average metabolite T,
relaxation time constant. The contribution of lactate and
alanine on the T, measurement was ignored due to com-
plications that arose from the scalar evolution. T, and T,
relaxation curves were fitted with three- and two-parame-
ter, single-exponential functions, respectively.

RESULTS

Figure 1 shows T, (top) and T, (bottom) weighted images
from rat brain at 9.4 T, as well as calculated T, and T,
maps. Because of the surface coil reception profile, the T;-

and T,-weighted images display a signal decrease with
increasing distance from the coil. While the calculated T,
and T, maps appear relatively uniform, the lower signal at
distances far away from the surface coil led to an increased
error in the calculated T, and T, relaxation times. The SNR
(i.e., the mean image intensity divided by the root mean
square noise intensity) in the cortex was 160-170 for T,
measurements (inversion time (TI) = 5000 ms) and 120—
130 for T, measurements (TE = 30 ms), respectively. Cal-
culated T, and T, relaxation times were not included in
further data analysis when the SNR of the original T;- and
T,-weighted images was below 40 and 30, respectively.
This roughly corresponds to the inclusion of the upper
7 mm of the brain. Images and maps of similar quality were
obtained at 4.0 T and 11.7 T (data not shown).

Figure 2 shows typical "H NMR spectra acquired from
rat brain at 9.4 T. Spectra acquired with long TE (left, TE =
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FIG. 3. (a) Water longitudinal T, relaxation and (b) transverse T,
relaxation in rat braininvivoat4.0T,9.4 T, and 11.7 T. The analyzed
brain structures include the corpus callosum (cc), cerebral cortex
(cx), olfactory bulb (ob), hippocampus (hc), cerebellar WM (cw) and
GM (cg), striatum (st), thalamus (th), and midbrain (mb). No differenti-
ation was made between different layers in the cortex, hippocampus,
or olfactory bulb. Error bars represent the SD over five animals.
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100 ms) and short TE (middle, TE = 12.5 ms) during T,
measurements show excellent SNR, resolution, and stabil-
ity. The resonances included in further data analysis are
indicated as tCr (total creatine), ml (myo-inositol), Tau
(taurine), tCh (total choline), Glx (glutamate and glu-
tamine), NAA, and MM1-MM4 (macromolecular reso-
nances 1-4). Typical "H NMR spectra acquired during T,
measurements are shown on the right. Similar-quality
spectra were obtained at 4.0 T and 11.7 T (data not shown).

Figure 3 summarizes the quantitative T, and T, relax-
ation times of water in different brain structures at 4.0 T,
9.4 T, and 11.7 T. Without exception, all of the brain
structures showed increasing T, relaxation constants and
decreasing T, relaxation constants with increasing mag-
netic field strength. At all magnetic field strengths the T,
and T, relaxation constants were highest for the olfactory
bulb and hippocampus, whereas cerebral (corpus callo-
sum) and cerebellar WM consistently showed the lowest
T, and T, relaxation constants. Table 1 shows the quanti-
tative relaxation constants and standard deviations (SDs).

Figure 4 summarizes the quantitative T, and T, relax-
ation times of metabolites and macromolecules at 4 T, 9.4
T, and 11.7 T. While the effect is less than that for water,
all metabolites showed a highly significant trend toward
higher T, and lower T, relaxation constants with increas-
ing magnetic field strength. The T, relaxation constant of
macromolecular resonances increased more rapidly with
increasing magnetic field, whereas the macromolecular T,
relaxation constant was virtually independent of the ex-
ternal magnetic field.

