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Abstract

Objective This study investigates the field dependence of the
distribution of in vivo, whole-brain T values, and its useful-
ness for white matter/grey matter segmentation. Results on
Ty values are presented on 12 healthy volunteers. T and T
distributions and their field dependence have been measu-
red on the same cohort of volunteers. In this paper, however,
only the T, and T results on a single volunteer are presented.
The reported field dependence of T, and T3 values should,
therefore, be given less weight than that of Ty times.

Materials and methods Relaxation times were measured in
vivo on 12 healthy volunteers, using three nearly identical
whole-body scanners, operating at field strengths of 1.5, 3,
and 4T and employing nearly identical software platforms
and very similar hardware. T} mapping was performed using
TAPIR, a sequence based on the Look—Locker method. T;‘
mapping was performed with a multi-slice, multi-echo, gra-
dient echo sequence. A multi-slice, multi-echo T> mapping
sequence based on the Carr—Purcell-Meiboom-Gill (CPMG)
method was used to map T;. For each volunteer, the glo-
bal distribution of T relaxation times was described as the
superposition of three Gaussian distributions. The field and
age-dependence of the centroids and widths of the three
Gaussians was investigated. The segmentation of the brain
in white and grey matter was performed separately for each
field strength. Using the T segmentation and the fact that all
maps were coregistered, we investigated the distribution of
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T, and T values separately for the white and grey matter
and described them with a Gaussian distribution in each
case.

Results Multi-slice quantitative maps were produced for the
relaxation parameters T; (near whole-brain coverage with
41 slices), T5 (whole-brain coverage, 55 slices), and T, (27
slices). A clear age dependence was identified for grey matter
T values and correlated with similar behaviour observed in a
separate study of the brain water content. The increase with
field strength of the bulk white and grey matter Ty values
was well reproduced by both Bottomley’s [1] and Fischer’s
[2] formulae, with parameters taken from the literature. The
separation between the centroids was, however, either over-
estimated or underestimated by the two formulae. The width
of the T distributions was found to increase with increasing
field.

Conclusions The study of the field dependence of the NMR
relaxation times is expected to allow for better differentiation
between regions which are structurally different, provide a
better insight into the microscopic structure of the brain and
the molecular substrate of its function.

Keywords Relaxation times - Ty, T, T -
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Age dependence of Ty - 1.5T - 3T - 4T - TAPIR - QUTE -
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Introduction

The exquisite and versatile tissue contrast of MRI is largely
based on the variability of tissue relaxation times. Among
the three relaxation times used most frequently (longitudi-
nal Ty and transverse T, and T7), the longitudinal relaxation
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time, T, has proven to be very useful for generating good
anatomical contrast. NMR and MRI, being low sensitivity
methods, greatly profit from the use of high static magnetic
fields. Understandably, early predictions of T convergence
with increasing field [2] created doubt regarding the useful-
ness of high fields for in vivo imaging of the human brain.
Indeed, all MR relaxation times show field dependence, but
given the complexity of tissue this dependence cannot cur-
rently be calculated from first principles.

The advent of ultra-high field scanners (7 T and above) has
made well-known contrast mechanisms such as T% [3] and
phase contrast [4] increasingly useful. However, the useful-
ness of, and the need for T contrast does not appear to have
been significantly jeopardised even at the highest fields at
which in vivo human data have been acquired. Furthermore,
given the increasing number of centres disposing of multi-
scanner, multi-field environments, the investigation of the
exact behaviour of the relaxation times in vivo, for normal as
well as pathological tissue, has become more important than
ever.

The microscopic origin of the NMR relaxation times [5]
can, in principle, be used to investigate the environment of
the water protons on a microscopic scale. In complex envi-
ronments, such as living tissue, it seems difficult to assign
relaxation rates to a single relaxation mechanism. The study
of the field dependence of the relaxation rates (T usually),
however, has led to significant progress in the understan-
ding of the molecular information conveyed by these NMR
parameters [6-8]. The behaviour with field strength of the
transverse relaxation rates Ry and R; and of their difference,
Ry, provides equally interesting information regarding field
inhomogeneities, paramagnetic impurities, and the relaxa-
tion mechanisms.

In the present paper we report on the results of a
12-volunteer study on the mapping of relaxation times at 1.5,
3 and 4T and their field dependence. In order to achieve this
aim, we employed three nearly identical whole-body scan-
ners that differed largely only in the strength of the static
magnetic field and the radio frequency (RF) coils employed.
Longitudinal and transversal relaxation times were mapped
in all 12 volunteers using sequences with brain coverage
varying from whole-brain (T3 mapping, 55 slices), near
whole-brain (T| mapping, 41 slices), and approximately half-
brain coverage (T3, 27 slices). For each volunteer, the scans
at all three field strengths were performed during a restricted
time interval (17days on average, ranging between 3 days
and 3 weeks), in order to minimise possible physiological
variations in the relaxation times and water content of the
brain tissue.

Since age-dependent accumulation of iron, as well as the
age and sex influence relaxation times and brain tissue water
content in healthy volunteers, it is very important to investi-
gate relaxation times in a large enough number of volunteers
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so that different contributions can be discriminated from their
field dependence.

This study builds upon a number of previous studies from
our laboratory which concentrated on fast and accurate
methods for Ty and T% mapping [9-15], as well as precise
measurements of the quantitative water content in healthy
and diseased brain tissue. In subsequent studies the influence
of factors such as age, sex, and severity of disease (hepatic
encephalopathy) has been investigated. The previous studies
were carried out at 1.5 T, achieving a precision of 2% or better
in the determination of water content and 1.5% or better for
Ty [12,13]. The methodology can, therefore, be considered
as well-established, and thus only a short subsection of this
paper is dedicated to validation at 3 and 4 T.

The paper concentrates on T, the characteristics of its dis-
tribution in the near whole-brain white and grey matter, and
the way these characteristics change with the field strength.
Similar features of the transversal relaxation times T, and T3
have been measured on all volunteers but are exemplified in
this paper for one volunteer only. The full results regarding
transversal relaxation times will be the subject of a forthco-
ming publication. The age dependence of the longitudinal
relaxation time is investigated at different fields.

Materials and methods
Subjects

Twelve healthy volunteers were enrolled in this study. The
group included both male (8) and female (4) volunteers, with
ages ranging between 23 and 54 years (average age 34 (SD 9)
years). The applicability of the method in vivo was checked
using data acquired on one volunteer, who was scanned at
all three fields over a period of 2days. Following phantom
validation studies and parameter optimisation, the group of
12 volunteers was scanned at all three fields over a period
of one month. The average interval during which the three
scans were performed on any given volunteer amounted to
17 (SD 10) days. During each scanning session, the subjects
were instructed to keep head movements to a minimum. Ear
restraints and foam pads, placed tightly between the forehead
and the RF coil contributed further to suppress head motion.

Hardware

Measurements were performed using three nearly identical
whole-body scanners, operating at field strengths of 1.5T
(Siemens Avanto), 3T (Siemens Trio) and 4T (Siemens/
Bruker MedSpec). The scanners have identical software plat-
forms except for different SYNGO version numbers and very
similar hardware. All three gradient coils had maximum field
strengths of 40mT/m on each axis. At 1.5 and 3T, an RF
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body coil with very homogeneous B1-field distribution over
the head was used for RF transmit and 12-element, phased-
array head coils for signal detection. At 4T, a composite
transmit/receive head coil was used, consisting of a birdcage
coil for transmit and an eight-element phased-array coil for
signal detection.

