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ARTICLE INFO ABSTRACT

Keywords: One major thrust in radiology today is image standardization with a focus on rapidly acquired quantitative
Quantitative magnetic resonance imaging multi-contrast information. This is critical for multi-center trials, for the collection of big data and for the use of
Susceptibility weighted imaging artificial intelligence in evaluating the data. Strategically acquired gradient echo (STAGE) imaging is one such
T1 mapping

method that can provide 8 qualitative and 7 quantitative pieces of information in 5min or less at 3 T. STAGE
provides qualitative images in the form of proton density weighted images, T1 weighted images, T2* weighted
images and simulated double inversion recovery (DIR) images. STAGE also provides quantitative data in the
form of proton spin density, T1, T2* and susceptibility maps as well as segmentation of white matter, gray matter
and cerebrospinal fluid. STAGE uses vendors' product gradient echo sequences. It can be applied from 0.35T to
7 T across all manufacturers producing similar results in contrast and quantification of the data. In this paper, we
discuss the strengths and weaknesses of STAGE, demonstrate its contrast-to-noise (CNR) behavior relative to a
large clinical data set and introduce a few new image contrasts derived from STAGE, including DIR images and a
new concept referred to as true susceptibility weighted imaging (tSWI) linked to fluid attenuated inversion
recovery (FLAIR) or tSWI-FLAIR for the evaluation of multiple sclerosis lesions. The robustness of STAGE T1
mapping was tested using the NIST/NIH phantom, while the reproducibility was tested by scanning a given
individual ten times in one session and the same subject scanned once a week over a 12-week period. Assessment
of the CNR for the enhanced T1W image (T1WE) showed a significantly better contrast between gray matter and
white matter than conventional TIW images in both patients with Parkinson's disease and healthy controls. We
also present some clinical cases using STAGE imaging in patients with stroke, metastasis, multiple sclerosis and a
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fetus with ventriculomegaly. Overall, STAGE is a comprehensive protocol that provides the clinician with nu-
merous qualitative and quantitative images.

1. Introduction

A continuing theme over the years in neuroradiology has been the
standardization of magnetic resonance imaging (MRI) data for certain
diseases such as dementia, multiple sclerosis and stroke. [1-5] This is
critical for multi-center trials, for the collection of big data and the use
of artificial intelligence in evaluating the data. In the past, there have
been attempts to standardize neuro-imaging for neuro-degenerative and
neuro-vascular imaging in general but most of these protocols are fairly
long in duration. [6-11] A second more recent major effort in the field
is rapid, multi-contrast imaging to collect whole brain images in the
matter of minutes and provide both qualitative and quantitative images
at the same time. [12-17]

Recently, we introduced one such method referred to as strategi-
cally acquired gradient echo (STAGE) imaging [18,19] which is de-
signed to establish a standardized, rapid brain imaging method for
evaluating neurological diseases. STAGE is a rapid full brain 3D gra-
dient echo (GRE) imaging approach that can be obtained in 4 to 5 (6 to
7.5) min with current clinical 3T (1.5 T) scanners and can provide si-
milar results for any manufacturer's system thereby providing stan-
dardization of brain imaging. Its current clinical applications including
cancer, dementia, multiple sclerosis (MS), Parkinson's disease (PD) and
stroke are under investigation over several dozen collaborating sites
around the world.

In this paper, we 1) discuss the strengths and weaknesses of STAGE;
2) introduce a few new image contrasts and quantifications derived
from STAGE, including true proton spin density mapping (tPSD, we use
PSD as the abbreviation in this paper rather than the commonly used
PD to avoid confusion since PD is commonly used to represent
Parkinson's Disease) mapping, synthetic double inversion recovery
(sDIR) images and a new concept referred to as true susceptibility
weighted imaging (tSWI) linked to fluid-attenuated inversion recovery
(FLAIR) or tSWI-FLAIR for the evaluation of MS lesions; 3) demonstrate
the contrast-to-noise (CNR) behavior of the T1 weighted enhanced
image (T1WE) relative to a large clinical data set; 4) validate the ro-
bustness of STAGE T1 mapping using the NIST/NIH phantom, and the
reproducibility in a single session versus scanning over multiple ses-
sions on the same subject; and 5) review current clinical results from a
number of collaborating sites around the world, including demon-
strating the use of STAGE in studying the fetus, stroke, metastases and
other neurodegenerative and neurovascular diseases [20,21].