DISCUSSION
Magnetic Field Dependence of T, and T, Relaxation

Comprehensive and quantitative measurements of water,
metabolite, and macromolecule T, and T, relaxation pa-

Table 1
Water T, and T, Relaxation Time Constants for Rat Brain at 4.0, 9.4, and 11.7 T
Structure
cc [ ob hc cw cg st th mb

40T

T, (Ms) 1096.8 1285.8 1640.6 1334.1 1046.9 1352.6 1288.2 1169.4 1064.4

SD (ms) 49.3 77.0 20.8 97.4 53.3 82.6 87.3 69.5 17.3
94T

T, (Ms) 1752.1 1948.4 2129.1 2059.7 1660.3 2097.2 1927.0 1793.1 1786.5

SD (ms) 52.1 51.9 63.7 66.1 79.3 68.2 54.7 64.3 81.9
M7T

T, (Ms) 1861.3 2073.4 2304.3 2222.8 17451 2109.4 2046.5 1903.2 1893.2

SD (ms) 73.5 100.7 63.4 63.2 36.0 95.0 55.3 61.2 44.3
40T

T, (Ms) 57.9 65.2 80.2 72.0 58.8 65.3 69.7 61.7 60.6

SD (ms) 1.6 2.4 2.0 1.3 1.5 2.0 2.0 2.1 1.9
94T

T, (Ms) 35.8 421 48.1 45.4 37.2 41.7 43.5 40.6 40.3

SD (ms) 1.2 1.2 1.9 1.8 2.0 1.6 2.4 1.2 1.4
M7T

T, (Ms) 30.7 36.2 38.9 38.9 271 37.3 36.4 33.8 33.8

SD (ms) 1.0 1.0 1.1 1.3 1.3 23 2.2 1.6 1.9

cc = corpus callosum, cx = cerebral cortex, ob = olfactory bulb, hc = hippocampus, cw = cerebellar white matter, cg = cerebellar gray

matter, st = striatum, th = thalamus, mb = mid-brain.
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FIG. 4. (a) Metabolite and macromolecule longitudinal T, relaxation
and (b) transverse T, relaxation in rat brain in vivoat 4.0 T,9.4 T, and
11.7 T. Metabolite T, and T, relaxation times were obtained at TE =
100 ms to avoid contamination from macromolecular resonances.
Myo-inositol, taurine, and MM4 could not be reliably determined at
4.0 T with simple integration. Error bars represent the SD over five
animals.

rameters at three different magnetic fields has been pre-
sented. Since the measurements were performed on simi-
lar NMR systems with identical Bruker consoles and com-
parable RF probes, NMR pulse sequences, and processing,
field-dependent variations in T, and T, relaxation param-
eters could be observed with high significance.

A primary concern in the early development of high-
field NMR was the convergence of T, and T, relaxation
times, which would lead to reduced image T,/T, contrast
at higher magnetic fields. In general, T, relaxation times
increase with increasing field strength, while the absolute
differences between tissue T,’s become somewhat smaller.
Therefore, overall the T, contrast will decrease at higher
magnetic fields. However, since the SNR is improved at
higher magnetic fields, the CNR is typically higher. This is
demonstrated in Fig. 1, where even at 9.4 T and 11.7 T
high-quality T,-weighted images were obtained from rat
brain, in close analogy to high-quality T,-weighted human
brain images reported at 7 T (14). Thus T,-weighting re-
mains a valuable image contrast mechanism even at very
high magnetic fields.

Water T, relaxation times decreased dramatically at
high magnetic fields. However, the relative differences in
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tissue T,’s remained the same or actually increased with
increasing field strength. Therefore, while it may be more
difficult to attain the shorter TEs required (especially with
EPI), T, weighting is a viable high-field image contrast
mechanism, as shown by the excellent T, contrast ob-
tained at 9.4 T in the rat brain (Fig. 1).

