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Abstract

Novel MR image acquisition strategies have been investigated to elicit contrast within the
thalamus, but direct visualization of individual thalamic nuclei remains a challenge because of
their small size and the low intrinsic contrast between adjacent nuclei. We present a step-by-step
specific optimization of the 3D MPRAGE pulse sequence at 7T to visualize the intra-thalamic
nuclei. We first measured T1 values within different sub-regions of the thalamus at 7T in 5
individuals. We used these to perform simulations and sequential experimental measurements
(n=17) to tune the parameters of the MPRAGE sequence. The optimal set of parameters was used
to collect high-quality data in 6 additional volunteers. Delineation of thalamic nuclei was
performed twice by one rater and MR-defined nuclei were compared to the classic Morel
histological atlas. T1 values within the thalamus ranged from 1400ms to 1800ms for adjacent
nuclei. Using these values for theoretical evaluations combined with in vivo measurements, we
showed that a short inversion time (T1) close to the white matter null regime (T1=670ms)
enhanced the contrast between the thalamus and the surrounding tissues, and best revealed intra-
thalamic contrast. At this particular nulling regime, lengthening the time between successive
inversion pulses (TS=6000ms) increased the thalamic signal and contrast and lengthening the a
pulse train time (N*TR) further increased the thalamic signal. Finally, a low flip angle during the
gradient echo acquisition (a=4°) was observed to mitigate the blur induced by the evolution of the
magnetization along the a pulse train. This optimized set of parameters enabled the 3D delineation
of 15 substructures in all 6 individuals; these substructures corresponded well with the known
anatomical structures of the thalamus based on the classical Morel atlas. The mean Euclidean
distance between the centers of mass of MR- and Morel atlas-defined nuclei was 2.67mm
(x1.02mm). The reproducibility of the MR-defined nuclei was excellent with intraclass correlation
coefficient measured at 0.997 and a mean Euclidean distance between corresponding centers of
mass found at first versus second readings of 0.69mm (+0.38mm). This 7T strategy paves the way
to better identification of thalamic nuclei for neurosurgical planning and investigation of regional
changes in neurological disorders.
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1. INTRODUCTION

The thalamus is often described as a “relay organ” involved in a wide range of neurological
functions including motor, sensory, integrative, and higher cortical functions. It also plays a
significant role in other functions such as the regulation of sleep and wakefulness, memory,
emotion, consciousness, awareness, and attention (Sherman, 2005). The thalamus is not a
single structure but is composed of several functionally specific nuclei interlocked in a
complex anatomy (Morel et al., 1997).

The ability to image the detailed internal structure of the thalamus in vivo is appealing for
several clinical and research applications. First, it will open the way to direct anatomical
targeting for planning of deep brain stimulation of multiple thalamic sub-regions (Lemaire et
al., 2007). Better visualization of thalamic nuclei could improve the safety of new strategies
such as focused ultrasound thalamotomy where neurophysiological recording cannot be used
to correct potential errors due to atlas-based mis-targeting (Lipsman et al., 2013). Second,
direct imaging of thalamic nuclei could enable the investigation of regional thalamic
changes that could account for specific symptoms observed in psychiatric disorders (Coscia
et al., 2009), Alzheimer's disease (Zarei et al., 2010), Parkinson's disease (McKeown et al.,
2008), or multiple sclerosis (Minagar et al., 2013).

Delineation of the intra-thalamic nuclei has been proposed with various cluster-based image
segmentation methods, where each voxel is assigned to a specific cluster (and in turn to a
nucleus) based on feature similarity and spatial proximity. Notably, several diffusion tensor
imaging (DTI)-based clustering techniques have been reported (Behrens et al., 2003; Jbabdi
etal., 2009; Mang et al., 2012; Wiegell et al., 2003); however, these approaches suffer from
the low spatial resolution of DTI images and the low fractional anisotropy within the
thalamus, and are sensitive to user-defined parameters, decreasing the reproducibility of the
results. Clustering using quantitative T1 and T2 relaxation times has also been suggested,
but requires long scans (Deoni et al., 2005) and a priori knowledge of the relative positions
of the nuclei (Deoni et al., 2007; Traynor et al., 2011). Furthermore, different clustering
methods could yield inconsistent results (Traynor et al., 2011), a strong argument for direct
anatomical visualization of the thalamic sub-structures.

Nevertheless, direct anatomical delineation of the sub-nuclei faces major challenges due to
the low intrinsic intra-thalamic MR contrast obtained with standard T1-weighted or T2-
weighted sequences and the small size of the sub-nuclei. Varying myelin concentration
throughout the different sub-nuclei was observed histologically (Morel, 2007). Hence
inversion recovery (IR) T1-weighted pulse sequences (Deichmann et al., 2000; Deichmann
et al., 2004) where contrast is mostly dependent on the presence of myelin, could be
particularly suitable for high resolution and high contrast 3D imaging of the thalamus. In
line with this reasoning, modifications of the magnetization-prepared rapidly-acquired
gradient echo (MPRAGE) sequence have been suggested to visualize some intra-thalamic
structures (Bender et al., 2011; Sudhyadhom et al., 2009; Vassal et al., 2012). In particular,
intra-thalamic T1 contrast seems to be enhanced through the use of different inversion times
(T1) than commonly used, specifically to null either white matter (WM) (Sudhyadhom et al.,
2009; Vassal et al., 2012) or grey matter (GM) (Bender et al., 2011; Magnotta et al., 2000).
One disadvantage of this strategy is that Tls shorter than the standard anatomical MPRAGE
sequence (Jack et al., 2008) decrease the signal-to-noise ratio (SNR), making it challenging
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to achieve sufficient spatial resolution and contrast-to-noise ratio within the thalamus with
standard (1.5T or 3T) scanners (Bender et al., 2011; Magnotta et al., 2000; Sudhyadhom et
al., 2009; Vassal et al., 2012).

