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High-Resolution T, and T, Mapping of the Brain in a
Clinically Acceptable Time with DESPOT1 and DESPOT?2

Sean C. L. Deoni,"? Terry M. Peters,”** and Brian K. Rutt'?°"

Variations in the intrinsic T, and T, relaxation times have been
implicated in numerous neurologic conditions. Unfortunately,
the low resolution and long imaging time associated with con-
ventional methods have prevented T, and T, mapping from
becoming part of routine clinical evaluation. In this study, the
clinical applicability of the DESPOT1 and DESPOT2 imaging
methods for high-resolution, whole-brain, T, and T, mapping
was investigated. In vivo, 1-mm? isotropic whole-brain T, and T,
maps of six healthy volunteers were acquired at 1.5 T with an
imaging time of <17 min each. Isotropic maps (0.34 mm?®) of one
volunteer were also acquired (time <21 min). Average signal-
to-noise within the 1-mm?® T, and T, maps was ~20 and ~14,
respectively, with average repeatability standard deviations of
46.7 ms and 6.7 ms. These results demonstrate the clinical
feasibility of the methods in the study of neurologic
disease. Magn Reson Med 53:237-241, 2005. © 2004 Wiley-
Liss, Inc.
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INTRODUCTION

Previous studies examining the utility of voxelwise deter-
mination, or “mapping,” of the longitudinal and/or trans-
verse (T, and T,) relaxation times in the context of neuro-
logic disease have demonstrated variations in T, and T,
within specific brain regions within autism (1), schizo-
phrenia (2), epilepsy (3), Parkinson’s (4), multiple sclero-
sis (5), and a host of other disorders. Despite the demon-
strated value, volumetric T, and T, mapping is not part of
routine clinical assessment, likely owing to the low reso-
lution and exhaustive scan times associated with conven-
tional mapping methods. A further limitation of the noted
studies is that comparisons between patient and control
groups have been limited to mean values of gross anatomic
regions (i.e., frontal region white matter, the caudate nu-
cleus, thalamus, etc.). Averaging values over these large
regions masks localized T, and T, changes within these
structures, hindering our ability to study disease patho-
genesis at high levels of detail.
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The ability to accurately and precisely map T, and T, at
high resolution (less than 1-mm?® isotropic voxels) over
large volumes would allow more thorough investigations
of relaxation time changes in disease states. Unfortunately,
current conventional and accelerated mapping methods
(6—9) do not allow for such high-resolution scanning in a
clinically practical time frame(<30 min). We have recently
developed a set of rapid combined T, and T, mapping
approaches (10), referred to as DESPOT1 and DESPOT2
(driven equilibrium single pulse observation of T, and T,,
respectively). With DESPOT1, T, is calculated from a se-
ries of spoiled gradient recalled-echo (SPGR) images ac-
quired over a range of flip angles with constant repetition
time (TR). The SPGR signal equation can be written in a
linear form, Slgpgr/sina = Slgpgr/tana X E, + M, (1 —E,),
where Slgpgr is the SPGR signal intensity associated with
flip angle o, M, is a factor proportional to the equilibrium
longitudinal magnetization, and E, = exp(-TR/T;). Plot-
ting Slgpgr/sina versus Slgpgr/tana allows T to be calcu-
lated from the slope of this line as T, = -TR/In(slope).

In DESPOT2, T, is calculated from a series of fully
balanced steady-state free precession (SSFP) images also
acquired over a range of a with constant TR. As with the
SPGR signal equation, the SSFP signal equation can be
written in a linear form as Slggpp/sina = Slggpp/tana X (E,;
-E,/1 -E,E,) + M (1 -E,)E,/(1 —=E,E,), where Slggp is the
SSFP signal intensity associated with flip angle « and E, =
exp(-TR/T,). Plotting Slggpp/sina versus Slggpp/tana, and
making use of the T, information obtained previously with
DESPOT1, allows calculation of T, as T, = -TR/In[(slope
—E,)/(slope X E, -1)].

The linearization property of the SPGR and SSFP signal
equations permits rapid acquisition (because only two flip
angles are required to calculate each of T, and T,) as well
as efficient postprocessing. Comparing the efficiency (de-
fined as signal-to-noise ratio of the calculated T, or T, map
per unit scan time) of the DESPOT methods with alterna-
tive mapping strategies, shows DESPOT1 and DESPOT2 to
be up to 3 times more efficient than multipoint inversion-
recovery and spin-echo methods (10). This high efficiency
makes DESPOT1 and DESPOT?2 ideal for performing high-
resolution comparative relaxation time studies between
normal and patient groups.