The T, relaxation values of water measured at 4.0 T for
cerebral GM are in excellent agreement with those pub-
lished for human brain at 4.0 T (3). However, the measured
cerebral WM T, values are higher. While intrinsic relax-
ation differences between human and rat brain cannot be
excluded, the observed difference is most likely attributed
to partial volume effects in segmenting out the very narrow
corpus callosum structure in rat brain. Similar partial vol-
ume effects are expected for cerebellar WM T, values.
However, the T, and T, differences across the three mag-
netic fields are still valuable, since the segmentation was
performed consistently by a single operator, and the
“pure” WM fraction was estimated to be at least 70%. In
general, the water T, and T, relaxation times are in good
agreement with published values for water in mouse (15)
and rat (16) brain at 7 T.

The increase of water and metabolite T, relaxation times
with increasing magnetic field strength is in good agree-
ment with the Bloembergen-Purcell-Pound (BPP) theory of
dipolar relaxation (17). Based on the long rotation corre-
lation time 7, of macromolecules, the increasing macromo-
lecular T',’s appear to contradict the BPP theory. However,
while 7, of the overall macromolecule may be long, the
rotations of the separate side-chains will be much faster,
which makes 7, much shorter. Furthermore, macromolec-
ular relaxation is likely to be heavily influenced by water
T, relaxation in the hydration layer surrounding the mac-
romolecule (18).

The sharp decrease of water and metabolite T, relax-
ation times with increasing magnetic field strength is in
apparent contradiction to the BBP dipolar relaxation the-
ory, which predicts field-independent T, relaxation for a
wide range of rotation correlation times. Michaeli et al.
(19) explained the field-dependent T,’s as the result of
increased dynamic dephasing due to increased local (mi-
croscopic) susceptibility gradients. It is well known that
both macro- and microscopic magnetic field inhomogene-
ity due to susceptibility differences between tissues (and
air) increases linearly with magnetic field strength. As
molecules diffuse through these microscopic field gradi-
ents, they lose phase coherence, resulting in a shorter
apparent T, relaxation time constant, T5. Since diffusion is
a random process, the loss in phase coherence cannot be
refocused by 180° RF pulses. However, the effect can be
minimized during the period between excitation and ac-
quisition by the use of CPMG refocusing, which minimizes
the diffusion-weighting and therefore prolongs T&5. Unfor-
tunately, because refocusing pulses cannot be applied dur-
ing signal acquisition, the spectral linewidth will be dom-
inated by TF relaxation. The large decrease in water T,
relaxation compared to the almost constant macromolec-
ular T, relaxation can also be explained by this in vivo
phenomenon since the diffusion coefficient of water (D ~
0.7 pm?/ms) is more than an order of magnitude larger
than that of macromolecules (D < 0.02 pm?/ms) (20). The
intermediate diffusion coefficients of metabolites (D ~
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Table 2
Metabolite and Macromolecule T, and T, Relaxation Time Constants for Rat Brain at 4.0, 9.4, and 11.7 T
Metabolite
tCr ml Tau tCh tCr Glx NAA MM4 MM2,3 MM
40T
T, (ms) 1003.4 1451.4 1614.0 1262.6 1520.6 360.9 353.5
SD (ms) 81.2 69.1 35.2 28.8 51.3 38.1 38.9
94T
T, (ms) 1039.7 1370.1 2328.9 1348.3 1679.2 1497.5 1674.0 530.6 580.9 632.6
SD (ms) 73.5 120.4 358.6 20.6 67.7 106.5 311 42.4 22.1 30.3
M7T
T, (ms) 1156.4 1638.1 2447.5 1629.6 1767.3 1450.5 1713.5 627.1 634.1 762.2
SD (ms) 84.5 170.5 167.8 108.7 80.2 146.8 441 42.9 251 30.4
40T
T, (ms) 140.7 569.8 232.9 391.9 31.7 23.4
SD (ms) 11.5 28.8 5.9 15.1 2.5 1.1
94T
T, (ms) 127.8 441.3 1711 294.3 22.7 33.5 27.4
SD (ms) 5.7 36.2 3.9 5.1 2.5 1.9 2.3
M"M7T
T, (ms) 124.8 365.7 159.1 285.2 19.9 31.4 253
SD (ms) 7.3 731 6.6 26.5 2.3 2.1 1.9

0.2 um?/ms) are reflected in the intermediate decreases in
metabolite T, relaxation with increasing magnetic field
strength. It should be noted that the observed macromo-
lecular T, relaxation times represent a lower boundary,
since the TE-dependent signal loss due to scalar coupling
evolution was ignored.