We hypothesized that ultra high field MRI (7T) could provide new solutions for visualizing
thalamic anatomy by virtue of higher intrinsic SNR. Furthermore, due to increased T1
dispersion at high field (Rooney et al., 2007), higher contrast between tissues has been
reported at 7T (Weiss et al., 2010) and subtle T1 differences may be enhanced at 7T (Bock
et al., 2009) compared to 3T (Bock et al., 2013). The possibility of greater relaxation time
differences between sub-nuclei at 7T could maximize subtle intra-thalamic contrast after
proper sequence optimization, while the greater intrinsic SNR at 7T should allow imaging at
sufficiently small voxel size to resolve the internal anatomic sub-structures of the thalamus.

In this paper, we present a step-by-step optimization of the 3D MPRAGE pulse sequence at
7T, which we have specifically optimized to visualize the intra-thalamic nuclei. We first
measured the T1 values of the thalamus at 7T using a standard single-slice IR method. We
then used these T1 values to simulate the MPRAGE signal behavior, and used these
theoretical results to guide empirical optimization through imaging of volunteers to achieve
the best trade-off between signal, contrast, and resolution for visualization of the thalamic
nuclei. Finally, we used the optimized sequence to show the correspondence of the MR
images to anatomy by comparison to a standard stereotactic atlas (Krauth et al., 2010; Morel
etal., 1997), and demonstrate the consistency of the new imaging method.

2. METHODS and THEORY

2.1. T1 measurements

Deoni et al. (Deoni et al., 2005) showed significant differences in T1 between intra-thalamic
nuclei, with values ranging from 700ms to 1400ms at 1.5T; however, there is no literature
reporting T1 values in sub-regions of the thalamus at 7T. To understand and optimize the
intra-thalamic signal and contrast, we first obtained T1 maps on a 7T whole body MRI
scanner (GE Discovery MR950, GE Healthcare, Waukesha, WI) using a 32 receive-channel
head coil (Nova Medical Inc, Wilmington, MA) on 5 volunteers (4 male/ 1 female, mean
age=33 years old, range 30-35). An IR fast spin echo (IR-FSE) sequence was acquired from
a single axial slice covering the long axis of the thalamus at the level of the Monroe
foramens, and repeated using 5 Tls (50, 200, 600, 1500 and 4000ms). The other relevant
parameters were as follow: ETL=8, TE=9ms, TR=5000ms, BW=15.6KHz, FOV=18cm x
18cm, matrix=192 x 192, slice thickness=1.5mm, NEX=2 averages, and total acquisition
time for all 5 Tls =20.4 min. Inversion was performed using the hyperbolic secant adiabatic
pulse supplied in the vendor software (duration=16ms, bandwidth=1.5kHz), with the slice-
selection gradient amplitude set to zero and increased pulse amplitude to ensure adiabatic
performance (peak B1 amplitude = 2.28 uT). Because of its adiabatic characteristics, this
pulse inverted spins with minimal sensitivity to the B1 inhomogeneity associated with 7T
imaging in human brain. To generate the T1 maps, the IR-FSE images were analyzed with a
general 4-parameter model for mono-exponential IR with polarity-restoration, taking into
account the finite TR and imperfect inversion, using freely available code (Barral et al.,
2010) in Matlab (The Mathworks, Natick, MA, USA).

T1 values were measured on the maps within manually-identified regions of frontal WM,
cortical GM (anterior insular cortex), and thalamus. For the thalamus, we measured T1
values within several sub-regions based on known anatomy, notably in the pulvinar and the
mediodorsal nuclei (which show T1 values spanning the higher range of the intra-thalamic
T1 distribution at 1.5T (Deoni et al., 2005)) and within the adjacent nuclei from the median
and lateral groups (which show T1 values spanning the lower range of the intra-thalamic T1
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distribution at 1.5T (Deoni et al., 2005)). The regions-of-interest (ROI) used for T1
measurement and then for sequence optimization are illustrated in Figure 1.

2.2. Theory and Simulations for sequence optimization

The MPRAGE pulse sequence consists of an inversion pulse followed by an inversion delay
(T1), a readout sequence consisting of a train of N low-flip-angle (a) gradient echo (GE)
readouts with a short repetition time (TR), and an additional relaxation delay (TD) before
the next inversion. For each inversion pulse, all kz slice-encoding steps are acquired —
typically with centric ordering — and the process is repeated for all ky phase encoding steps
in a sequential manner. The total duration, or shot interval (TS), between successive
inversion pulses is given by TS=TI+(N*TR)+TD. During the Tl and TD intervals, the
longitudinal magnetization freely relaxes with a time constant T1 toward the thermal
equilibrium Mg, while during the readout phase, the magnetization is driven by the a pulse
train toward a steady state with a time constant T1* (Deichmann et al., 2000); commonly
this steady state is closely approached within a hundred a pulses (Deichmann et al., 2000;
Mugler and Brookeman, 1990). There is also an overall steady state being reached after 2 to
3 TS intervals, that accounts for all three transient phases.

In order to characterize the magnetization evolution in the MPRAGE sequence, we modeled
the k-space signal modulation in the slice-encoding direction in Matlab using the formalism
proposed by Deichmann et al (Deichmann et al., 2000). We used T1 values from our
measurements, along with proton density (p) values from the literature (Neeb et al., 2006), to
model the signal of the WM, the GM, and adjacent intra-thalamic regions with T1 values in
the lower and higher range of thalamic T1 (see above and Figure 1). The parameters used for
the modeling are summarized in Table 1. The signal amplitude at the center of k-space
(called S) was used in the SNR and SNR efficiency calculations. To account for receiver
bandwidth (BW) and the number of kz steps (N), we calculated SNR as S/sqrt(BW*N) and
to account for the total scan time we calculated SNR efficiency as S/sqrt(BW*N*TS). CNR
and CNR efficiency were similarly defined, but used the relative signal difference between
two tissues of interest. In order to characterize the blurring at interfaces, a synthetic phantom
consisting of a circular region of thalamus (diameter ~18 pixels) with a smaller circular
region of WM (diameter ~4 pixels) was used to generate 2D k-space and the signal
modulation was applied along one of the dimensions to simulate blurring along the
MPRAGE signal readout (kz). Line profiles through the center of the phantom were used to
study the effect of a on blurring. This phantom was structurally and compositionally similar
to small WM interfaces observed inside the thalamus.