Sequences

Quantitative methods were used for the mapping of three
relaxation times (T, Ty, T;) and the magnetisation density;
the latter can be normalised to represent the water content
by insertion of a water probe in the FOV. Since the inhomo-
geneity of the RF field is one of the limiting factors for the
accuracy of quantitative methods, B; mapping was also per-
formed. The method employed for Ty, T5 and water mapping
follows the one described in Ref. [12].

Briefly, T1 mapping was performed using TAPIR, a seq-
uence based on the Look—Locker method. Schematically, the
sequence can be depicted as:

90° — t(delay) — 180° — spoil — {{{e-module multi-echo
readout} multi-slice acquisition} — multi-time points

acquisition} — spoil.

The spin system is prepared by the sequence of two non-
selective (square) pulses with flip angles 90° and 180° respec-
tively, separated by a delay 7. The delay 7 is sufficiently large
to allow full dephasing of transverse magnetisation created
by the 90° pulse. Any transverse magnetisation left after the
inversion pulse is removed by means of spoiler gradients in
all three directions. Following the inversion pulse, the spin
system is repeatedly sampled in a Look—Locker type acquisi-
tion scheme by the application of the slice selective (3-lobed
sinc) a-pulses, interleaving readout of different slices and
time points. In order to accelerate the filling of k-space and,
therefore, reduce the acquisition time of the sequence, mul-
tiple echoes (number given by the EPI-factor) are read after
each a-pulse. The acquired echoes are used to fill different
segments of k-space by interleaving blip gradients in phase-
encode direction resulting in a k-space with, in our case, five
segments. The duration of an «-pulse module is TR, and the
repetition time for each slice is TR x number of slices. After
the acquisition of the last gradient echo for each slice and
each time point, the remaining transverse magnetisation is
dephased by means of spoiler gradients. After the acquisi-
tion of all time points and all slices, the whole process in
then repeated for the next set of lines in k-space.

Detailed information on the sequence and fitting proce-
dure can be found in Refs. [9-13].

Inversion efficiency mapping was performed using exactly
the same signal readout module as for TAPIR but without

looping over time points. The sequence, called TAPIRIE
(TAPIR inversion efficiency) can be depicted as:

90° — t(delay) — {180° — spoil — 180°} — spoil
—TAPIR multi-slice acquisition.

The sequence was repeated twice for each phase-encode line,
once with and once without the combination of two inversion
pulses enclosed in parentheses. During reconstruction, data
were reordered to produce two separate images for each slice.
The ratios of the pixel intensities of these two sets of images
reflect the (in)efficiency of the inversion pulse, and were sub-
sequently used during fitting of the dataset (see Sect. Data
processing). The same slices and acquisition parameters were
used as for TAPIR, with the difference that only one time
point was acquired, and the matrix size was 64 instead of
256 in the read-out direction (same phase encode reduction
factor) resulting in a 16-times larger voxel size.

T} mapping was performed with a multi-slice, multi-echo,
gradient echo sequence in a variant named QUTE [14,15].
A number of equidistant echoes (no. of time points) were
acquired, starting at TE and separated by echo space (nota-
tions of Table 1). Separate k-spaces were acquired for each
echo, and images corresponding to each echo time were
reconstructed.

A multi-slice, multi-echo T, mapping sequence based on
the CPMG method was used for the study of the distribu-
tion of transversal relaxation times. A number of equidis-
tant echoes (no. of time points) were acquired starting at TE
and separated by TE (notations of Table 1). The sequence
(Siemens nomenclature: SE_MC) was included in the stan-
dard software distribution provided by the manufacturer
(Siemens Medical Solutions, Erlangen, Germany).

A cylindrical probe of 18 mm inner diameter and 12cm
length containing MnCl,-doped water was included in the
FOV for calibration of the water content; the MnCl, content
was adjusted such that the relaxation time of the probe was
close to the Ty values found in the brain. The temperature of
this probe was measured with an optical sensor.

In addition to the quantitative protocols, a 3D, T1-weighted
sequence (MP-RAGE) was used for anatomical characteri-
sation of the volunteers.

Sequence parameters

In order to attain comparable accuracy at all three fields,
the parameters of the sequences were varied at each field. An
additional constraint was the demand to keep the total measu-
rement time to around 1 h. The total acquisition time for each
field amounted to 1h, 15min. Table 1 summarises the main
parameters of the quantitative sequences. The pertinent para-
meters of the MP-RAGE sequence included: TT = 900 ms,
TR = 1,670ms, TE = 2.72ms, 9° flip angle, field-of-view

@ Springer



134

Magn Reson Mater Phy (2008) 21:131-147

Table 1 Sequence parameters of the quantitative sequences used in the
present study, for each field strength

15T 3T 4T
TAPIR?
TR (ms) 20 15 15
TE (ms) 3.59 3.20 2.50
TI (ms) 10 8 10
T (ms) 2,000 2,000 2,000
Time points 16 16 20
EPI factor 5 5 5
a(®) 50° 50° 40°
BW (Hz/pixel) 455 815 700
QUTEP
TR (ms) 112 112 100
TE (ms) 4.58 4.58 4.30
Echo space (ms) 34 34 2.8
Time points 30 30 32
Flip angle (°) 90° 90° 90°
BW (Hz/pixel) 320 320 399
SE_MC*
TR (ms) 5,200 4,000 4,240
TE (ms) 13.5 13.5 17.5
Time points 20 20 16
Flip angle (°) 90°/180° 90°/180° 90°/180°
BW (Hz/pixel) 160 160 355

2TAPIR: volume comprises 41 slices of 2mm thickness, acquired in
three separate measurements with: 14 slices with 300% slice thick-
ness gap, 13 slices with 300% gap, 14 slices with 100% gap between
slices, respectively. The matrix size was 256 x 192, the FOV 256 mm x
192 mm, and the spatial resolution 1 mm x 1 mm x 2mm. The satura-
tion recovery, occurring within a time v between the non-selective 90°
pulse and the 180° non-selective inversion pulse ensures that the same
amount of magnetisation is available for every phase encoding step. The
listed TR value corresponds to the duration of an «-pulse module; the
TR for each slice is TR x number of slices. TE is the echo time of
the first echo of the gradient read-out. A number of “EPI factor” echoes
are collected and used to fill the k-space for each slice with “EPI factor”
segments. A number of “time points” are acquired along the inversion
recovery curve for each slice

Y QUTE: volume comprises 55 slices of 2mm thickness acquired in
two separate measurements with: 28 slices with 100% slice thickness
gap and 27 slices with 100% gap between slices. The matrix size was
256 x 192, the FOV 256 mm x 192 mm, and the spatial resolution 1 mm
x Imm x 2mm. The multiple echo acquisitions consisted of “time
points” number of echoes, starting at TE and spaced by echo space
¢SE_MC: volume comprises 27 slices of 2mm thickness acquired in
two separate measurements with: 14 slices with 100% slice thickness
gap and 13 slices with 100% gap between slices. The matrix size was
256 x 192, the FOV 256 mm x 192 mm, and the spatial resolution 1 mm
x I mm x 2mm. A partial Fourier factor of 5/8 was used to speed up the
acquisition process. The multiple echo acquisitions consisted of “time
points” number of echoes, starting at TE and spaced by TE

(FOV) = 166 x 256 mm?, matrix size = 208 x 320 (3
and 4T) or 168 x 256 (1.5T), 224 coronal slices with 1 mm
thickness.
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Validation of the methodology

The relaxation times obtained with TAPIR were validated
against spectroscopic measurements on tubes containing
solutions with different relaxation times due to varying con-
centrations of Gd, as described in Ref. [9]. Furthermore,
results obtained with TAPIR and an inversion-prepared, spin-
echo sequence with long TR and varying TI were also com-
pared. The T, values obtained with SE_MC and T; values
obtained with QUTE were compared to results of single-
voxel spectroscopy on a multi-compartment spherical phan-
tom containing solutions with different concentrations of
MnCl,. The agreement between the fast mapping sequences
and the other imaging or spectroscopic data was found to be
very good and is shown in Fig. 1 for T validation at 3 and
4T; similar results were obtained for T and T; validation.

