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T, Relaxation in In Vivo Mouse Brain at Ultra-High Field

Rob C.G. van de Ven,' Bianca Hogers,? Arn M.J.M. van den Maagdenberg,'3
Huub J.M. de Groot,* Michel D. Ferrari,® Rune R. Frants,' Robert E. Poelmann,?
Louise van der Weerd,2" and Suzanne R. Kiihne*

Accurate knowledge of relaxation times is imperative for ad-
justment of MRI parameters to obtain optimal signal-to-noise
ratio (SNR) and contrast. As small animal MRI studies are ex-
tended to increasingly higher magnetic fields, these parameters
must be assessed anew. The goal of this study was to obtain
accurate spin-lattice (T,) relaxation times for the normal mouse
brain at field strengths of 9.4 and 17.6 T. T, relaxation times
were determined for cortex, corpus callosum, caudate puta-
men, hippocampus, periaqueductal gray, lateral ventricle, and
cerebellum and varied from 1651 + 28 to 2449 = 150 ms at 9.4
T and 1824 = 101 to 2772 + 235 ms at 17.6 T. A field strength-
dependent increase of T; relaxation times is shown. The SNR
increase at 17.6 T is in good agreement with the expected SNR
increase for a sample-dominated noise regime. Magn Reson
Med 58:390-395, 2007. © 2007 Wiley-Liss, Inc.
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Increasing knowledge of the mouse nervous system and
the availability of a large number of transgenic models
have made the mouse a very popular species in the study
of neurological disorders. Noninvasive imaging tech-
niques, such as MRI, have shown great potential to study
brain pathology in these models (1,2). However, the small
size of the mouse brain has considerable implications for
obtaining a spatial resolution comparable to that routinely
obtained with MRI in patients; the small voxel size used in
mouse brain imaging results in a very low signal-to-noise
ratio (SNR) at normal, medical field strengths (=3 T).
Therefore, increasingly high magnetic field strengths (up
to 17.6 T) are used to increase the SNR (3). Higher field
strengths may also have positive effects on the contrast-to-
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noise ratio, e.g., for the BOLD effect used in functional
MRI, MRS, and magnetization transfer experiments (4,5).

The application of a higher field requires adjustment of
image acquisition parameters, which are based on knowl-
edge of the NMR tissue properties. Here, we focus on the
spin-lattice relaxation time T, which can be used to assess
neuropathology, such as tumors, multiple sclerosis, cere-
bral edema, and infarction (6). T;-weighted imaging is also
used extensively for contrast-enhanced MRI and to assess
blood-brain-barrier integrity and perform molecular imag-
ing (7). The field dependence of T; may give considerable
insight into the molecular origins of this image contrast
mechanism, which will be useful in understanding how T;
is related to disease processes.

Reports on T relaxation times for mouse brain are lim-
ited mainly to systems of up to 11.7 T (8—-10). Relaxation
data of mouse brain at 17.6 T are lacking. In this study we
aim at validating quantitative T; imaging at high fields
using phantoms. In addition, we provide in vivo T relax-
ation maps of mouse brain at 17.6 T and compare those
with measurements at 9.4 T. The results are discussed in
terms of field dependence of the in vivo T} relaxation times
and SNR.

MATERIALS AND METHODS
Phantoms

Phantom tubes were prepared by diluting a stock solution
of 0.5 M Gadolinium-tetraazacycloDOdecaneTEtraacetic
acid (Gd-DOTA) (Dotarem; Guerbet Nederland BV,
Gorinchem, the Netherlands) in phosphate buffered saline.
To produce a range of T; values the following dilutions
were used: 1:5000; 1:10,000; 1:25,000; 1:100,000; and
1:200,000. The T, relaxation times were determined by
both MRI and high-resolution NMR at field strengths of 9.4
and 17.6 T.

Mice

In vivo imaging was performed on six female C57BL/6Jico
mice aged 3 months (Charles River, Maastricht, the Neth-
erlands). Before imaging, mice were initially anesthetized
with 4% isoflurane in air (0.3 liters min~) and O, (0.3
liters min~!) and maintained with ~1.5% isoflurane during
all procedures. The respiratory rate was monitored via an
air-pressure cushion connected to a laptop using Biotrig
software (Bruker, Rheinstetten, Germany). The depth of
the anesthesia was continuously regulated to maintain a
stable respiration rate during each experiment. Body tem-
perature of the animals was kept constant by pumping
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warm water through the gradient system, resulting in a
constant temperature of the animal bed of 26°C. Rectal
temperature during the experiment was 28.3 + 0.3°C. All
animal experiments were performed in accordance with
the guidelines of the Leiden University and national leg-
islation.