Detection of Macromolecular Resonances

Reliable detection of the macromolecular baseline is cru-
cial for quantifying short-TE "H NMR spectra (6,21). Most
commonly the macromolecular baseline is measured with
single or double inversion-recovery (IR) sequences (22)
based on the difference in longitudinal T, relaxation pa-
rameters between metabolites and macromolecules. Since
the metabolites span a significant range of T, relaxation
constants, a double-IR (90° — TR — 180° — TI1 — 180° — TI2
— 90° — acquisition) sequence typically gives better metab-
olite signal suppression than a single-IR (90° — TR — 180° —
TI - 90° — acquisition) sequence, at the expense of reduced
macromolecular signal recovery. Repetition and inversion
delays were determined to give the highest macromole-
cule-to-metabolite signal intensity ratio over the range of
T, relaxation times tabulated in Table 2. Table 3 shows the
optimized repetition and inversion delays for macromole-
cule detection at 4.0 T, 9.4 T, and 11.7 T. To avoid exces-
sive experimental measurement times, the TR was set to
five times the longest macromolecular T, relaxation time.
It follows that a single-IR sequence provides a high signal
recovery for macromolecular resonances at the expense of
a relatively poor suppression of metabolite resonances (as
can be judged from the SD on the metabolite signal recov-
ery). Because macromolecular and metabolite T, relax-
ation times converge at higher magnetic fields, the macro-
molecular signal recovery decreases and the metabolite
contamination increases when comparing 4.0 T to 9.4 T
and 11.7 T. A double-IR sequence gives much better sup-
pression of metabolite resonances, at the expense of a
reduced recovery of macromolecular resonances. Further-

more, a double-IR sequence introduces T, weighting into
the macromolecular resonances, which becomes more sig-
nificant at higher magnetic fields (e.g., there is a factor
(57.72 + 9.08)/(57.72 — 9.08) = 1.37 difference in signal
recovery between macromolecular resonances with the
lowest and highest T, relaxation times at 4.0 T, and this
differential signal recovery increases to 1.62 at 11.74 T).
While the simplicity of (single or double) IR methods is
desirable to establish the macromolecular baseline, the
convergence of macromolecular and metabolites T,’s and
the resulting differential signal recovery may necessitate
more advanced methods, such as the measurement and
multiexponential analysis of full T, relaxation curves pro-
posed by Hofmann et al. (23).

Table 3

Repetition and Inversion Delays for Macromolecule Detection and
Metabolite Suppresion Using (A) Single and (B) Double Inversion
Recovery at 4.0, 9.4, and 11.7 T*

TR Tl Spmy (%)P Sue (%)°
A
47 2000 850  82.34 +6.03  1.48 + 8.32
94T 3250 1050 67.88 +7.37  3.40 + 11.50
11.7T 3500 1105 65.97 +7.16  3.40 + 11.63
TR TN T2 Sy (%)P° Sy (%)°
B
4T 2000 1700 540 57.72+9.08  0.37 * 0.89
94T 3250 2100 630 3513 =851  0.35+ 1.36
11.7T 3500 2200 660 3272 +7.71 0.49 * 1.34

*Delays are optimized to achieve the highest |S,,,,|S& ratio for the
T, values specified in Table 2.

?Repetition time TR was set to 5T 4, (MM).

bAveraged over 50 linearly-distributed T, values in the tabulated MM
range (Table 2) = maximum deviation.