Brain coverage

In so far as other constraints such as measurement time allo-
wed, this study was designed to achieve nearly complete brain
coverage with as high a spatial resolution as possible. Since
the different mapping sequences were not equally fast and
were subject to different constraints regarding brain coverage
(temporal accuracy for TAPIR, SAR limitations for SE_MC),
a compromise had to be found between brain coverage, mea-
surement time, and the quantitative power of the methodo-
logy for each sequence.

Using the AutoAlign facility of the SYNGO software and
the possibility to transfer parameters between the 3 T Trio and
1.5 T Avanto systems using a common database, we acquired
the slices in very nearly identical positions with respect to the
volunteer’s head at 1.5 and 3 T. The replication of this posi-
tioning at 4 T using AutoAlign was reasonably close, but not
better than manual repositioning of the slices. The different
performance of the AutoAlign on the different scanners was
probably due to the different software versions (3 T—most
up-to-date, 4 T—oldest software version).

The spatial resolution of all acquisitions was I mm x 1 mm
in-plane with a 2 mm slice thickness. In order to avoid cross-
talk effects, a gap of 100% of the slice thickness (2 mm)
was kept between slices of any single acquisition. Practically
whole brain coverage was achieved with QUTE using two
sets of interleaved slices, resulting in a total of 55 (28 4 27)
slices. From this volume, a subset of 41 slices was measured
with TAPIR, using three sets of slices (14 4 13+ 14). A sub-
set of 27 slices, of those covered by both TAPIR and QUTE,
was also measured with SE_MC using two interleaved sets of
slices (14 + 13). Thus, the largest contiguous volume simul-
taneously covered by all three sequences consisted of 27
slices of 2mm thickness and included the basal ganglia. The
largest volume covered by any quantitative sequence amoun-
ted to 55 slices of 2 mm thickness and included practically the
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Fig. 2 Coronal reslice of the volumes acquired with QUTE, TAPIR and SE_MC, showing the extent of brain coverage with each sequence. The
slice thickness was 2 mm; the gaps between slices, seen in the volume covered by TAPIR, are also 2mm

whole cerebrum and about a quarter of the cerebellum. The
data were acquired in an axial orientation. In Fig. 2 a coronal
reslice of the volumes acquired with the three different quan-
titative sequences is shown illustrating the different extents
of brain coverage achieved. A 3D whole-brain acquisition
with higher spatial resolution of either 1 mm isotropic (at
1.5T) or 0.8 x 0.8 x I mm (at 3 and 4 T) was performed with
MP-RAGE.

Data processing

A Java-based software package developed in-house was used
for the computation of the relaxation and magnetisation den-
sity maps. Mono-exponential fits were performed to the expe-
rimental T, T> and T; inversion recovery or attenuation
curves, respectively. All fits were performed on magnitude
data. In order to account for the possibility of having non-
exponential T} decays in the regions affected by significant
field inhomogeneities [16], a polynomial extrapolation to the
zero of time was performed for the voxels where the expo-
nential fit was detected to be poor [12]. For these voxels, the
T} parameter was fitted to the later time points, where the
decay was well approximated by an exponential [12].

The multiple-echo spin-echo data were fit to the expres-
sion S(¢) = Aexp(—t/T2)+ B, where A is a function of My,
the equilibrium magnetisation density and B is a constant.
For QUTE and SE_MC, the effective value of My extracted
from the fits includes T effects due to finite TR as well as
B inhomogeneity effects.

In the case of inversion recovery, despite the presence of
a large number of voxels where partial volume effects might
be expected, and the large number of time points acquired

(16), a mono-exponential fit proved to be more robust than
a fit using the sum of two exponentials; a mono-exponential
fit was consequently used in all cases.

The signal equations and the method used to fit the TAPIR
data are the ones given in Ref. [11]. Briefly, one can describe
the evolution of the signal with time after inversion as

S(t) = A+ Bexp(—t/T?),

where 1/TT = 1/T1 — In(cos@)/TR, A is a function of My,
T, TR and « and B is a function of Mg, T, TR, @ and K
the efficiency of the inversion pulse. K is determined expe-
rimentally using the inversion efficiency mapping described
in Sect. “Sequences”, and the signal is fitted to the above for-
mula with My, T and « as fit parameters. Due to the finite
value of the echo time of the gradient echo read-out, the effec-
tive My extracted by the fit contains a T} contribution, but
the B inhomogeneity effects should be eliminated if the fit
converged properly.

As described in Ref. [12], by combining the effective
magnetisation densities extracted with QUTE and TAPIR
with the appropriate Ty, T5 and B; corrections, and using
the water probe for normalisation, the absolute water content
of the brain can be calculated.

Based on the 55-slice contiguous volume acquired with
QUTE at the shortest echo time, skull removal was performed
using the brain extraction tool of FSL (http://www.fmrib.
ox.ac.uk/fsl/) [17,18] and a brain mask was created. All
the remaining data processing was performed using Matlab
(MATLAB V7.0, Release 14. The Mathworks Inc., Natick/
MA, USA) and ImageJ (ImageJ 1.36b, National Institutes of
Health, USA).
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Fig. 3 Maps of the three
relaxation times, Ty, T, and T3,
obtained from a volunteer at 1.5,
3 and 4 T. For each relaxation
parameter, the scale is the same
across fields and is: 0-2,500 ms
for Ty and 0-150ms for T, and
T3. The selected slices are
nearly identical at 1.5 and 3T,
and the closest match at 4T

150ms§ Oms

The fitted relaxation times and magnetisation density maps
for each relaxation parameter were separately assembled in
volumes of 55 slices. For the Ty and T, acquisitions, the ele-
ments of the 3D matrix for which no data were acquired were
assigned a value of zero. The brain mask was applied to all
these volumes.