MRI

Imaging was performed on two vertical 89-mm-bore mag-
nets (Bruker BioSpin, Rheinstetten, Germany) with field
strengths of 9.4 T (400 MHz) and 17.6 T (750 MHz). A
Bruker Mini-0.5 gradient system of 200 mT/m and a trans-
mit/receive birdcage radiofrequency coil with an inner
diameter of 38 mm was used on both systems. Bruker
ParaVision 3.0 software was used for image acquisition.

A multiple spin-echo saturation recovery method was
used with variable repetition time (TR). Slice excitation
and refocusing were accomplished by three-lobed sinc
pulses with matched bandwidths, resulting in 90° and
180° pulse lengths of 1.0 and 0.81 ms, respectively. Imag-
ing parameters were as follows: echo time (TE) = 3.5 ms;
echoes = 8; TR-array at 9.4 T = 0.1, 0.12, 0.15, 0.3, 0.5, 0.9,
1.5, 3,6, 12, and 20 s; TR-array at 17.6 T = 0.1, 0.12, 0.15,
0.3,0.5,0.9,1.5, 3, 6, 10, and 30 s; matrix size = 128 X 128;
FOV = 25.6 mm; slice thickness = 1 mm. All images were
acquired as single slices to avoid interslice modulation
effects and unwanted stimulated echoes were suppressed
by spoiler gradients in the slice direction. The slice was
positioned through the center of all phantom tubes or
dorsally through the middle of the cerebellum and ros-
trally through the olfactory bulb.

Although eight echoes were acquired to determine T,
relaxation times, the T, values for the phantoms obtained
at 17.6 T were extremely sensitive to processing parame-
ters, did not show the expected T, dependence upon Gd-
DOTA concentration, and were shorter than the high-res-
olution NMR values by 50% or more. For these reasons,
quantitative localized T, measurements were not pursued
in vivo.

High-Resolution NMR

To validate the relaxation time measurements, relaxation
rates in the phantoms were obtained by both MRI and
high-resolution NMR. The same phantoms and magnets
were used and experiments were performed on the same
day. Radiation damping was avoided in the high-resolu-
tion experiments by using a restricted sample volume in
untuned, probes with a low quality-factor at both field
strengths. A broadband 5-mm solution-state NMR probe
with a 120-pl sample tube was used at 9.4 T, while a
triple-tuned magic-angle spinning probe with a 400-pl
sample holder was used at 17.6 T.

T, was measured using an inversion recovery spin-echo
experiment. The 90° and 180° pulse lengths were 25 and
50 ps, respectively. We used a variable list of 11 inversion
times that were changed appropriately to the expected T}
of each sample. Both TR and the longest inversion time
were kept at >10 X the expected T; of the sample.

Relaxation Analysis by MRI

Phase correction was performed on the entire complex
data matrix using the linear zero- and first-order phase
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procedure in Bruker Paravision 3.0. Regions of interest
(ROIs) were defined bilaterally for each individual mouse
in cortex, corpus callosum, caudate putamen, hippocam-
pus, periaqueductal gray, lateral ventricle, and cerebel-
lum. The relaxation curves were phased to avoid baseline
artifacts (11) and the real part was used for the relaxation
fits. For the T fits, 11 TR values with a fixed TE of 7 ms
(second echo) were used. The T, values of the various ROIs
were determined using a three-parameter SR fit function:

M(t) = A + My(1 — exp(—=t/Ty)), [1]

where M, is the equilibrium magnetization. All fits were
performed using a nonlinear least square algorithm pro-
vided by the Image Sequence Analysis (ISA) tool of Para-
Vision 3.02. T; maps were generated on a pixel-by-pixel
basis with the ISA tool.

Relaxation Analysis by High-Resolution NMR

Spectra were line-broadened (10 Hz Lorentzian) and Fou-
rier-transformed. The zeroth order phase was adjusted on
the time point with the highest SNR and the same phase
parameters were applied to all spectra in the experiment.
Maximal intensities were detected automatically and fitted
to a three-parameter inversion recovery equation:

M(t) = My(1 — 2aexp(—t/T})), [2]
where « is the inversion angle.

SNR

SNR was calculated by placing a ROI in the tissue of
interest and comparing the mean signal intensity (SI) with
the SD of the noise obtained from a large ROI placed in the
image background, outside the mouse,

SI
SDnDise‘

SNR =

Statistics

T, times at 9.4 and 17.6 T were compared by two-way
repeated measures analysis of variance (ANOVA). T; times
of the different ROIs were compared by averaging the
results of the left and right hemisphere for each individual
animal, after which an unpaired two-tailed Student’s t-test
with Bonferroni-Holmes correction for multiple compari-
sons was done. Statistical analyses were performed using
SPSS software (version 11; Chicago, IL, USA). Data is
presented as mean * SD.