2.3. In vivo experiments for sequence optimization

Seventeen MR sessions were conducted on healthy volunteers (12 male / 5 female, mean age
37.9 years old, range 30-57) to verify the simulations and to finely optimize the sequence on
the 7T GE Discovery MR950. This empirical optimization guided by the simulations was
important especially when there was not a single optimal theoretical value but rather tradeoff
between signal, contrast and blur in this complex optimization problem. Written informed
consent was obtained before the imaging sessions for all participating subjects and the study
was approved by the Institutional Review Board of Stanford University.

Static magnetic field (BO) inhomogeneities and transmit and receive (B1+ and B1-)
inhomogeneities are major challenges at 7T (Truong et al., 2006) and can easily overwhelm
the expected subtle signal variations between thalamic nuclei. All exams began with a
higher order shim procedure to optimize linear and second order shims based on a 3D field
map acquired over the whole brain. Typical residual BO field variations were about 20 Hz
rms over the brain and did not cause any artifact or image degradation especially for the

Neuroimage. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tourdias et al.

Page 5

thalamus, located in the center of the brain. To mitigate B1+ inhomogeneity and stabilize the
inversion throughout the brain volume, a nonselective hyperbolic secant pulse optimized to
be insensitive to B1 and BO heterogeneity was used (Saranathan et al., 2013), with a peak
B1+ amplitude that was at least three times higher than the adiabatic threshold. B1+ maps
were obtained using the Bloch-Siegert shift method (Sacolick et al., 2010) to quantify the
B1+ variations and to assess the discrepancy between the prescribed and the true flip angle
in the area of the thalamus.

During the optimization procedure, the 3D MPRAGE images were acquired with multiple
sets of parameters following the steps described below (*“2.4. Strategy for sequence
optimization”) and the corresponding details will be found in the figure captions.

All images were anonymized and evaluated by an experienced neuroradiologist for their
ability to depict intra-thalamic nuclei and to measure signal, contrast and blur within the
thalamus. SNR was defined as S tjssye / SD background: Where S denotes signal intensity and
SD the standard deviation. Care was taken to place the ROI for noise evaluation in air away
from phase encoding and other artifacts and at the same place each time to minimize errors
due to spatially varying noise characteristics produced by the ARC parallel imaging
technique. The relative intra-thalamic contrast was defined between adjacent nuclei (labeled
A and B) as (S nucteus A = S nucteus B) / (S nucleus A + S nucleus B)- AS an index of the blur
within the thalamus, we focused on the mammillothalamic tract (MTT) on axial views, as it
represents a small WM structure (1 to 2 mm) embedded within the GM of the ventral
anterior nucleus (Morel et al., 1997). Any blur will induce changes in the signal of the MTT
by mixing with the adjacent ventral anterior nucleus. Consequently, the signal intensity
profile was plotted along a line passing through the MTT on axial views and the shape of the
curve was used to quantify the blur. The contrast between the MTT and the adjacent ventral
anterior nucleus was also used as a surrogate measure of the blur.

2.4. Strategy for sequence optimization

MPRAGE with nulling of either WM (Sudhyadhom et al., 2009; Vassal et al., 2012) or GM
(Bender et al., 2011; Magnotta et al., 2000) has been reported as a potential solution to
increase intra-thalamic contrast; therefore, we first investigated which regime would provide
the best strategy at 7T. The signal was modeled as a function of TI to find the null points for
WM and GM and to predict intra-thalamic signal and contrast for each regime. The
simulated results were verified experimentally by acquiring MPRAGE images at each
nulling regime. For comparison, standard T1-weighted MPRAGE images were also acquired
following the recommended parameters for morphometric analyses (Jack et al., 2008),
slightly adjusted for 7T.

Once the global optimal nulling regime was determined, we investigated the effect of the
length and the distribution of each MPRAGE period, i.e, (i) TS, (ii) the readout (N*TR) and
(iii) TI. We first investigated the impact of TS by simulating intra-thalamic SNR and SNR
efficiency, as well as intra-thalamic contrast and contrast efficiency, over a range of TS from
2000ms to 9000ms obtained by varying TD with other parameters fixed or calculated to
remain in the same regime. The results of the simulations were assessed experimentally by
acquiring scans with various TS through varying TD at the predefined optimal regime. The
impact of N and TR were simultaneously studied by simulating SNR and SNR efficiency at
each TS for N from 160 to 220 together with varying BW (and indirectly TR) from 10KHz
to 40KHz. For the predefined optimal parameters, the T1 was further finely tuned
experimentally around the global optimal regime. Finally, we simulated the impact of a on
signal, contrast and blur by varying a from 3° to 15° in the simulations and by varying the
prescribed a from 2° to 10° in vivo, with other parameters fixed. The different a values
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between simulations and experiments account for the difference between the actual and
prescribed a based on B1 maps.

2.5. Direct visualization of the thalamic sub-nuclei

A set of whole brain 3D high-quality anatomical images was acquired in a group of 6
volunteers (5 males / 1 female, mean age 31.2 years old, range 24-35) with the optimized
MPRAGE parameters obtained from the above steps. The optimized images were first
reformatted in orthogonal planes and visually compared to classical histological plates from
the well-known multiarchitectonic, stereotactic Morel atlas (Morel et al., 1997). Then, 15
substructures were manually and independently outlined for all 6 subjects, using only image
features visualized in the MPRAGE images, by a neuroradiologist trained on thalamic
anatomy. Evaluation was done with the software package 3D-Slicer (Version 4.2.2-1; http://
www.slicer.org/) using freehand spline drawing tools to build 3D vector-based model (VTK)
of each structure. Using the Morel nomenclature the 15 substructures were: (i) from the
medial group the mediodorsal nucleus (MD), center median nucleus (CM), habenular
nucleus (HDb); (ii) from the posterior group the pulvinar (Pul), medial geniculate nucleus
(MGN), lateral geniculate nucleus (LGN); (iii) from the lateral group the ventral posterior
lateral nucleus (VPL), ventral lateral anterior nucleus (VLa), ventral lateral posterior nucleus
(VLp), ventral anterior nucleus (VA); (iv) from the anterior group the anterior ventral
nucleus (AV), lateral dorsal nucleus (LD); (v) and also the red nucleus (RN),
mammillothalamic tract (MTT) and subthalamic nucleus (STh). The volumes of these
structures and the intercommissural distance for each subject were measured. Each brain
was then linearly transformed to Talairach space and scaled in 3D to compensate for brain
size differences between individuals and the atlas using a method inspired from Chakravarty
et al (Chakravarty et al., 2009). The scaling factor in x was equal to (atlas width of the
thalamus / subject width of the thalamus); in y was equal to (atlas intercommissural