Histograms of the T distribution were created for the
41 slices for which T; maps were produced, separately
for each slice as well as for the whole volume. The sum-
med histogram for each volunteer is thus representative for
the whole brain. The number of bins was 256 in all cases.
A multi-component fit of the summed distribution was
performed, using a superposition of two, three or four
Gaussians. Each Gaussian was characterised by its centroid,
full-width at half-maximum (FWHM), and maximum
value. Segmentation of the brain in white and grey matter
was performed based on the T; properties of the two types
of tissue. Using the T;-based segmentation, we investiga-
ted My, T and T3 properties separately for white and grey
matter.
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Results
Validation

The comparison between T values obtained with TAPIR
and values obtained with an inversion recovery (IR)-prepared
spin-echo sequence with TR of 5s is shown in Fig. 1. The
data were obtained on a multi-compartment phantom filled
with water doped with different concentrations of Gd. The
agreement is very good, especially for the range of T values
relevant for in vivo brain tissue; the coefficients of propor-
tionality are 1.014 2 0.007 at 3T and 1.002 £ 0.011 at 4T.
The validation of the methodology at 1.5 T has already been
described in previous publications [9-13].

Maps
Longitudinal (T{) and transversal (T, and T) relaxation

maps for a representative volunteer and slice are shown in
Fig. 3 for all three field strengths. In addition to the relaxation
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Fig. 4 Maps of the uncorrected
magnetisation density (signal
intensity at TE = 0), obtained
from a voxel-by-voxel
mono-exponential fit to the Ty,
T and T data. The maps were
all acquired at 3T and
correspond to the same
volunteer and slices as the ones
of Fig. 3. MO is given in
arbitrary units

MO(TI)

MO(T2%)

Fig. 5 Whole-brain T, (a) 8000 - (b) &0001
histograms for a single 7000 - 7000
volunteer. Data were acquired at 6000 4 60004
1.5 T. Segments a—d show 5
multi-Gaussian fits to the data b4 A o 50007
using either 2 (part a: 2 4000 § 4000
WM + GM), 3 (part b: O 3000 - 3 3000
WM + WM/GM + GM), 3 2000 - 20001
(part c: WM + GM + GM/CSF) 1000 10001
or4 (WM + WM/GM + GM + o 1
GM/CSF) Gaussian ] 0
sstributi ; -1000 . - . . v -1000 T T ; : .
distributions. The red line 0 500 1000 1500 2000 0 500 1000 1500 2000
represents the best fit to the data,
. T1 [ms] T1 [ms]
and the green lines correspond
to each different Gaussian (c) @000, (d) eoo0+
distribution 70004 7000 4
6000+ 6000 -
@ 5000 4 o 5000 4
£ 40004 S 4000
o] o
O 30004 © 30004
2000+ 2000 4
10001 1000 1
0 - 0]
-1000 T T T T T 1000
0 500 1000 1500 2000
T1 [ms]

times, “magnetisation density” maps were produced from
each type of relaxation experiment by extrapolating the fit-
ted signal intensity TE = Oms (for SE_MC and QUTE) and
from the three-parameter (MO, T and «) fit for TAPIR. These
maps are shown in Fig. 4.

T, distribution

The histogram of Ty values, including all measured slices, is
exemplified in Fig. 5 for one volunteer, with data acquired at
1.5 T. Different decompositions of the histogram are compa-
red: two peaks only, corresponding to the two main “humps”;
three peaks including an additional Gaussian between the two
main structures; three peaks including an additional Gaussian
at Ty values larger than the ones for the second Gaussian;
and four peaks, including all the previous structures. The
results of a three-Gaussian decomposition of the Ty histo-

gram, including the two main “humps” and an additional
structure between them, are presented in Fig. 6 for all three
fields. The data of Figs. 5 and 6 were acquired on the same
volunteer. Table 2 lists values of T; in selected anatomical
structures.

Segmentation

Segmentation of the white and grey matter was performed
following visual inspection of the T maps, separately for
every field. The limits chosen for white matter were: 450-
875ms (1.5T); 550-950ms (3T); and 600-1,150ms (4 T).
Similarly, the limits for grey matter were: 876—1800ms
(1.5T);951-2,100ms (3T); and 1151-2,200ms (4 T). Based
on the T| segmentation, it was possible to investigate the
characteristic behaviour of the T4, T> and My values for the
white and grey matter. The whole-brain histograms of these
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Fig. 6 Decomposition of T histograms at 1.5T (a), 3T (b) and 4T
(c) using three Gaussian distributions. The two most intense compo-
nents correspond largely to white matter (1, WM) and grey matter (3,
GM + GM/CSF), whilst the additional component contains a mixture of
contributions from white matter voxels, voxels at the border between
white and grey matter, and voxels from the deep grey matter. The red
line represents the best fit to the data, and the green lines correspond to
each different Gaussian distribution

quantities do not show such distinctive features as the T
histogram, and segmentation in white and grey matter would
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not be possible based on T and T} information only. This
point is exemplified in Fig. 7, which shows the T3 and T
histograms as a function of field strength for a representative
volunteer.

Discussion

At the time when this study was initiated (October 2006), in
vivo relaxation times obtained at more than two different field
strengths on the same volunteer and measured with the same
method (sequence, manufacturer) were not available in the
literature. In the meantime, results on the field dependence of
Ty values of the in vivo brain, at five different field strengths
(0.2, 1, 1.5, 4 and 7T), have been published [19]. Rooney
et al. [19] used a single, 5 mm thick slice that was measured
for three volunteers using different scanners (hardware and
software) at different MR centres. Systematic differences in
relaxation times can arise because of differences in the acqui-
sition sequence and/or processing techniques. However, most
modern MRI instruments have comparable performances and
identical acquisition sequences can be coded across different
manufacturers (and can be verified by oscilloscope). Exact
details regarding hardware and operating software can be
made largely irrelevant as long as appropriate care is taken in
sequence coding. Rooney et al. [19] used different scanners
(hardware and software), but made an impressive effort to
implement identical pulse sequences (and processing code)
across all magnetic field strengths.

The work presented here distinguishes itself from the
above-mentioned study in a number of important ways: first,
we have measured T, T, and T; on 12 volunteers; second,
by employing multi-slice acquisitions, we have covered
nearly the whole brain for T and overlapping slabs for the
other two maps; third, the implementation of identical
methods was facilitated by the use of nearly the same scanner
software; and finally, our slice thickness is 2 mm which offers
significantly more immunity from the deleteriousness of par-
tial volume effects. The different RF setup at 4 T constituted
the biggest hardware difference between the three scanners,
and the different performance of the AutoAlign at 4T the
biggest software difference. The 1.5 and 3 T scanners can be
considered as differing only in the field strength and being
otherwise identical.

A disadvantage of this study is that we have measured
at 3 field strengths and not 5 as have Rooney et al. [19].
Furthermore, the range of the magnetic fields used here is
modest (1.5-4T; a factor of 2.7) compared to the quoted
study (0.2-7T; a factor of 35).