RESULTS
Phantoms

Gd-DOTA phantoms of various concentrations were pre-
pared to validate the MRI protocol for T; measurements
against a standard inversion recovery high-resolution
NMR protocol. At 9.4 T no significant differences were
found between the MRI results and the high-resolution
NMR results (Fig. 1). At 17.6 T the imaging method yielded
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FIG. 1. Relaxation measurements of phantoms using imaging and
high-resolution NMR. Ry relaxation rates as a function of Gd-DOTA
concentration yields relaxivity. Mean Ry in s™' = error bars (SD).
Relaxivity in mM-" s' = SD.

T, values that were consistently 10% shorter than for the
high-resolution NMR method. Despite these differences, a
plot of R; vs. the GAd-DOTA concentration yields straight
lines with similar slopes for the two methods (Fig. 1). The
Gd-DOTA relaxivities determined from the slopes are also
given in Fig. 1. At 9.4 T, the Gd-DOTA relaxivity was about
10% higher than the manufacturer’s value at 1.5 T of
3.4 mM™ s7%; at 17.6 T the relaxivity was decreased by
about 9% compared to 9.4 T.

Mice

T, relaxation times were determined in vivo at 9.4 and
17.6 T. ROIs were selected in cortex, corpus callosum,
caudate putamen, hippocampus, periaqueductal gray, lat-
eral ventricle, and cerebellum (Fig. 2a). Table 1 summa-
rizes the T, relaxation times calculated from these ROIs.
Within this study, T, times significantly increase with field
strength (two-way repeated measures ANOVA, P = 0.018).
Additionally, T; maps were generated on a pixel-by-pixel
basis (Fig. 2b and c).

We also performed a literature study to compare T,
relaxation in rodent (8-10,12—24) and human (25-38)

van de Ven et al.

brain for different field strengths (Fig. 3). Our data tie in
well with previous data on rodent gray and white matter.
Due to limited data points per field strength, the variation
in protocols between the literature sources and the theo-
retical nonlinearity of field-dependent T} increase, it is not
informative to perform statistical analysis on the data pre-
sented in Fig. 3a and b. Nonetheless, there clearly is a
positive trend toward increasing T; times—for both gray
and white matter in both rodents and humans—with field
strength. Based on Fig. 3c and d, there is no statistical
evidence that either the absolute or the relative difference
in T, between gray and white matter changes with increas-
ing field strength. Interestingly, the gray and white matter
difference in T, is significantly larger in humans (P =
0.0001).

SNR

The SNR performance of both imaging field strengths was
compared for the mouse data. For all mice, the SNR was
calculated using a ROI in the cortex on the second echo in
every SE data set (proton density-weighted image; TE =
7 ms and TR = 20 or 30 s). The average experimental
increase in SNR between 9.4 T and 17.6 T was 1.95 * 0.09.
This increase may be slightly underestimated because of a
decrease in T, at higher field. Nonetheless, these values are
in good agreement with expected SNR increase for a sam-
ple-dominated noise regime (SNR « B, = 17.6/9.4 = 1.87).

DISCUSSION AND CONCLUSIONS

Relaxation Times

Here we report T, relaxation times of mouse brain at both
9.4 and 17.6 T. These results are obtained on the same
mice using consistent protocols, allowing direct compari-
son of measurements. The in vivo T; relaxation times are
obtained for specific mouse brain regions, allowing com-
parison with other studies at different field strengths.
These data can be used for optimization of high-field im-
aging protocols. They also provide baseline values for

FIG. 2. ROls selected in a single T,-weighted spin-echo image (a). CC, corpus callosum; Cer, cerebellum; Cor, cortex; CPu, caudate
putamen; H, hippocampus; PAG, periaqueductal gray; V, lateral ventricle. T{ maps at 9.4 T (b) and 17.6 T (c) are depicted. The images are
calculated from monoexponential fits to 11 SR images with TE of 7 ms and TRs ranging from 100 ms to 20 s at 9.4 Tor 30 s at 17.6 T.
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Table 1
In Vivo T4 Relaxation Times of Mouse Brain at 9.4 and 17.6 T*

CC Cor H PAG CPu \% CerG CerW
94T 1.75+0.05 1.89=*+0.12 1.82+0.05 1.70+0.07 1.75+0.03 245=*0.20 1.81=*=0.12 1.65=*0.03
176 T 1.83+0.09 2.03*+0.11 190*+0.08 184 +0.11 1.82+0.10 2.77 =£0.24 2.04*=0.06 1.89 = 0.11
Factor increase 1.05 1.07 1.04 1.08 1.04 1.13 1.12 1.14

* Mean relaxation times in s = SD. CC = corpus callosum, CerG = cerebellum gray matter, CerW = cerebellum white matter, Cor = cortex,
Cpu = caudate putamen, H = hippocampus, PAG = periaqueductal gray, V = ventricle.

relaxation times obtained in pathology in (transgenic)
mice.