“Averaged over 50 linearly-distributed T, values in the tabulated ME
range (Table 2) = standard deviation.
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Magnetic Field Dependence of Sensitivity and Resolution

From the presented data, predictions can be made about
the magnetic field dependence of SNR and spectral reso-
lution. Ignoring relaxation parameters, the SNR is ex-
pected to increase linearly with magnetic field strength B,
(24). The NMR signal (electromagnetic force (EMF)) in-
duced in a receiving coil increases as the square of B, due
to two separate and independent factors: First, the spin
level population difference increases at higher B,, and
because the energy difference is very small compared to
thermal energy, the population increases linearly with B,,
as does the size of the nuclear magnetic dipole moment
(i.e., “longitudinal magnetization”). Second, the Larmor
frequency at which the magnetic dipole moment precesses
is proportional to B,. Following Faraday’s law of electro-
magnetic induction, the signal produced by a magnetic
dipole moment of constant amplitude will increase in
proportion (i.e., linearly) to the precession frequency. The
combination of these two factors gives a B} dependence of
the signal intensity. However, the noise in high-field NMR
experiments will also increase linearly with B, (according
to the same principles of electromagnetic induction), pro-
vided that the subject is the dominant noise source.

Including relaxation, the SNR for a simple, fully-relaxed
pulse-acquire experiment can be calculated by considering
the amount of signal per unit time (proportional to TR/T})
acquired over the spectral bandwidth (proportional to
1/(wT,), or 1/(wT,*)) and is given by

T
SNR BO,/?Z (1]
1

Using the measured T, and T, relaxation parameters for
water and metabolites (Tables 1 and 2), Fig. 5a shows the
expected field dependence of the SNR according to Eq. [1].
To obtain values at intermediate fields, the measured T,
and T, relaxation times were modeled to the functions
A[B,]P and Aexp(-B,/B), respectively, where A and B were
determined by least-squares curve fitting in Matlab. The T,
function was also used by Bottomley et al. (1) for water and
can adequately fit T, relaxation data over the range of
0-500 MHz. It follows that the SNR for singlet resonances
in NMR spectroscopy increases less than linearly with By,
while the SNR for water starts to level off for magnetic
fields beyond 7 T, and may even show a maximum at
around 20 T. It should be noted that while the SNR of
metabolites increases less than linearly with B, the quan-
tification accuracy of metabolites (and especially lower-
concentration, scalar-coupled metabolites) may increase
much better than linearly with B, due to reduced spectral
overlap and simplified spectral patterns.

Besides increased SNR and decreased strong coupling
effects, the main advantage of high magnetic fields for
MRS is the increased spectral dispersion and spectral res-
olution. The spectral linewidth Av of a single resonance
can be described by

1

w3

Av

1
= T + vAB, [2]
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FIG. 5. Calculated magnetic field dependence of (a) SNR and (b)
spectral resolution extrapolated from measured dataat4.0 T, 9.4 T,
and 11.7 T (dotted lines)

where AB, represents the residual macroscopic magnetic
field inhomogeneities, and T# represents the apparent T,
relaxation time as discussed above. With use of a constant,
second-order shimming technique (FASTMAP) at all mag-
netic fields, the residual magnetic field inhomogeneities
are expected to scale linearly with B,. Additional line-
broadening due to B, inhomogeneities were measured
from the total creatine, NAA, and water resonances, and
averaged out as 2.6 Hz, 5.8 Hz, and 7.2 Hzat 4.0 T, 9.4 T,
and 11.7 T, respectively. Using Eq. [2], the estimates for
vAB, and the T, relaxation times summarized in Table 2
allow a prediction for the field dependence of the spectral
linewidth (Av/B,), as shown in Fig. 5b. It follows that the
spectral linewidth converges to ~0.015—0.020 ppm for
B, > 9.4 T. The spectral linewidth at low magnetic fields
(By < 2 T) is relatively broad because at those fields the
inherent T, relaxation dominates the linewidth. Only at
B, > 9.4 T do the magnetic field inhomogeneities become
the dominant contribution to the observed spectral line-
width. Based on the curves in Fig. 5b, it is not expected
that the spectral resolution for single resonances will dra-
matically increase beyond B, ~ 9.4 T. However, significant
improvements in spectral resolution for scalar-coupled
spin-systems, such as glutamate and glutamine, is ex-
pected well beyond 9.4 T. Note that the inherent spectral
linewidth (based on T,) converges to 0.005 ppm (and
ultimately to 0 ppm). Therefore, significant improvements
can be expected when MR spectra based on T, alone can
be acquired (25). Possible strategies to accomplish this
goal may be found in 2D NMR approaches in combination
with CPMG signal refocusing, as suggested by Michaeli et
al. (19).
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CONCLUSIONS