The T values determined in this work compare well with
values published by other groups at the field strengths we
have used (see Table 2). The comparison with the study by
Rooney et al. [19], in which T; values were measured with
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Table 2 T, values in selected X -
anatomical regions Tissue Time (ms) 15T 3.0T 40T
Globus pallidus T 746 [19°] 1,043 [24] 1,143 [19%]
8807 [20°] 888 (31) 1,210 [20°]
733 (20) 933 33)
Red nuclei T 835% [20°] 833 (66) 1,020% [20°]
674 (43) 825 (53)
Putamen T 981 [19°] 1,446 [19°]
1,060% [20°] 1,337 [24] 1,700 [20°]
919 [21] 1,140 (41) 1,372 [25]
942 [22] 1,289 [27]
996 (34) 1,296 (46)
Genu of corpus callosum T 625 [22]
700 [23] 720 (24) 800 (23)
569 [11]
558 (28)
Splenium of corpus callosum T 672 [22]
692 [23] 730 (23) 1,155% [20°]
The values from the present
568 [11 816 (28
study, shown in bold, are (] (28)
averaged over the right and left 581 (17)
hemispheres. The mean value Thalamus T 972 [19°] 1,218 [24] 1,452 [19°]
and the SD, given inside 1,150° [20°] 1,016 (40) 1,650* [20°]
parentheses, are calculated over
the 12 volunteers. At each field, 814 [21] 1,215 [27]
data from the literature are 839 [22] 1,055 (41)
shown for comparison. The 872 (31)
references [11,19-27] are . b b
indicated inside the square Caudate nuclei Ty 1,083 [19°] 1,483 [24] 1,509 [19°]
brackets 1,033 [21] 1,271 [26] 1,458 [25]
:‘)Case study 1,023 [22] 1,226 (53) 1,425 [27]
Study conducted at more than 1,056 (37) 1,353 (70)

one field strength

the same method at several fields, shows better agreement
for the values acquired at 1.5T than for those measured at
4T. The latter are approximately 150ms lower in our work
than those of Ref. [19].

A possible explanation of differences between T; values
determined with sequences based on the same method (Look—
Locker) and employing similar corrections and fit methods
might arise from different magnetisation transfer (MT)
effects and thus different influences on the T times. As has
been noted very recently [28,29], T values determined with
an inversion-prepared turbo spin echo (TSE) sequence with
a moderate number of slabs (5 or 6) show substantial (20—
30%) shortening compared, for example, with values obtai-
ned with TAPIR. This is most probably due to magnetisation
transfer effects in a sequence (TSE) which employs many
180° pulses. In our case, besides using pulses with a much
smaller flip angle, the number of slices used in any TAPIR
measurement is rather small (13 or 14), but larger than the
single slice acquired by Rooney et al. [19]. However, pro-

nounced magnetisation transfer effects on T values would
also lead to a slice dependence of the relaxation times even
in a homogeneous phantom, if its structure allows for MT
effects, and we have not noticed this in TAPIR acquisitions.

In contrast with the comparison of T values for selected
regions, the mean T values for the whole of the GM extracted
in this work, 1,127 (27) ms at 1.5 T and 1,466 (29) ms at 4T,
are higher that the value reported in Fig. 6 of Ref. [19] of
1,000ms at 1.5T and 1,400ms at 4 T. This is most probably
due to the fact that the discussion in Rooney et al. [19] is
based on data from a single slice, where a significant fraction
of the grey matter was concentrated in the basal ganglia, with
values lower than those of the cortical grey matter. It is to be
noted that whilst there is usually high consistency between
T values measured in different volunteers in a given study,
the differences between T values measured with different
methods, using different hardware and manufacturers, are
usually quite large. This makes it difficult to study the field
dependence of relaxation times using values published by
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. . . W
A clear strength of our study lies in the fact that besides ol b
the use of the same mapping method and data evaluation @ 40F q
software, we have employed scanners which are practically =
identical except for the field strength and the RF coil. The g 2r
volunteers were measured at all three field strengths within a 200 b f
very short time (2 weeks on average), making any significant
changes in the intrinsic properties of the brain unlikely. Fur- 100 - -
thermore, we have achieved extensive brain coverage (41 : :
. . . . . . 0
slices for T; mapping) with a high spatial resolution for 500 1000 1500 2000 2500 3000
a quantitative method (1 x 1 x 2mm). The former aspect T1 [ms]

ensures that the conclusions regarding the behaviour of the
T, distribution in the brain is not biased by the use of a
single slice, with very specific anatomy. To exemplify this
point, we show in Fig. 8 the comparison between the histo-
gram obtained from one slice through the basal ganglia and
the histogram from the whole data set acquired at 1.5T for
a single volunteer. The latter aspect minimises the partial
volume effects and allows for a better study of the properties
of distinct tissue types.

The different RF coils employed at the different fields give
rise to different B distributions. The Bj inhomogeneity of
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Fig. 8 Comparison between T histograms from: a a slice through the
basal ganglia, and b the whole volume acquired with TAPIR (41 slices).
Both histograms are normalised to unity. Top to bottom: 1.5-4T

the body coils used for transmit at 1.5 and 3 T was small over
the volume of the brain, but the birdcage coil used for trans-
mit at 4T displayed a substantial RF field inhomogeneity.
Figure 9 compares the inversion efficiency maps extracted
for selected slices with high RF inhomogeneity at4 T (part b)
and 3T (part e). The factor displayed is the absolute value
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Fig. 9 Effect of the B; inhomogeneity on the raw data and quanti-
tative maps with increasing field and different RF configurations. Top
row: data acquired at 4 T; bottom row: data acquired at 3 T. Parts (a) and
(d) show slices acquired with TAPIR (last time point on the saturation
recovery curve) in a region of inhomogeneous RF distribution at4 T (a)
or 3T (d). Parts (b) and (e) show the measured distribution of the cosine
of the inversion pulse. The scale is 0.3-1.2 in part (b) and 0.5-1.2 in

of the cosine of the inversion pulse (nominal value is 1 for
180°), and the scale ranges from 0.3 to 1.2 in part (b) and
0.5 to 1.2 in part (e). At 4T, besides the not very pronoun-
ced signal drop-out in the centre of the brain encountered at
high fields, the left side of the frontal region was affected
by large inhomogeneities, because the inversion pulse was
close to 135°. The effect of the By inhomogeneity on the
raw data acquired with TAPIR at the last time point sampled
on the saturation recovery curve is exemplified in part (a)
for 4T and (d) for 3T. It can be seen that the SNR values
improve with field strength. Comparing the SNR values for
a region in the genu of corpus callosum among fields gives
values of 8.3 at 1.5T, 8.9 at 3T and 9.3 at 4T. The errors
in the T fit due to reduced SNR of the raw images should
therefore, diminish with increasing field. However, the very
strong, inhomogeneity of the RF coil gives rise to pixels of
clear fit mis-convergence in the frontal region at 4T, and a
larger spread of the fitted value when the fit does converge.
Regarding the absolute T; values, the mean values over the
two white matter ROIs shown on part (c) for 4T, one in a

s S

part (e). Parts (c¢) and (f) show the calculated T maps. It is seen that
for the regions of very high RF inhomogeneity at 4 T several cases of fit
misconvergence appear, whereas at 3 T the effect of coil inhomogeneity
is not noticeable in the quantitative map. However, even at 4 T, when
the fit converges properly, it gives similar T values for the white matter
in the region of high inhomogeneity as in a homogeneous region (ROIs
on part (¢)

strongly inhomogeneous, one in a homogeneous region, are
practically identical.

T histograms

The well-known fact that T contrast between white and grey
matter in the healthy in vivo brain is the highest of the 3
MR parameters measured here is well substantiated by the
histograms. Two well separated features, a narrow peak and
a broader “hump” can be easily distinguished at all fields
employed in the present study (see Fig. 6). However, a fit
of the histograms using two Gaussian distributions does not
deliver satisfactory results (see Fig. 5a).