In this article we demonstrate the utility of DESPOT1
and DESPOT?2 for high-resolution T, and T, mapping of
the brain and present the first matched whole-brain and
deep brain T, and T, maps with 1-mm® and 0.34-mm?®
isotropic resolution, respectively. From these high-resolu-
tion maps, we demonstrate improved contrast within the
deep brain and thalamus compared with traditional T,-
weighted images. These results illustrate the potential of
the DESPOT methods in the study of neurologic disease
and highlight the advantages of quantitative imaging for
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FIG. 1. Representative sagittal slices (at approximately the same location) through the whole brain, 3D (a) T, and (b) T, map volumes for

each of the six volunteers.

improving image contrast compared with traditional im-
age acquisition methods.

METHODS

All imaging experiments for this study were performed
using a GE CV/i 1.5-T scanner with an eight-channel head
coil. Informed consent was obtained prior to scanning and
the study was performed with approval from the Ethics
Review Board at the University of Western Ontario.

To demonstrate the clinical utility of DESPOT1 and
DESPOT?2, sagittally oriented whole-brain T, and T, maps
were acquired of six volunteers with the following imaging
parameters: DESPOT1: Matrix: 256 X 256 X 128, field of
view (FOV): 25 cm X 25 cm, slab thickness (ST) of 13 cm,
flip angles (FA): 4° and 15°, repetition time (TR): 11.7 ms,
echo time (TE): 2.4 ms, bandwidth (BW): = 15.6 kHz and
imaging time for both flip angles (T;,,,,): 12:46. DESPOT2:
Matrix: 256 X 256 X 128, FOV: 25 cm x 25 cm, ST =
13 cm, FA: 15° and 55°, TR: 3.7, TE: 1.8, BW: = 62.5.0 kHz
and Tj,,,: 4:02. Combined imaging time for both maps was
therefore 16 min and 48 s.

To limit patient motion between acquisitions, head fix-
ation via a chinstrap in combination with foam padding
was used. To reduce artifacts associated with swallowing
and eye movement, the volunteers were asked to refrain

from swallowing and to keep their eyes closed during each
of the four scans.

In addition to these whole-brain maps, ultra-high-resolu-
tion DESPOT1 and DESPOT2 T, and T, maps were acquired
of the deep brain region (i.e., the thalamus, basal ganglia,
globus pallidus, and putamen). These structures are primary
targets for the surgical treatment for a variety of functional
disorders, and given their anatomic complexity, an isotropic
spatial resolution of better than 1 mm?® is desirable for imag-
ing these regions. To test the application of the DESPOT
methods in this area, axially oriented data were acquired of
one volunteer with 0.34-mm?® isotropic resolution with the
following parameters: DESPOT1: Matrix: 256 X 256 X 128,
FOV:18 cm X 18 cm, ST = 9 cm, FA: 5° and 15°, TR: 13.4 ms,
TE: 2.9 ms, BW: = 7.81 kHz and Ti,,,q: 14:44. DESPOT2:
Matrix: 256 X 256 X 128, FOV: 18 cm X 18 cm, ST = 9 cm,
FA: 15° and 60°, TR: 5.6 ms, TE: 2.8 ms, BW: = 125.0 kHz
and T, 6:07. Ten T, and T, maps were acquired over a
period of 4 days and the calculated maps were subsequently
linearly coregistered (11) and averaged. Total time for the 10
T, and T, maps was approximately 3.5 h.

RESULTS

Figures 1 and 2 show representative sagittal and axial
slices through the whole-brain T, and T, maps of each of
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FIG. 2. Representative axial slices (at approximately the same location) through the whole brain, 3D (a) T, and (b) T, map volumes for each

of the six volunteers.
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Table 1
Mean T, and T, Values Obtained from the Six High-Resolution,
Whole-Brain T, and T, Maps

Brain tissue T, (ms) T, (ms)
White matter 608 (23) 54 (4)
Gray matter 1065 (51) 98 (7)
Caudate nucleus 1064 (56) 89 (6)
Hippocampus 1183 (57) 92 (8)
Amygdala 1093 (56) 103 (10)
Pons 783 (37) 64 (5)

Note. Both the mean and standard deviation values (shown in
parentheses) were calculated from data obtained from regions of
interest placed in each of the six volunteers and pooled together.

the six volunteers and demonstrate the high map quality
achievable with the DESPOT methods. Average SNR in the
T, and T, maps (calculated from regions of interest placed
within frontal white matter) of 19.6 and 13.7, respectively,
with repeatability (defined as SD in these T, and T, values
computed using pooled data obtained from anatomically
matched regions in all six volunteers) of 46.7 ms and
6.7 ms, respectively.