distance / subject intercommissural distance); and in z was equal to (atlas height of the
thalamus / subject height of the thalamus). The transformation matrix calculated by 3D-
Slicer was applied to the 3D volumes of the substructures obtained from the raw images, and
the 3D Talairach center of mass (COM) coordinates of each nucleus were computed using
Python scripts in 3D-Slicer. The 3D Talairach COM coordinates of an electronic version of
the Morel atlas provided in Talairach space (Krauth et al., 2010) were computed using the
same method for comparison. The mean Euclidean distance between the MR-defined COM
and the atlas-defined COM was calculated. Reproducibility of the MR-based delineation
was assessed by repeating the outlining of the structures by the same trained rater a second
time after a 3-week interval to avoid recall bias.

2.6. Statistical analysis

We used the non-parametric Mann-Whitney test to compare the intercommissural distance
measured on the 6 volunteers scanned with the optimized protocol and the intercommissural
distances of the brains used for the atlas (Krauth et al., 2010; Morel et al., 1997). The Mann-
Whitney test was also used to compare the MR-defined and atlas-based thalamic volumes
(Krauth et al., 2010). Intra-rater reliability was assessed by calculating the intraclass
correlation coefficient (ICC) for the volumes of substructures measuring absolute agreement
under a two-way random ANOVA model. Also, the difference between the COM of the
substructures computed during the first and the second reading sessions was calculated.
Analyses were performed with the R software package (version 3.0.0).
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3. RESULTS

3.1. T1 measurements

We measured mean frontal WM T1 to be 1201ms £36ms and mean cortical GM T1 (anterior
insular cortex) to be 1962ms +46ms. Within the thalamus, a large range of T1 values was
observed, ranging from about 1250ms to 1800ms (Figure 1 and supplemental table). The
highest T1 values were measured in the posterior and medial thalamus [pulvinar (Pul) and
mediodorsal (MD) nuclei respectively] while T1 values were lower in the more lateral and
anterior nuclei. Interestingly, even within a large nucleus group such as the lateral group, a
range of T1 values was also observed within subdivisions, which bodes well for using a
strongly T1-weighted sequence such as MPRAGE to reveal intra-thalamic contrast.

The next steps of simulation and sequence optimization were conducted to maximize the
signal and the contrast between T1 values of 1800ms as the higher range of values measured
in the pulvinar (Pul) and mediodorsal (MD) nuclei, and T1 values of 1400ms as the range of
value measured in the adjacent center median (CM) and ventral posterior lateral (VPL)
nuclei, in our population.

3.2. Sequence optimization

We first explored TI values centered around the null points for the major tissue classes
(cerebro-spinal fluid — CSF for standard T1 contrast, GM, and WM) with the goal of
revealing thalamic anatomy. The plot of the simulated signal versus TI indicated the
theoretical WM, GM and CSF nulling values for a given set of TS/TR/N/a (Figure 2A). The
plots of relative intra-thalamic and WM/thalamus contrast versus TI are shown in Figure
2B. These simulations predict that despite good SNR (Figure 2A), the standard MPRAGE
sequence using long TIs (T1=1200ms for TS=3700ms) to get classical T1-weighted images
provides poor signal separation between thalamus and adjacent WM as well as poor intra-
thalamic contrast (Figure 2B) which was confirmed by the absence of any visible internal
structure in vivo (Figure 3C). Using the WM null regime rather than the GM null regime
should lead to (i) about 38% increase of maximal intra-thalamic signal (Figure 2A) and to
(i) the best contrast between the external regions of the thalamus (exhibiting the lower T1
values) and the adjacent WM of the internal capsule (Figure 2B). Both the WM null and
GM null regimes are close to the peaks of intra-thalamic contrast but the WM null regime
provides positive contrast (higher T1 resulting in higher signal) and we further expect the
WM null regime to reveal thin myelin rich lamellae separating the thalamic nuclei (Jones,
1985) that should appear strongly hypointense at this WM null point (Figure 2B). In vivo
scans (Figure 3) revealed accurate nulling of the GM using the TI predicted by theory (=
1080ms for TS=5000ms) for a GM T1 of 1962ms; for WM, ideal nulling WM was achieved
for a shorter TI than predicted (= 730ms for TS=5000ms), corresponding to a WM T1 of
1100ms instead of the measured 1201ms (see discussion for further explanation of this
discrepancy). In line with the simulations, the WM null images provided far better visual
delineation of the thalamus from the surrounding tissues compared to the GM null images
(Figure 3A and B), a good intra-thalamic contrast and thin hypointense boundaries between
some nuclei (Figure 3A) providing the rationale to further study this regime.

Next, we demonstrated the effect of increasing TS, by increasing TD, on thalamic signal and
contrast. The thalamic signal (Figure 4A) and contrast (Supplemental Figure 1) were
predicted to increase continuously with TS but with much bigger effect on signal than on
contrast; the signal being in turn the main factor to pick the optimum value. As TS affects
the overall imaging time for the sequence, we considered efficiency to determine the
optimum TS (Figure 4B). Signal efficiency peaked for TS=6000ms indicating that up to this
value, the effect of lengthening TS was stronger than signal averaging for increasing SNR.
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Experimentally, the gain of imaging at longer TS effected through longer TD was
demonstrated by improved visualization of small nuclei (Figure 4D).

The length of the readout train (N*TR) was optimized simultaneously with TS and T1 and
had different impact at different TS. For the long TS (6000ms) needed to maximize the
signal and the contrast (Figures4A, 4B and supplemental Figure 1), a long readout (high
N, low BW resulting in long TR) was predicted to produce more SNR efficiency (Figure
4C). The impact on contrast was very low (Supplemental Figure 1). At TS=6000ms with
the longer readout train, TD was still long enough (~3950ms) to allow sufficient relaxation
of the longitudinal magnetization prior to the next inversion pulse. We ran our scans at
85-90% of the maximum SNR efficiency by using N=200, sufficient to cover the whole
brain, and BW=20 KHz to increase SNR while avoiding the chemical shift artifacts that
occurred at lower BW.