The three-Gaussian decomposition of the Ty histograms
(Figs. 5c, 6) reproduces the data well. A natural assignment
of the peaks would be, in the order of increasing T1: white
matter, voxels at the border between white and grey matter,
and grey matter. However, inspection of the T1 maps shows
that the first and second peaks are both largely characteristic
of the white matter. Some voxels with Ty values belonging
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to the second peak originate in the deep grey matter; some
others belong to regions in which CSF, grey and white matter
all overlap within one voxel. For each field, the T values
which separate the grey and white matter for the purpose of
segmentation, chosen after careful inspection of the data, are
close to the point of intersection between the sum of the first
two Gaussian distributions and the third one.

A large number of voxels with grey matter content are
affected by partial volume effects. Since our data have higher
in-plane resolution than slice thickness, and the sulcal land-
scape varies very rapidly in the brain, most of the voxels
affected by partial volume effect can be expected to be at
the border between grey matter and CSF. The values of T
for CSF was found to be practically independent of the field
strength and amount to 4.3s [19], and voxels affected by
partial volume effects can display T; values ranging from
the lower end of the grey matter T; distribution up to the
CSF value. This is an extremely broad interval, and the his-
tograms show no clear structure in the region of long T
values. Another reason for the lack of a clear CSF peak
is that the T; values for CSF measured with TAPIR are
not really meaningful. The pulsatile motion of the CSF is
a problem for TAPIR since the high temporal resolution with
which TAPIR samples the recovery curve is at the expense
of building up the images line by line over several TR inter-
vals. Also, the time interval for which the recovery curve has
been sampled (number of slices x number of time points x
TR) was optimised for brain tissue relaxation times and is
too short to allow for a good fit for components with very
long Tj.

A three-Gaussian fit of Ty histograms at 1.5 T using WM,
GM and GM-CSF was employed by Suzuki et al. [30]. How-
ever, in the region between WM and GM the fit of their data
also significantly underestimates the observed distribution of
T values.

In our case, adding another Gaussian to the 3-peak decom-
position, to additionally characterise the border between grey
matter and CSF, makes the fit unstable in many cases. The
variation with field strength of the characteristics of different
components becomes less reliable. We have, therefore, cho-
sen the robust three-component fit (WM, WM-GM, GM) to
characterise the whole-brain T distribution and compare its
features between volunteers and fields.

The limits chosen for segmentation at 1.5T are slightly
different from those of Neeb et al. [13], who employed the
same mapping method. The main difference is in the cut-off
for grey matter (1,800 ms in the present study, vs. 1,150 ms
in Ref. [13]). The significantly higher resolution in our study,
of 1 x 1 x2mm compared to 1 x 1 x 5mm in [13], is the main
reason for this difference. The segmentation values chosen
by Suzuki et al. [30] agree well with our value when half the
voxels corresponding to the GM-CSF border are assigned to
grey matter.
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We note here that because of the lack of appropriate crite-
ria for “good segmentation”, all segmentation limits are quite
arbitrary. The segmentation limits need to be established not
only for each field separately, but also, in principle, for each
volunteer. Since age and sex play a role in the characteris-
tics of the T; distributions, the border between the values
corresponding to WM and GM are likely to show depen-
dence on the same factors. However, especially for studies
with a large number of volunteers, manual segmentation can
become prohibitive in terms of workload. In addition, its sub-
jectivity introduces a source of errors.

With this caveat in mind, the limits chosen for segmenta-
tion of the brain in WM and GM at different fields should
be considered only as a starting point. They have been deter-
mined for the volunteer whose T> and T} data are shown
in Sect. “Transversal relaxation times”. For different volun-
teers, these limits can well vary by several tens ms.

Field dependence of T; values

In Fig. 10a we present the centroids of the three Gaussian
peaks, which fit the T histograms, as a function of field
strength. Individual data from four separate volunteers are
shown together with the mean values and SD obtained from
the full collective of 12 volunteers. Figure 10b shows simi-
lar data for the width w of the Gaussian peaks (w = 20,
approximately 0.849 full width at half maximum FWHM).
Peaks 1 and 2 describe the white matter, whilst peak 3 is
assigned to the grey matter. Besides the clear increase in the
T, values with field, it is also noteworthy that the values
for WM and GM are still diverging at 4T, albeit slowly.
The pure T; “contrast-to-signal” ratio between white and
grey matter can be calculated using ROIs in the genu of cor-
pus callosum (GCC) and the caudate nucleus (CN). With the
data listed in Table 2, the contrast-to-signal ratio [T;(CN)—
T1(GCOV/IT1(CN)+T1(GCC)] is approximately constant

with field and has a value of around 0.28 (0.31 at 1.5T and
0.26 at both 3 and 4 T).

As seen in Fig. 10b, the widths of the T; distributions
also increase with field, more prominently so for the grey
matter. The distinctness of the WM and the GM distributions
reduces with increasing field strength; this is partly due to the
Ty values of the deep grey matter which increase less rapidly
than the cortical ones. The increased T heterogeneity of the
cortical brain tissue provides greater discrimination power of
T contrast at high fields. We mention that part of the broa-
dening of the T distribution for grey matter at 4T might
well be due to the strong RF field inhomogeneity depicted in
Fig. 9. As seen in part (c), the T values deduced for the grey
matter in regions of extremely strong field inhomogeneity
are longer than those for the GM in other regions. Despite
the fact that the efficiency of the inversion pulse was mea-
sured experimentally and included in the signal expression
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Fig. 10 Field dependence of the characteristics of the three peaks cor-
responding to the three-Gaussian decomposition of the experimental T}
histograms. Part (a): centroids; part (b): widths. Data for four different
volunteers are shown to illustrate the similarity of the field dependence
between subjects. The mean value and SD calculated over the 12 volun-
teers are shown in red. The field dependence of the centroids is compared
to predictions using empirical formulae from Bottomley et al. [1] and
Fischer et al. [2]

for TAPIR, and the fit should correct for the remaining pulse
inhomogeneity effects, this did not succeed in a few regions
were the RF inhomogeneities were too strong. The effect is
also present, but less pronounced, for regions in the centre
of the brain, for example the basal ganglia. For these regions
the RF inhomogeneity contributes to produce a larger spread
in the fitted value and will slightly increase the width of the
corresponding T distribution.

The field dependence of the longitudinal relaxation time
has been fitted using ex vivo NMR dispersion data by
Bottomley [1] and Fischer et al. [2]. Bottomley used the
simple empirical formula:

T, = Av5, (1)

where v is the NMR frequency and A and B fit parameters.
The values of the two parameters have been fitted to in vivo
data recently by Rooney et al. [19]; we use those parameters

in our comparison. In Fig. 10a, we plot the curve T; = AvB
(dotted blue line) with the parameters: A = 0.00071 and
B = 0.382 for the white matter and A = 0.00116 and
B = 0.376 for the grey matter [19]. The agreement is reaso-
nably good. The difference in the values for the grey matter
most probably arises from the fact that the fit parameters
extracted in Ref. [19] are based on T values for the putamen
only whereas the centroid of our distribution represents the
whole of grey matter (predominantly cortical), with longer
T, values. For the white matter, the predicted values agree
very well with the value of the centroid of the second peak.
The majority of the white matter voxels (more than half) are
nevertheless described by the first peak and their relaxation
times are thus shorter than the predicted value. The shape of
the field dependence of the white matter, which is the same
for the centroids of peaks 1 and 2 (WM and WM-GM)), is well
predicted. However, given that the predicted field dependence
of the grey matter is steeper than the field dependence shown
by our data, the divergence of the T values with field seems
over predicted using the parameters derived from Rooney
etal. [19].