The motivation for introducing tSWI-FLAIR comes from the need to
diagnosis white matter hyperintensities (WMH) which requires the use
of a T2W imaging protocol. This is particularly important in diseases
such as MS to evaluate the presence of WMH in the periventricular
space, typically referred to as Dawson's fingers (McDonald Criteria)
[22,23]. Acute disruption of the blood brain barrier (BBB) is also
evaluated based on the leakage of T1 shortening contrast agents into
the brain parenchyma. Disruption of the BBB occurs at the brain ca-
pillary level and can create a toxic environment of hypoxia, in-
flammatory response and progressive demyelination of the white
matter [24,25]. The venocentric nature of MS lesions is well docu-
mented [26-29] and the visibility of these central veins may be unique
to MS [29]. Therefore, an image acquisition which combines a sus-
ceptibility component sensitive to venous imaging as well as T2 would
be an important diagnostic tool. The latter is best probed using FLAIR
[30-33]. FLAIR can help detect iron related changes within the lesion,
either creating a ring-like appearance around the bright MS lesions or
creating hypo-intensity throughout the lesion [32,34]. This can also be
done by combining susceptibility weighted imaging (SWI) with T2
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FLAIR images [34-37]. The ability to visualize the microvasculature of
MS lesions could give novel information in the development and pro-
gression of MS lesions. In this regard, the use of quantitative suscept-
ibility mapping (QSM) in the form of tSWI-FLAIR could improve the
visibility of abnormal veins in MS WMH lesions even using shorter echo
times.

Relative to its first introduction, we have expanded the output of
STAGE to provide radiofrequency (RF) corrected data for 8 qualitative
images in the form of proton density weighted (PDW), T1W, T1WE,
SWI, tSWI as well as three sDIR images for white matter (WM), gray
matter (GM) and cerebrospinal fluid (CSF), and 7 quantitative images in
the form of PSD, tPSD, T1, T2* and quantitative susceptibility mapping
(QSM) maps as well as the transmit (B, *) and receiver (B; ~) RF field
mappings.

2. Material and methods
2.1. STAGE imaging overview

STAGE generates a set of qualitative and quantitative information
from a 4 to 5 min data acquisition at 3T [18,19]. It is a multi-echo, SWI
protocol with two different flip angles (FAs). Using two FAs makes it
possible to correct the transmit and receiver field effects (both from RF
penetration artifacts and from slice profile effects) and to create a
spatially uniform estimate of T1 [19,38-42]. Further, by using a special
simulation of the signal from GM, WM and CSF, we can create an iso-
intense image, from which the bias field can be calculated to create
uniform images for any FA and any set of receiver coils [19]. The ori-
ginal work on STAGE showed errors in the reproducibility of the T1 and
PSD maps on the order of 3-5% or less when the scan was repeated in
the same setting, although no reproducibility study was done across
different imaging sessions [19].

Over and above the original TIW and PDW images, an enhanced T1
weighted image (T1IWE) can be constructed by appropriately com-
bining the information from the original two FA scans [18]. From this
analysis, using the first echo data, 7 images can be obtained including:
PDW, T1W, T1WE, T1 map, T2*W PSD map, as well as the B; * and B, ~
maps. The B; ¥ map can be used to correct the T1 variation from the RF
field penetration while the B; ~ map can be used to correct the bias field
thereby producing uniform images. Using the second echoes, 5 more
image types can be obtained including: T2* maps, SWI, QSM, tSWI and
a T2* corrected tPSD map. From the tPSD, T1 and T2* maps, one can
obtain three additional synthetic images using double inversion re-
covery mechanisms, sDIR images for WM, GM and CSF, respectively.
Not counting the two RF maps, this provides 13 pieces of qualitative
and quantitative information for the clinician from a 5-min protocol at
3T.