Fine experimental tuning of TI around the WM nulling point for TS=6000ms was found to
be useful to improve thalamic nuclei delineation, by finding the best tradeoff between signal
and contrast. From the simulated signal evolution over TI (Figure 2A and B), it appeared
that, close to the WM nulling point, increasing TI should decrease thalamic signal while
improving intra-thalamic contrast; decreasing TI should have the opposite effect. This was
particularly relevant to distinguishing subtle thalamic divisions in vivo as illustrated in
Figure5. Overall, the TS/T1=6000ms/670ms combination was found to be optimal for
revealing intra-thalamic structures. Longer T (TS/T1=6000ms/720ms) resulted in more
complete WM suppression but also in important signal loss of lateral nuclei with T1 values
closer to WM, thus obscuring accurate segmentation. On the other hand, with a shorter TI
(TS/T1=6000ms/620ms), thin internuclear borders believed to correspond to thin myelin
layers separating individual nuclei were progressively lost.

Finally, the optimal o was defined by finding the best tradeoff between signal and blur.
Thalamic signal increased linearly with a as expected from the MPRAGE equation where
signal is proportional to sin(a) (Figure 6C). At the WM null TI, the magnetization curve for
the thalamus starts with negative values and changes sign during the acquisition of the phase
encoding steps resulting in a more distorted point spread function than the standard
MPRAGE, where the magnetization is positive throughout (data not shown). In simulations,
the resulting blur in the 1D phantom was observed to increase rapidly with a (Figure 6A)
and was suspected to result in progressive fading of small intra-thalamic structures. This
effect appears predominantly in the slice encoding direction (antero-posterior for our coronal
acquisition), and resulted in the visualization of small WM tracts, such as the
mammillothalamic tract and the small internuclear borders, being progressively lost at
higher a (Figures 6B and 6D). A small prescribed flip angle of a =4° was chosen to allow
3D visualization with minimal blurring while maintaining sufficient signal (Figure 6C).
This prescribed a of 4° corresponds to an actual a of 5°-6° within the thalamus when
accounting for the central B1 “hotspot” at 7T.

3.3. Direct visualization of the thalamic sub-nuclei

Based on the above stepwise strategy for optimization, we chose a final set of optimum
parameters for visualizing thalamic anatomy as follows: TS=6000ms, TI=670ms, N=200,
BW=20KHz, TR/TE=6.9ms/3.0ms, a=4°, 1x1x1mm? acquisition resolution (0.7x0.7x0.5
mm?3 reconstructed voxel size) and centric 1D kz ordering. The protocol was used without
parallel imaging (scan time=16. 2 min) but can be used with 1D parallel imaging
acceleration (with acceleration factor in the range of 2-3) without significant alteration in
imaging characteristics with the exception of signal to noise ratio (scan time ranging from
5.5min to 9 min).
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The 6 volunteers scanned with this protocol had an average intercommissural distance of
28.3mm (range 26-30.5mm) that tended to be larger than the average intercommissural
distance of the 5 brains used for the atlas (25.4mm; range 23-29mm; p=0.06). We found a
mean thalamic volume over the 6 volunteers of 6571mm3 (range 5887-7211mm?3); this was
statistically larger than the mean thalamic volume from the atlas (5253mms3; p=0.03).

Representative orthogonal slices obtained in 3 volunteers illustrate the consistent contrast
across individuals (Figure 7). Two characteristics were useful to delineate the nuclei on
these MR images: (i) signal intensity variations between adjacent nuclei as expected from
the quantitative T1 data shown in Figure 1; (ii) thin bands of reduced signal surrounding
and separating many adjacent nuclei with otherwise close signal intensity. Visual
comparison with the atlas showed that such contrast variation and thin hypointense
boundaries corresponded well with known anatomical structures of the thalamus, although
slight differences between the MR-defined nuclei and the atlas were also noticeable.

The above-mentioned characteristics (contrast variation and thin hypointense bands) allowed
a 3D delineation of 15 structures in each volunteer. The COM coordinates showed tight
clusters close to the atlas-based COM coordinates, with a mean Euclidean distance
discrepancy from the atlas-based COMs of 2.67mm (+1.02mm) (Figure 8). As expected the
smaller nuclei (such as LD) showed a slightly wider spread. This quantification provided
more evidence that the sequence showed contrast allowing the recognition of known
anatomical/histological structures.

The nuclei were outlined from MR images with an overall excellent reproducibility. The
ICC for the volumes of substructures was measured at 0.997 (95% confidence interval 0.996
< ICC < 0.998). The mean Euclidean distance discrepancy between corresponding COMs
found at first versus second readings was very small (0.69mm £0.38mm) and in fact smaller
than the voxel dimension.

4. DISCUSSION

We have combined theoretical simulations and empirical optimization to obtain a WM-
nulled version of MPRAGE at 7T and we have shown its ability to reveal detailed intra-
thalamic structures in individual subjects. This opens the door to new solutions for planning
of deep brain stimulation and other targeted deep brain therapeutic strategies, and for
investigation of regional thalamic changes in several neurological disorders.