The continuous green line in Fig. 10a represents the for-
mula proposed by Fischer et al. [2], that is:

1/T1 = 1/Ty, w+ D + A/[1 + (f/f)P], 2)

with the parameters given in Table 2 of Fischer et al. [2]. For
the sake of completeness, however, we reproduce the para-
meters here: 1/T1,w, relaxation rate of pure water = (.23 s~!
(at37°C); D[s—1] = 521.38 (WM),0.105 (GM); A[s—1] =
18.25 (WM), 11.66 (GM); f.[MHz] = 0.165 (WM), 0.059
(GM); B = 0.291 (WM), 0.42 (GM). This expression has the
advantage over Bottomley’s formula that the relaxation rate
does not diverge at high fields, but converges towards a value
approximately equal to that of pure water, and the relaxation
times are finite at zero field strength.

Fischer’s formula offers a slightly better overall agreement
with our data. This is not surprising, since it contains more fit
parameters than Bottomley’s formula. However, the variation
of the relaxation times with field strength is overestimated
for the white matter and underestimated for the grey matter,
leading to an extrapolated convergence of the T values at
higher fields, which is not substantiated by our data.

Due to the small range of magnetic fields investigated in
this study, it is not possible to assess based on our data which
of the functions is better suited to model the T behaviour as
a function of magnetic field over a large range of fields. How-
ever, the comparison of the predictions of formula [1] with
our data up to 4T shows an overestimation, while formula
[2] underestimates the behaviour of T with field strength.
An overestimation of the difference in the T values of white
and grey matter offered by formula [1] at 7T is also present
in the data of Ref. [19]. The discrepancy between real values
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Fig. 11 Age dependence of the centroid of the Gaussian distribution
corresponding to the grey matter. The behaviour for each field is shown
separately

of Ty at 9.4 and 11.7 T and those predicted by either formula
[1] or [2] might be substantial.

Age dependence of T values

The age dependence of the centroids obtained from the three-
Gaussian decomposition of the T histograms was investiga-
ted. A clear variation of the position of the GM peak with age
was observed and is shown in Fig. 11: T; of GM was found
to decrease linearly with age. The results were consistent
across fields, and the slope of the T; (GM) dependence on
field was found to be slightly lower for 3T (—1.7(2)) and 4T
(—1.8(2)) than for 1.5T (—2.3(3)). In all cases, the proba-
bility that the correlation was due to chance was P < 0.05.
No clear correlation with age was observed for the centroids
attributable to WM. At the three fields, the P-value for a
linear fit was between 0.16 and 0.97. The result concerning
the decrease of the T1 of GM with age is in agreement with
the findings of Suzuki et al. [30] at 1.5 T. In our case, a linear
expression, instead of the quadratic one used by [30], was
found to perform better perhaps due to the more limited age
range of the volunteers in our study (23-54 years, compared
to 23-88years [30]).

A strong correlation of the T of WM with age was found
by Suzuki et al. whereas our data, corroborated by the results
of Neeb et al. [13] (see below), show no such behaviour. An
important difference between the two studies, which might
well explain the discrepancy, was that the collective included
in the study of Suzuki et al. consisted of patients affected
by different neurological diseases, whereas our data were
acquired on healthy volunteers.

Andersen [31] reported a constant increase of the T ave-
raged over manually chosen regions-of-interest (ROI) in the
frontal and parieto-occipital white matter between 20 and

@ Springer

60 years. However, based on the ROI analysis in frontal white
matter, Cho et al. [32] found an increase in longitudinal
relaxation time starting only in the 6th decade of life, but no
variation for subjects aged 20-50years. This result is simi-
lar to our findings for the white matter distribution in the
whole brain. It is, however, difficult to compare regional and
global results, since the WM in specific regions might show
different behaviour from that averaged over the whole brain.

The main contributions to T relaxation in brain tissue
arise from the macromolecular content of the tissue, as well
as iron content [19]. The largest quantitative survey of the
behaviour of human brain iron content with age was perfor-
med with chemical and histopathological methods by
Hallgren and Sourander [33]. Their results show that, in addi-
tion to a substantial heterogeneity of the grey matter with
respect to accumulations of non-haemin iron, the age depen-
dence of the accumulation is also heterogeneous. For the
whole brain, the most pronounced variation takes place bet-
ween birth and 20 years of age. The variation of iron content
thereafter is strongly reduced in magnitude. Iron content in
parts of the cortex (for example, the motor cortex) increases
with age up to about 50 years of age. For the putamen and cau-
date nucleus, iron accumulation continues until 50-60 years.
For many other parts of the brain, including globus palli-
dus and frontal white matter, however, no notable increase
is noticed after 30years of age [33]. In the thalamus, a rise
of iron content up to around 35 years is observed followed
by a decrease. If the variation of T observed here with age
reflects the average variation of the iron content over the
whole GM, the differences noticed in the slope of the depen-
dence of T with field might reflect relaxivity changes due to
iron (decreases slightly with increasing field).

However, the stronger influence on the longitudinal relaxa-
tion rate is due to macromolecular content, which in turn
influences the water content of the tissue [Bottomley et al.
1984]. Mansfield and Morris [34] noticed a linear relation-
ship between T and water content, which they describe by
Ty = 7.94w — 5.16 for non-adipose tissue, with w being the
fractional water content. As seen from the large slope, and
as discussed by Bottomley et al. [1], the changes in water
content which produce significant changes in T; are quite
marginal. This led to the inference that macromolecular com-
position and structure is probably the determinant factor in
this correlation, playing a major role in the functionality of
tissue, including its water content, as well as a major role in
the NMR relaxation times.

Neeb et al. [13] investigated the age dependence of the
water content of the white and grey matter in the whole brain,
also taking into account the gender dependence. They found a
clear (and quadratic) decrease in the male GM water content
starting in the 6th decade of life, and a clear (and linear)
decrease in the female GM water content over the whole
age interval studied (20-70years). Judging from Fig. 3 of
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Table3 Centroid (xo) and width (FWHM) of the Gaussian distributions
which best correspond to the WM and GM T and T; distributions

B(T) 1.5T8 372 472
To: WM: xo (ms) 87.0 (1) 83.9(2) 72.6 (2)
WM: FWHM (ms) 25.8 (3) 25.0 (6) 22.8(5)
GM: %o (ms) 93.8 (1) 85.6 (2) 74.0 (2)
GM: FWHM (ms) 27.8 (4) 26.1 (4) 25.9 (5)
To*: WM: xo (ms) 66.5 (5) 48.8 (4) 39.8 (4)
WM: FWHM (ms) 17.0 (6) 19.8 (6) 15.5 (7)
GM: xo (ms) 71.5 (8) 49.3 (8) 41.5(8)
GM: FWHM (ms) 22.5 (6) 24 (1) 21.0 (7)

The segmentation of the brain in white and grey matter is based on T
segmentation. The errors given in parentheses represent the fit
uncertainty. The data are for one representative volunteer

2 Values from a single volunteer

Ref. [13], the behaviour of male GM water content with age
over the interval included in this study (23-54 years) can be
considered constant. No age or gender specific changes were
observed for the white matter. These findings are in very
good agreement with the behaviour of T; values found in
the present study, with a mixed male and female collective,
as can be expected due to the strong correlation between T
and water content. The influence of field strength on this
relationship requires further investigation.