2.2. STAGE data acquisition and the standardized brain imaging protocol

STAGE was designed to use two fully flow compensated multi-echo
SWI sequences [43]. The fully flow compensated data allows for both
echoes to have minimal motion artifacts from blood flow and also avoid
arteries appearing dark in the subsequent SWI images. The echo times
were chosen to be in-phase, and the values were chosen for one short
echo and one long echo. The specific value of 7.5 ms for the first echo
was chosen to make it possible to visualize the middle cerebral artery
vessel wall and to allow QSM [20] to be performed to determine the
characteristics of any plaque; that is, whether the plaque was calcifi-
cation or thrombus representing vulnerable plaque. The second echo
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was chosen to be long enough to yield a good SWI dataset but minimize
large air/tissue field inhomogeneities adjacent to the mid-brain. Also,
these values were chosen so that the complex division of the second
echo twice by the first echo yielded an effective echo time of only
2.5ms which can be used easily for point-by-point phase unwrapping
[44,45]. The fact that these two echoes are far enough apart and that
the first echo is long enough means that a reasonably low bandwidth
(BW) could be used to keep the signal-to-noise (SNR) high (BW/
pixel = 240 Hz/pixel). A final advantage of keeping the second echo
time to a reasonable time is the fact that the repeat time (TR) can be
kept short as well to minimize scan time.

The use of a variable flip angle (VFA) method to extract T1 and PSD
has been around a long time [38,46]. Part of the problem with this
approach is that it is ill-posed unless three FAs are used - one of which
must be very high (near 90°) and even then, poor SNR can lead to a
poor reconstruction. The use of a constraint can overcome this ill-posed
behavior which is why STAGE first segments the WM and then forces an
assumed value onto the normal appearing WM so that only two FAs are
needed both well under 90°. The choice of what two FAs to use actually
comes, in part, from three conditions related to creating new T1 con-
trast, optimizing SNR and minimizing RF power deposition. [18,40]
The choice of 6° and 24° meets these conditions nicely (with one being
less than the Ernst angle and one greater than the Ernst angle for most
tissues of interest) with a TR of 25 ms at 3 T. Although slightly different
flip angles were used relative to the optimal flip angles, the difference
in SNR between these two choices and the optimal choice is small (on
the order of 10 to 20%). Too large a FA will lead to more time-of-flight
in-flow effects and more pulsatility artifacts which we try to avoid by
keeping the second FA reasonably small yet still easily meeting the
condition that it be larger than the Ernst angle. The short echo also
provides for the best pseudo spin density estimates. Nevertheless, at
7.5 ms there will be remnant T2* effects and dephasing by the air/tissue
(sinus/brain) boundaries from 2 mm thick slices. This dephasing can be
dramatically reduced by using either thinner slices or reducing the echo
time to 5 ms with flow compensation in readout and partition directions
but not in the phase encoding direction. If necessary, one can reduce
this even further to roughly 2.5 ms by removing flow compensation to
effectively eliminate dephasing artifacts. This depends solely on the
desired use of the STAGE data and whether the longer first echo time is
useful or not for certain types of contrast [43]. The image resolution
was chosen to be 0.67 (readout) X 1.34 (phase) x 2.0 (partition) mm?>
specifically for axial coverage for most neuro-imaging. This is already
better than what most sites run in that it provides 3D reformattable
images because of the reasonably thin slice thickness. The original work
was based on the adapted gradient-recalled echo (GRE) sequence to
provide full flow compensation for each echo [43]. Typically, com-
mercial GRE sequences only have the ability to do full flow compen-
sation on the first echo, but not second and consequent echoes.
Nevertheless, STAGE can be run at any field strength (to date this has
been done from 0.35T to 7 T) and on any manufacturer's scanner with
or without full flow compensation.