Compared to existing methods aimed at targeting thalamic anatomy, the solution presented
in this paper offers direct anatomical images obtained in a clinically acceptable imaging time
and without post processing. The full 3D coverage with multiplanar reconstruction revealed
small substructures and subdivisions not clearly discriminated otherwise. Clustering
methods using DTI-based feature similarities (Behrens et al., 2003; Jbabdi et al., 2009;
Mang et al., 2012; Wiegell et al., 2003) are attractive because they could be independent of
the manual delineation used here. Nevertheless, we were able to identify small thalamic sub-
regions not detectable with DTI-based clustering and a single DTI-based cluster may
represent the sum of smaller histological subdivisions that cannot be assessed in vivo with
that technique. Based on the dispersion of T1 values shown in Figure 1 and recent solutions
for fast 3D T1 mapping at 7T (Liu et al., 2011), we could consider coupling our high-quality
anatomical data with T1-based segmentation algorithms in the future to help find nuclear
boundaries semi-automatically. Other anatomical methods have been suggested to enhance
thalamic contrast but were usually only able to distinguish the limited number of nuclei
generating the highest intrinsic contrast (Gringel et al., 2009; Kanowski et al., 2010). Here,
in addition to the enhanced contrast, we also showed thin bands reminiscent of inter-nuclear
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borders seen on histological sections (Jones, 1985), compatible with the presence of thin
myelin layers or sheaths (signal suppressed in our WM null regime) separating individual
nuclei. These thin bands, although not easily identifiable on all contiguous slices, were
useful to differentiate adjacent nuclei with otherwise close signal. This observation was first
reported by Deoni et al. (Deoni et al., 2005) at 1.5T with multi-average scans over a
clinically unrealistic 13 hours. Our optimization procedure and the intrinsic higher SNR of
the 7T system have achieved the critical conditions to distinguish these structures in a
clinically practical scan time. The concept of WM-nulled MPRAGE for thalamic imaging
has already appeared in the literature at 1.5T (Vassal et al., 2012) and 3T (Sudhyadhom et
al., 2009); however, the lower SNR at these field strengths probably explains why the thin
boundaries have not been reported using this method in the past.

Three main issues specific to the WM-nulled regime implementation at 7T were addressed
during our experiments. First, the theoretical prediction of the nulling point T1 based on the
MPRAGE signal equation required accurate T1 values, and our T1 measurements were in
good agreement with other published values at 7T (Rooney et al., 2007). Nevertheless, for a
WM T1 of 1201ms, the predicted WM-null point TI of 800ms (for TS=5000ms) did not
perfectly null the WM, while a nulling point T1 of 730ms, corresponding to a T1 of 1100ms,
allowed more effective WM suppression in our experiments. No such difference was
observed for GM, where the predicted matched the experimental TI null (= 1080ms).
Additional analysis of our T1 data (not shown) revealed that multi-exponential T1
relaxation, not accounted for in our mono-exponential T1 measurements or in the MPRAGE
model (Deichmann et al., 2000), could explain this effect. Two possible mechanisms for
multi-exponential relaxation are present in brain tissue: magnetization transfer (MT) effects
(Dortch et al., 2013; Henkelman et al., 2001; Prantner et al., 2008) and multi-compartment
water relaxation (Labadie et al., 2013; MacKay et al., 2006). Both effects result in more
complex non-mono-exponential relaxation following inversion-preparation, and could
explain this observation. The MT mechanism of cross-relaxation and partial saturation of the
macromolecular pool can be shown to reduce the effective WM-nulling TI. Multi-
compartment water relaxation could also contribute to this effect in the same direction. The
greater MT effect and fast-relaxing water fraction in WM compared to GM (both related to
presence of myelin) are consistent with the larger shift between predicted and actual nulling
Tl values in WM versus GM. Accurate prediction of the nulling T1 would require
description of MPRAGE signal behavior that includes both of these effects, which is beyond
the scope of this work. Scaling back the WM T1 by about 100ms was sufficient to
empirically compensate for this effect, and resulted in correct predictions of the nulling Tl
value using our simulations. Furthermore, we found that fine experimental tuning of Tl
below the effective nulling point helped significantly to increase visualization of thalamic
nuclei; therefore, an exact prediction of the nulling T1 value may not be necessary.

Second, the shorter WM-nulling T1 used here results in lower thalamic SNR compared to
standard CSF-nulled MPRAGE if no additional post-readout delay (i.e. longer TD) is
provided for recovery. We have demonstrated the benefit of lengthening TS over averaging
to improve the signal and the contrast, in agreement with recent strategies to enhance T1
contrast within the cortex (Bock et al., 2013). Because longer TS increases scan time,
acceleration is important, and in our study we exploited the better performance of parallel
imaging techniques at ultra-high field (Wiesinger et al., 2004). We are currently developing
versions of MPRAGE with two-dimensional (ky-kz) k-space ordering along the a pulse
train to speed up the acquisition with minimal image degradation thanks to the better
performance of 2D parallel imaging compared to 1D acceleration achievable with the
standard centric ordering.
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Third, the WM-nulled regime requires dealing with magnetization curves that start with
negative values and change sign during the acquisition, resulting in a distorted point spread
functions and accentuating the MPRAGE-related blur effect. We have shown in this study
that a has a major effect on blur and that lower a was required to mitigate this effect and to
achieve non-blurred 3D reconstructions. 3D images were very useful for anatomical
recognition of the complex thalamic anatomy where different planes were preferred
depending on the nucleus being analyzed. Given the higher SNR available at higher field,
small a can advantageously be used at 7T to mitigate the blur while maintaining sufficient
SNR. Some authors have suggested using k-space filtering to compensate the blur in classic
MPRAGE (Deichmann et al., 2000). In this study, we preferred not to use such a
compensating filter given the presence of zero crossings along our k-space signal
modulations, and to avoid the elevated noise level inherent to such spatial filtering. Given
the long TS and small o used here, the sequence had very low SAR, making this an easily
implementable sequence at 7T, where SAR is often a tough constraint for other sequences.