Published NMR relaxation values in rodent and human
brain are scarce. We summarized available data in Fig. 3.
This figure clearly shows the large variation in the re-
ported values, which is caused by different hardware,
pulse sequences and protocols, mouse and rat strains, age,
ﬁtting procedures, etc. In our measurements, care was
taken to avoid most of the mentioned constraints in order
to obtain the fairest comparison possible between the dif-
ferent magnetic field strengths. In particular, we note that
careful phasing and the use of real data are required to
minimize baseline effects and obtain quantitative agree-
ment with high-resolution NMR methods (11). Despite the
variability in T, values, it is obvious that T; increases with
increasing field strength for both rodent and human brain.
In studies with matched protocols at different field
strengths, a significant increase of T, was always found
with field strength (e.g., this study, 31,38). Interestingly,
the difference in gray matter T; and white matter T is
larger in humans than in rodents at every field strength.
This may be due to differences in cytoarchitecture be-
tween the species, with humans, e.g., having a lower neu-
ron density (39). Also, the rodent measurement were all
performed under anesthetics, which are known to change

tissue perfusion (40) and can thereby affect the T, mea-
surements, particularly in the gray matter.

The measured T; values will be slightly underestimated
because of the low body temperature during the experi-
ments. However, since all experiments were performed
under the same temperature regime, we feel that all con-
clusions regarding T, increase and dispersion with field
strength are valid.

We and others have observed signal irreproducibility in
ultra-high field T, measurements (41). Several groups are
currently looking into this spin turbulence phenomenon,
which appears to involve radiation damping and/or inter-
molecular multiple quantum effects, both of which will be
large in these essentially aqueous samples at high field
(42,43). This is beyond the scope of this paper, and we
refer to the work of Datta et al. (42) and Huang et al. (43) for
a theoretical discussion of these processes.

Experimentally, a spin-echo experiment is intrinsically
more susceptible to spin turbulence than an IR or SR
experiment, due to the longer time spent by the spins in
the transverse plane. Especially small pulse imperfections
may have a huge effect on signal evolution in an SE ex-
periment (42). For the T; measurement, we chose an SR
sequence, which yields less signal in the transverse plane
in order to minimize radiation damping effects. For the
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high-resolution T, measurements we purposely used an
untuned probe with a low quality-factor, but it is still
possible that radiation damping is the cause of the small
discrepancy in T, at 17.6 T. Even so, the T), measurements
still yield consistent and reproducible values.

SNR

The use of high magnetic field results in increased SNR.
Some advantages are that shorter acquisition times may be
used and spatial resolution increased. The observed SNR
increase at higher field depends on field strength and on
the sample size and properties relative to the coil size. For
very small samples, coil noise predominates, resulting in a
field dependence of SNR o« Bj/* (44). For large conductive
samples, such as living mice, the sample noise dominates
over coil noise, in particular at high magnetic fields and
large sample diameter. Under these limiting conditions,
the noise increases linearly with resonance frequency and
thus SNR « By (45). The SNR increase in images of mouse
brain was 1.95, which is in good agreement with expected
SNR increase for a sample-dominated noise regime (SNR o«
By = 17.6/9.4 = 1.87).

Field Dependence

An understanding of relaxation processes at the molecular
level can provide a link between image intensity and tis-
sue viability or biological processes. It is well known that
the observed water T, relaxation in tissues is dominated by
the much shorter T, relaxation of protons on macromole-
cules that are in contact with exchanging water molecules
(46,47). Relaxation theory predicts that T, increases with
increasing field strength and eventually reaches a plateau
at the solvent T;. The T, of water is practically flat over the
full range of NMR accessible measurements (except for the
small effects of dissolved paramagnetic oxygen). At17.6 T,
we measured a T; of tap water of 3.3 s, which is signifi-
cantly longer than the observed tissue T,. The continuing
T, difference indicates that the local magnetic field of the
in vivo water protons is modulated at high frequencies,
enabling relatively efficient relaxation when compared to
the solvent.

In conclusion, we have determined regional T, values of
mouse brain in vivo at 9.4 and 17.6 T. The results show
that T; still increases with field strength at ultra-high mag-
netic fields. The large gain in SNR encourages the use of
ultra-high fields and merits further work in this direction.
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