In vivo NMR has seen a steady drive toward higher mag-
netic fields, in part because such fields intrinsically pro-
vide better sensitivity and resolution, and in part for
application-specific reasons, such as improved spatial
specificity in BOLD fMRI (e.g., Refs. 14 and 26, and refer-
ences therein). However, conducting experiments at high
magnetic field strengths entails high monetary costs, re-
quires expertise in RF coil design, and involves a substan-
tial list of potential complications, including increased B,
and B, magnetic field inhomogeneities (27), RF power
deposition, and acoustic noise generation. A thorough un-
derstanding of the relative gains is therefore crucial for
making a balanced decision regarding the use of higher
magnetic fields. The data presented here provide a partial
insight into several aspects of high-field in vivo NMR. The
longest-standing argument for using high-field in vivo
NMR (i.e., its increased sensitivity) becomes less dominant
as T, and T, relaxation constants increase and decrease,
respectively. Therefore, T,/T,-based anatomical imaging
and even diffusion tensor imaging (DTI) do not necessarily
have to be performed at the absolute highest magnetic field
strength. If sensitivity is the primary concern, the imple-
mentation of phased-array receiver RF coils (28) or cooled/
superconducting RF coils (29,30) can under certain condi-
tions increase the sensitivity much faster (and with less
expense) than an increase in magnetic field strength, and
circumvent the complications of high-field NMR.

For fMRI, and in particular BOLD fMRI, the situation is
distinctly different. The BOLD effect scales linearly with
magnetic field strength (31,32) and, more importantly, the
BOLD effect becomes spatially more specific because the
contribution of nonspecific draining vein effects becomes
negligible at 7 T or higher (33,34). Therefore, despite the
complications of increased B, magnetic field inhomogene-
ities, it is desirable to perform BOLD fMRI studies of
functional brain activation at the highest magnetic field.

For NMR spectroscopy a higher magnetic field strength
is always desirable. The spectral resolution of singlet res-
onances continues to improve up to ~9.4 T, while the
quantification accuracy of strongly-coupled and low-con-
centration metabolites will continue to improve well be-
yond 9.4 T. Therefore, both the information content and
the quantification accuracy of metabolites will improve at
higher magnetic fields, as will be experimentally demon-
strated in a subsequent paper on field-dependent metabo-
lite quantification. However, the majority of (clinical)
NMR spectroscopy studies only detect and quantify the
singlet resonances of total choline, total creatine, and NAA
at longer TEs. Since these resonances are well separated
even at 1.5 T, the arguments for higher magnetic fields are
less strong when the detection is limited to these three
resonances. However, the improved SNR at higher mag-
netic fields can of course always be used to detect the
singlet resonances from smaller volumes.

High-magnetic-field systems in the major MR centers
worldwide have generated impressive new insights into
brain structure, function, and metabolism by combinations
of fMRI and NMR spectroscopy and continuing improve-
ments in hardware. While the advantages of high-field
NMR should always be a prime consideration, it is hoped
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that the data and arguments presented here can be used to
guide the experimentalist in optimal sequence design (e.g.,
TR/TE) at a given magnetic field strength.
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