Some remaining questions and unresolved problems need to be discussed. First, objectively
assessing the accuracy of the MR outlines is difficult due to the lack of an absolute subject-
specific gold standard. Thalamic atlases do not capture inter-individual variability and this
likely explains our observation of imperfect correspondence between the MR- and atlas-
based nuclei COM locations, even after differential linear scaling in all three orthogonal
directions in an attempt to compensate for the overall thalamus size between the atlas and a
given individual (this compensation being necessary to account for individual brain size
differences and for the fact that the atlas thalamus size is reduced compared to the in vivo
size because of shrinkage induced by the fixation process). A more complex atlas-to-MR
non-linear registration might have better compensated for the inter-individual variability,
and could have provided a better reference comparison. This procedure is beyond the scope
of this paper and for this initial study we favored the clinically-relevant linear Talairach
space registration. To assess the accuracy of the MR-defined structures more definitively, a
comparison of the segmentation results with electrophysiological recordings made during
surgery could be considered for the nuclei typically targeted during deep brain stimulation.
Alternatively, MRI data obtained from a post mortem sample and subsequent histology
could also establish the validity of the MR-definition of the intra-thalamic nuclear
boundaries but would require a re-optimization of sequence parameters for fixed tissue.
Second, our approach is purely based on T1 contrast. Other T1-weighted methods such as
inversion-recovery turbo spin echo (IR-TSE) could be considered but are often associated
with SAR above regulatory limits at 7T. Tuning the MP2RAGE sequence to get WM null
contrast close to our optimization could be possible (Tanner et al., 2012) and could be of
benefit in making quantitative T1 maps possible (Marques et al., 2010). The SNR efficiency
of this strategy would need to be evaluated compared to MPRAGE optimization shown here.
Furthermore, other sources of contrast could be added in the future to improve thalamic
segmentation. Recent papers have shown the benefits of 7T susceptibility weighted imaging
(Abosch et al., 2010) and particularly quantitative susceptibility mapping, QSM (Deistung et
al., 2013) to reveal some thalamic anatomy. QSM methods nevertheless require complicated
image acquisitions (with the head tilted in 3 different positions) and sophisticated post-
processing method (Deistung et al., 2013) as opposed to the straightforward reconstruction
of WM null MPRAGE images. Future work should investigate a comparison or a
combination of our WM null MPRAGE and QSM approaches that could be relevant to
identifying the T1/T2* signature of each thalamic nucleus — this could aid in automatic
segmentation efforts. The ability to delineate thalamic anatomy with susceptibility-based
contrast could be massively affected by iron content that is known to increase with age or
pathological condition (Zecca et al., 2004). Although our T1-weighted approach is probably
less sensitive to the variation of iron, iron content could still be a contributing factor to our
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image contrast. Future work will be needed to understand how iron content may affect our
ability to separate thalamic nuclei in older subjects or in pathological conditions.

5. CONCLUSION

In conclusion, by optimizing WM-nulled MPRAGE at 7T we have provided a strategy
allowing direct anatomical visualization of thalamic sub-structures that are usually not
clearly discriminated, paving the way for new clinical and research applications. Our
method could have a strong impact on planning of deep brain stimulation procedures, and is
worth evaluating in patients. Furthermore, by covering the whole brain and providing a
strong contrast between WM and cortical GM, we expect that the method could become of
great value in a number of applications where both the thalamus and cortical structures have
to be well identified, such as in multiple sclerosis where there is a growing interest in
visualizing both thalamic (Minagar et al., 2013) and cortical inflammatory lesions

(Calabrese et al., 2010).
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Figure 1. T1 map and locations of theintra-thalamic regions of interest (ROI)

A representative T1 map is shown (A) with an enlarged view of the left thalamus without
(B) and with regions-of-interest (ROI) (C). The corresponding plate of the Morel atlas
(Morel et al., 1997) is shown for anatomic correspondence (D) (abbreviations as described
in Methods). The mean T1 values and their corresponding across-subject standard deviations
for the 5 volunteers are plotted in (E, see also supplemental table). The colors of the ROI
and of the segments on the plot match the colors used on the atlas plate.
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Figure 2. Global regime of contrast - Simulations

The signal intensity was simulated as a function of Tl (A) with the other MR parameters as
described for in vivo experiments in Figure 3 and with the T1/PD values as described in
Results (T1 measurements) and Table 1. The corresponding intra-thalamic relative contrast
and the relative contrast between the external thalamus (exhibiting the lower T1 values) and
the surrounding WM are shown in (B). The contrast between structures A and B was defined
as (A-B)/(A+B) rather than (A-B)/A to avoid divide-by-zero effects.

From these simulations, the standard MPRAGE (close to the CSF null regime) provides
good signal but poor contrast within the thalamus and between the thalamus and the
surrounding WM. The WM null regime yields about 38% increase of the maximum intra-
thalamic signal compared to the GM null regime and the best contrast between the external
thalamus and the surrounding WM while staying close to one of the peaks for intra-thalamic
contrast.
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Figure 3. Global regime of contrast —In vivo data

Representative images at the WM null regime (A), GM null regime (B) and with a standard
MPRAGE protocol close to the CSF null regime (C). The acquisition parameters for (A) and
(B) were TS=5000ms, TI=730ms and 1080ms respectively, N=200, BW=25KHz,
TR=9.8ms, TE=4ms, a =4°, resolution=1mm3, ARC acceleration factor=2.5, NEX=1, scan
time=6.8min. The standard MPRAGE protocol (C) recommended for morphometric analysis
(Jack et al., 2008) was acquired with TS=3700ms, T1=1200ms, N=220, BW=15KHZ,
TR=5.4ms, TE=2.4ms, a =10°, resolution Imm3, ARC acceleration factor=2.5, scan time=5
min.

In line with simulations, the higher signal and the better delineation of the external
boundaries of the thalamus (arrows in (A) and dotted line at higher magnification
delineating the lateral geniculate nucleus from the surrounding WM) were striking at the
WM null regime compared to the GM null regime. Some thin hypointense boundaries
believed to be attenuated WM lamellae separating adjacent nuclei, were only visible in the
WM null regime (arrowheads at higher magnification). For comparison, the standard
MPRAGE contrast provided a classical T1 weighted image but with still lower thalamic
contrast (C).

The WM null regime was preferred for the next steps of the optimization for thalamus
segmentation.
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Figure4. Optimization of TS- N and BW - Signal

The SNR (A) and SNR efficiency (B) were simulated as a function of TS effected by
changing TD at the WM null regime with the MR parameters as described for (D) and with
the higher range of intra-thalamic T1 (dashed) and the lower range of intra-thalamic T1
(solid), similar to Figure 2 and as measured in Figure 1. The signal and signal efficiency
were normalized to the maximum values. From the simulations, the signal is expected to
increase along TS and the signal efficiency is expected to reach a plateau around
TS=6000ms.

At the optimal TS of 6000ms, the map of SNR efficiency as a function of N and bandwidth
(C) predicted higher SNR efficiency for higher N and lower bandwidth.