Mean T, and T, values (and corresponding standard
deviations) of a variety of brain tissues or regions obtained
from regions of interest (40—50 voxels) placed within the
calculated maps are shown in Table 1. The mean and SD
values quoted in Table 1 were calculated from the pooled
data from all six individuals (i.e., data obtained from re-
gions of interest placed within white matter in the six
maps were pooled and the mean and SD calculated from
this pooled data). Values given for white and gray matter
and the caudate nucleus agree well with those reported in
literature (12) with an average absolute difference between
mean values of 5%. T, and T, values of the hippocampus,
amygdale, and the pons at 1.5 T have not been previous
published to the best of our knowledge. Our results further
illustrate the high accuracy and precision afforded by the
DESPOT methods. With a combined acquisition time of
less than 17 min for maps of the entire brain, additional
averages could easily be acquired without making the
study time excessively long, permitting further increases
in image quality and estimate precision.

The ability to perform ultra-high-resolution imaging
with DESPOT1 and DESPOT2 is shown in Fig. 3 by rep-
resentative slices through a 0.34-mm?® isotropic T, and T,
map of the deep brain. Average SNR within the averaged
T, and T, maps are 26.3 and 16.2, respectively. Within the

FIG. 3. Representative axial slices through
the 10X averaged 0.34-mm? isotropic deep
brain (a) T, and (b) T, maps. Arrows indicate
areas of signal void resulting from the SSFP
banding artifact.
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T, map, areas of low or no signal, resulting from the SSFP
off-resonance banding artifact (13), are noticeable at the
air—tissue interfaces, particularly within the frontal lobe
region as shown by the arrows. Examining the T, map in
greater detail, a series of matched coronal slices [anterior
(i) to posterior (iii)] through the thalamus from the 10X
averaged T,-weighted image (corresponding to the SPGR
image acquired at 15°) and the T, map of the deep brain are
shown in Fig. 4 a and b. In this figure, we have inverted the
gray-scale of the parametric T, map so that the contrast is
similar to that of the T,-weighted image. From this series
of images increased contrast is seen in the map images
compared with the standard T,-weighted images and that
structural differences are evident in the T, maps that are
not distinguishable in the weighted images, despite the
higher SNR of the latter. This result suggests that subtle T,
differences may exist throughout the thalamus that are
masked in the T,-weighted images due to the influence of
proton density and T, effects. Both of these corrupting
influences are cleanly removed within the pure T, map.

DISCUSSION AND CONLUSIONS

The value of quantitative imaging in the study and diag-
nosis of neurologic disease has been well established. Un-
fortunately, the lack of a rapid, accurate, and precise
method for volumetric T, and T, mapping has hindered
the clinical adoption of quantitative imaging. Further, the
lack of such a method has limited our ability to more
thoroughly study changes in these values in pathology at
fine levels of detail. The aim of this study was to demon-
strate DESPOT1 and DESPOT2 as a method for repeatable,
rapid, clinically feasible, high-resolution, whole-brain
combined T, and T, mapping.

The high-resolution and large volumetric coverage af-
forded by DESPOT1 and DESPOT?2 allows more thorough
characterization of tissues and structures of interest as
well as investigation of changes in T, and T, in anatomi-
cally connected by structurally separated areas. Such tar-
geted (subregional) comparisons of T, and T, between
patient and control groups have not been previously pos-
sible. Further, the acquisition of “pure” T, and T, maps
may yield increased contrast within brain structures, such
as between the major nuclei of the thalamus. The advan-
tage of acquiring pure T, and T, maps over more tradi-
tional T;- and T,-weighted images is that the confounding
influence of T,- on the T,-weighted signal (and vice versa)
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is eliminated. The influence of proton density and coil
sensitivity on the image contrast is also removed because
the mapping process separates these two effects cleanly.