Transversal relaxation times

As seen in Fig. 7, the field dependence of the transversal
relaxation times is less pronounced than that of the longitu-
dinal relaxation time, but nevertheless noticeable. The para-
meters of the Gaussian distributions which represent the best
fit to the experimental T, distributions for WM and GM,
respectively, at different fields, are given in Table 3.

The difference in the T, and especially T5 values for the
bulk of white and grey matter becomes very small after 3T.
The absolute values of the bulk relaxation rates increase with
field somewhat more rapidly than a linear dependence.

Whilst field independence of the T, relaxation time can
be expected theoretically [5], the contribution from diffu-
sion of water molecules in inhomogeneous magnetic fields
influences the measured relaxation times. This contribution
introduces a field dependent component via the susceptibility
gradients [35]. In addition, the effective transversal relaxation
time, T%, is also affected by dephasing produced by static
field inhomogeneities. This component can also be strongly
field dependent, if the effect is due to susceptibility inho-
mogeneities. The field dependence of the contribution to the
relaxation rate caused by diffusion in susceptibility gradients
is quadratic [36,37].

Another field-dependent contribution arises from relaxa-
tion caused by ferritin deposits in the brain. In contrast to the

diffusion-mediated mechanism, the field dependence in this
case is linear [38].

It is difficult, using relaxation data acquired at only three
field values to reliably separate linear and quadratic contri-
butions to the relaxation rates. However, in regions where the
relaxation is dominated by ferritin deposits as, for example,
in the globus pallidus, the relaxation rates show a field depen-
dence which is different from that of regions where no signi-
ficant ferritin deposits are to be expected (data not shown).

Besides the shortening of relaxation times with increasing
field strength, seen in Fig. 7, one notable effect is the appea-
rance of a “shoulder” in the short relaxation times region of
the T, distribution. This is due predominantly to regions with
strong susceptibility gradients (as in the frontal regions) or
iron deposits (e.g., globus pallidus or putamen).

As mentioned in Sect. “Data processing”, the T3 values
were extracted from mono-exponential fits to the relaxation
curves. It is known that the presence of intra-voxel gradients
can result in a non-exponential decay of the FID from the
respective voxel [16].

In such a case, the fitted T; value is an underestimate of
the relaxation time.

However, even at 4 T, the experimental decay curves were
found to be close to exponential in most regions. In these
regions, the relaxation rates Ry, R} and R, = R3 — R, and
their field dependence can give information about the iron
content in brain tissue.

A limitation of the T, and T3 component of this study is
that results are presented for a single volunteer. Although we
feel these results are representative of the T and T, beha-
vioural trends of a larger sample, the conclusions must be
considered preliminary. We expect to publish a more com-
plete study of T, and T3 behaviour from the complete cohort
of 12 volunteers in the near future.

Conclusions

Longitudinal and transversal relaxation times have been
determined at three different field strengths in the in vivo
human brain, using very similar whole-body scanners and
near identical sequences. The quantitative sequences were
validated against spectroscopic and imaging standards, with
very good agreement. In vivo results were obtained on eight
male and four female volunteers, aged between 23 and 54
years. This paper focuses on the results from longitudinal
relaxation time mapping, and exemplifies the results obtai-
ned for transversal relaxation times on one volunteer only.
Practically whole brain coverage was obtained for the T
maps (55 slices), close to whole brain for the T; maps (a
subset of 41 slices) and around half of the brain volume
(27 slices) was investigated regarding its To properties. We
have, thus, extracted information about the whole-brain
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behaviour of the relaxation times, in order to avoid conclu-
sions based on specific structures only. In addition to the
extended brain coverage, high resolution was achieved for
quantitative sequences: I mm x 1mm in plane, and 2 mm
slice thickness. Partial volume effects were thus kept to a
minimum.

The global distribution of T; values was investigated.
A three-Gaussian decomposition was found to best repro-
duce the experimental T distributions for all volunteers at
all three field strengths. The peaks correspond, in the order
of increasing T; values, largely to white matter, border bet-
ween white and grey matter (with contributions from, among
others, the basal ganglia), and grey matter. The latter peak
partly includes voxels at the border between grey matter and
CSF. Besides the well-documented increase of the T; relaxa-
tion time with the field strength, visual inspection of the
whole-brain T; histograms shows that the separation bet-
ween the peaks corresponding to white matter only (peak no.
1) and grey matter (peak no. 3) is becoming less distinct with
increasing field. This is due to a large extent to the fact that the
field dependence of T in the basal ganglia is less pronounced
than that of cortical grey matter. The values corresponding
to the basal ganglia increasingly fill the gap between the T
values of white and cortical grey matter.

We have investigated the field dependence of the cen-
troids and widths of the three Gaussians which characterise
the whole-brain distribution of T values. The overall field
dependence is quite well reproduced by both Bottomley’s
formula [1] with parameters adjusted by Rooney et al. [19],
and by Fischer’s formula [2] with the original parameters.
However, the separation between the experimental centroids
corresponding to white and grey matter is either overesti-
mated (Bottomley’s formula with Rooney’s parameters) or
underestimated (Fischer’s formula) towards high fields. This
separation is a matter of concern regarding the usefulness of
very high fields for in vivo brain imaging. Based on our data
and data from the literature, it seems very unlikely that the T
contrast between white and grey matter will disappear even
at the highest fields where human in vivo imaging is plan-
ned (11.7T). The increasing spread in the T; values of grey
matter with increasing field strength, and to a more moderate
extent, those of white matter, are likely to allow for better
differentiation of brain regions which are microscopically
different. We note that increased RF field inhomogeneities at
4T might also have contributed to the observed increase in
the width of the T; distributions, most pronouncedly so for
the grey matter.

We have further investigated the age dependence of the
centroids of the three peaks identified in the global distri-
bution of T values. No correlation with age was identified
for the white matter T values. In contrast, a clear depen-
dence of the T; of grey matter on age was noticed: the T
values decrease linearly with increasing age over the interval
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investigated here (23—54 years). A slight dependence of the
proportionality constant on field was noticed. However, the
limited size of our group of volunteers did not allow us to
study the age dependence separately for males and females,
whereas a study of the brain water content indicates that the
behaviour might be different [13]. In order to investigate the
field dependence of the proportionality constant which des-
cribes the age dependence of T values, further investigation
of the T behaviour with age should be performed at different
field strengths with larger groups of volunteers and covering
a more extended age interval.

The brain tissue was segmented in white and grey mat-
ter based on T; values. Based on this segmentation, it was
possible to investigate the behaviour of the T, and T7 values
of white and grey matter separately. The bulk values of the
relaxation rates were found to increase with field.

By combining the information obtained for all three rela-
xation times, the study of the field dependence of these NMR
properties is expected to allow for better differentiation bet-
ween regions which are structurally different, provide a bet-
ter insight into the microscopic structure of the brain and the
molecular substrate of its function.

Scanners with similar hardware and software as the three
scanners used here are becoming available at the ultra-high
fields of 7 and 9.4 T. In future work, it would be very desirable
to complement our data with values of the relaxation times
at these fields obtained for the whole brain with the same
mapping method.
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