(D): Representative images acquired at three TS=3000ms, 5000ms and 7000ms, with TI
computed to stay at the WM null regime in each case. Other parameters fixed at N=200,
BW=20KHz, TR=9.8ms, TE=4ms, o =4°, resolution=1mm3, ARC acceleration factor=2.5,
NEX=1. Scan time=4.1min, 6.8min, and 9.6min respectively. The images are displayed at
the same window and level. The experiments confirmed the gain in signal and contrast with
TS. Structures such as the triangle of the lateral dorsal nucleus (LD; arrow and enlarged
view at TS=7000ms) only became clearly visible at longer TS.

The WM null regime at TS=6000ms, N=200 and BW=20KHz was preferred for the next
steps of the optimization for thalamus segmentation.
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Figure 5. Fine optimization of Tl

Different TI were tested around the WM nulling point for TS=6000ms. Representative
coronal images of the right thalamus (A) and axial images of the left thalamus (B) at three
different Tls close to the WM nulling point, as noted. Other parameters fixed at TS=6000ms,
N=200, BW=15KHz, TR=10.2ms, TE=4.4ms, a, =4°, resolution=1mm3, ARC acceleration
factor=2.5, NEX=1, scan time=8.2min. TI1=670ms is shown without and with annotations.
The average SNR and the average contrast between multiple pairs of adjacent nuclei were
measured for each condition and plotted in (C). The corresponding histological plates from
the Morel atlas (Morel et al., 1997) are shown for anatomic correspondence in (D).

From the simulations (see Figure 2A and 2B), the thalamic signal was expected to decrease
with longer TI around the WM null regime, but the intra-thalamic contrast (relative
difference between the signal curves for nuclei with low and higher T1 values) was expected
to increase for longer TI around the WM null regime. Experimentally, the trade-off between
thalamic signal and contrast along T1 was confirmed (C). Several nuclei were better
delineated at Tl 670ms. For example, on the coronal view (A and D) the hyperintensity of
LP (green) and MD (purple) was distinct from the more hypointense VPL (red), CM (blue)
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and CL (orange). Also, a thin hypointense border allowed a clear delineation of the PUA
(green) that was not possible at TI=620ms due to insufficient contrast, nor at TI=720ms, due
to insufficient signal. Similarly, on axial views (B and D), the thin hypointense border
delineating VA (pink) was better seen at TI=670ms. Same observation for the hypointense
triangle corresponding to VLa (dark pink) seen at TI=670ms (and to a lesser extent at
T1=620ms) but not individualized at TI=720ms due to the loss of signal from the adjacent
posterior nuclei. Some subtle boundaries were also made out (dashed lines) and will be
better emphasized by scanning without parallel imaging.

The WM null regime at TS=6000ms and T1=670ms was preferred for the next steps of the
optimization for thalamus segmentation.
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Figure 6. Optimization of theflip angle (a)

Simulated signal at the WM null regime of a structural 1D phantom consisting of few pixels
of WM between larger regions of thalamic-like tissue (A), with the MR parameters as
described for (D). Signal intensity profile measured along a line crossing the
mammillothalamic tract (MTT, B) as illustrated on the a =4° image in (D). In (A) and (B)
the signal was normalized to the maximum value for each a. The SNR and the contrast of
the MTT, a surrogate for image blur (see Methods), were also measured for each condition
and plotted in (C).

Representative images acquired at five different o (D), with the other parameters fixed at
TS=6000ms, T1=670ms, N=200, BW=20KHz, TR=6.9ms, TE=3.0ms, resolution=1mm3,
ARC acceleration factor=2.5, NEX=1, scan time=8.2min. The images are axial
reconstructions from a coronal acquisition and are displayed at the same window and level.
Enlarged views of the mammillothalamic tract (MTT, arrows) are shown for each a.

From the simulations (A), the signal of a small structure embedded in another tissue is
expected to progressively fade at higher a (shallower profile and gentler slope). This effect
was particularly relevant experimentally with increased blur along the slice direction
(antero-posterior) that obscured small structures embedded in a larger region, such as the
MTT or the small hypointense borders delineating adjacent nuclei (the hypointense border
of the ventral anterior nucleus was delineated in cyan at o =4° for illustration). The signal
profile of the MTT measured experimentally matched the simulations (B) and the trade-off
between thalamic signal and blur along a was confirmed (C). a =4° represented the best
trade-off to keep these thin structures visible with sufficient signal.

The WM null regime at TS=6000ms, T1=670ms, and a =4° was preferred for the
optimization for thalamus segmentation.
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Figure 7. Visualization of thalamic nuclei compared with histological plates

Representative examples of MR scans in the 3 orthogonal orientations (each orientation
shown in a different volunteer) and presented with the corresponding histological plates
(Morel et al., 1997). Several nuclei can be identified thanks to enhanced intrinsic contrast
between adjacent structures. Also, thin hypointense bands helped to isolate structures with
otherwise close signal. For example, see the thin boundaries around the pulvinar anterior
(PuA, green) in coronal (A), around the ventral anterior nucleus (VA, pink) in axial (B), and
around the anterior ventral nucleus (AV, orange) in sagittal (C). Good correspondence
between MR boundaries and the atlas can be observed.
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Figure 8. Scatter plotsof MR-based and atlas-based center of mass of thalamic nuclel

The Talairach center of mass (COM) coordinates of 15 structures (abbreviations as
described in the Methods) in 6 volunteers are plotted in axial, coronal and sagittal
projections. The atlas-based Talairach COM coordinates are shown with open icons. The
middle of the anterior commissure is at the origin (0,0,0). Good agreement was observed
between the individuals and with the atlas.
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Table 1
Tissue parameters used for simulations

Tissue parameters 712 PD T2*d
WM 1201 ms 071 b 28.7ms
Cortical GM 1962 ms 081 b 3l4ms
Pulvinar - Mediodorsal nuclei 1800 ms 079°¢

' 242 ms
Center median - Ventral posterior lateral 1400 ms 0.74 ¢

aThe T1 were from our measurements (see section 3.1 and Figure 1)

bThe proton density (PD) for WM and GM were taken from the literature (Neeb et al., 2006)

CThe PD for the thalamic nuclei were estimated based on the relationship between T1 and PD: 1/PD = A+B/T1 (Volz et al., 2012).

d
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The T2* values were derived from the literature (Deistung et al., 2013) and used to model the variable signal decay induced by variation of TE

that comes with changing BW.
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