Some potential objections and limitations of the DES-
POT2 method include the influence of B, inhomogeneties
on the T, and T, estimates, artifacts due to off-resonance
(B, inhomogeneities) in SSFP (DESPOT2), and the as-
sumption of monoexponential T, relaxation.

A dominant source of error in both the T, and T, esti-
mates is imprecise knowledge of the flip angle used. The
use of optimized RF pulses [i.e., SLR pulses (14)], and the
3D nature of the sequences reduce the severity of these
errors, particularly within the center portion of the vol-
ume. Patient-induced B, inhomogeneities, which are more
difficult to correct, do not appear to play a significant role
at 1.5 T given the uniform intensity across the maps. These
effects, however, are anticipated to increase with in-
creased field strength, in which case quantitative B, map-
ping could be performed to calibrate the flip angle « as a
function of spatial location throughout the volume of in-
terest, or B, insensitive pulses could be employed. Simu-
lations investigating T, accuracy as « was varied from 50%
to 150% of the prescribed value, demonstrated that the
results were higly sensitive to imprecision in «, with a T,
estimate inaccuracy >10% with a 5% deviation in «. Sim-
ilar results were found for T,.

The SSFP banding artifact, particularly noticeable near
the sinuses, inner ear and other regions of large suscepti-
bility differences, present as bands of signal hypo-inten-
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FIG. 4. Comparison of coronal slices
through the thalamus from the (a) 10X av-
eraged deep brain T,-weighted image and
(b) the 10X averaged deep brain T, map.
Slices move from anterior (i) to posterior (ii).
Enhanced contrast is seen in the map image
compared with the T,-weighted images.
The grayscale of the parametric images
have been inverted to better match the con-
trast seen in the T,-weighted images.

sity. A common method of reducing the appearance of
these artifacts within the imaged volume is to minimize
TR (12). With current gradient hardware capabilities, TRs
less than 4.5 ms are possible even at the high resolution
that we demand, which greatly diminishes the appearance
of these artifacts. Investigation of off-resonance effects on
calculated T, estimates via simulations have shown good
estimate accuracy (less than 8% deviation with phase off-
sets of up to * 30°). With appropriate shimming, a root
mean square homogeneity of =8 Hz can be achieved across
the deep brain, corresponding to a phase offset of less than
10 degrees with a TR of 5 ms. The method is therefore
expected to perform well throughout most of the brain.

In areas where greater off-resonance conditions exist
(i.e., near the sinuses), phase-cycled DESPOT2 (15) may be
used to significantly reduce the appearance of these arti-
facts. In this approach two or more sets of SSFP data are
collected with different phase cycling patterns along the
RF pulse train. This phase cycling acts to shift the bands to
different locations within each SSFP image. T, maps are
calculated from each data set and combined using a
weighted averaging approach. Although banding is notice-
able in the 0.34-mm?® isotropic images presented in Fig. 3,
the bands were very localized to the sinus region and do
not detract from the information contained in the T, maps
of the deep brain region.

Although recent in vitro, in vivo, and postmortem stud-
ies (16,17) have demonstrated a biexponential T, behavior
within white matter (attributed to water within and sur-
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rounding the myelin layers of neuronal fibers), prior T,
and T, studies of neurologic disease have focused exclu-
sively on single T, and T, relaxation time measurements.
Thus, although it is possible to include multiexponential
behavior into the DESPOT2 (and DESPOT1) framework,
the clinical utility of measuring the short T, component in
white matter in neurologic disorders (apart from multiple
sclerosis) has yet to be established.

The presented DESPOT1 and DESPOT2 methods allow
the acquisition of large matrix (256 X 256 X 128) high-
resolution (1-mm?®) T, and T, maps with high precision
and SNR in under 17 min at 1.5 T, making whole-brain
mapping clinically feasible for the first time. The methods
also permit acquisition of 0.34-mm?® isotropic resolution
maps of the deep brain, though with significantly reduced
SNR. The contrast observed within these higher resolution
maps suggest their utility in surgical planning of func-
tional stereotactic procedures; however, with a cumulative
imaging time of 3.5 h, such imaging is not yet clinically
practical. The development of dedicated, multichannel
head coils and the move to higher field strength, however,
may provide the SNR gains necessary to bring this scan
time down to clinically realistic levels.

The ability to acquire high-resolution, quantitative im-
ages over the whole brain provides a more complete char-
acterization of the various brain regions and therefore has
tremendous potential for the study, understanding, and
monitoring of disease processes.
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