2.3. The corrections of RF field variations and T1 mapping

There are two spatial variations from RF fields, one from the
transmit (B;* or By, field and one from the receive field (B; ~ or By,).
The measured signal or magnitude image from a GRE scan is propor-
tional to the product of B;, and the transverse magnetization which is a
function of By,. For 3T and higher field strengths, the RF transmit field
variation is significant and needs to be accounted for when doing
quantitative MRI such as T1 and PSD mapping using the VFA method.
To date, various efforts have been made in mapping the Bl fields
[42,47-53]. STAGE uses two magnitude images acquired with a pair of
optimal FAs for mapping brain tissues' longitudinal relaxation [19,40].
The apparent T1 derived from a linear fitting of VFA images is scaled by
k2, where k is the position-related factor representing the By, variation
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across the object being imaged. Assuming the entire brain volume has
one given T1, a pseudo k map can be easily calculated but it only gives
correct values for those voxels having a T1 close to the given value.
With a proper segmentation of GM and WM for the entire brain volume,
a discrete k map can be generated by combining the two pseudo k maps
for GM and WM, which were computed by dividing the T1 reference
values for GM and WM from the segmented apparent T1 map [19].
Since the By, field has a parabolic characterization and a low spatial
frequency, we use a local quadratic fitting to estimate the entire k map
in a pixel by pixel manner. The fitted k map is then used to extract the
By corrected T1 map. The effective PSD map (without a correction for
T2*) derived from the intercept of the fitted line of signal versus FA, is
then scaled by the bias field, which is the residual B;, variation. STAGE
employs a synthetic image, which was designed to have isointense
signal intensity for GM and WM, for fitting and correcting the bias. The
accuracy of the discrete k maps depends on the accuracy of the brain
segmentation. STAGE uses a high pass filter on the WM pseudo k map to
segment WM and GM regions by thresholds. A more accurate segmen-
tation from the synthetic DIR images could be used for an iterative
solution to this k-map approximation.

2.4. True-PSD map

The PSD map derived from the linear fitting of two or more FAs
contains T2* decay via:

0, =Py * e—TEi/TZ*
13

@

where pg is the true PSD (tPSD) map and p; is the PSD map from the
linear fitting of each echo. To generate p,, the T2* signal decay should
accounted for no matter how short the echo time. This can be accom-
plished with the dual-echo STAGE data, by calculating T2* from the
signal decay between the two PSD maps from each echo.

2.5. STAGE T1 mapping: simulations and phantom study

To maximize T1 accuracy, generally three or more FAs are required:
one near the Ernst angle for maximum SNR; and one on each side of the
Ernst angle with a signal intensity of the first FA roughly 50 to 70% of
that at the Ernst angle and of the second FA rough double the Ernst
angle. [40] Therefore, to quantify a smaller T1 (say < 100 ms) one
needs to acquire data with a very large FA which is usually impractical
at high fields due to specific absorption rate limitations. Likewise, to
quantify a larger T1 (say larger than 2000 ms) one needs to collect data
with a very low FA which has low SNR.

To evaluate the accuracy and precision of STAGE T1 and PSD
mapping, we simulated the T1 and PSD errors given the two selected
FAs (6° and 24°) at the given minimal TR (25 ms) used in 3T in vivo
data acquisition and the SNR of the two images estimated from previous
in vivo data at 3 T. The well-known spoiled GRE signal equation as a
function of flip angle was used for the simulation. A range of T1 from
400 to 3000 ms and PSD from 1% to 100% were used. TE was assumed
to be much less than the tissue T2* values. Neither RF field variation
was included in the simulation. The SNR of the two simulated images
were 35:1 and 45:1 for the 6° and 24° magnitude images (these num-
bers came from the actual STAGE in vivo data from the genu of corpus
callosum). We also did an in vitro study on the ISMRM/NIST standard
phantom with known T1 and PSD values for multiple spheres at dif-
ferent locations. 3D GRE data was acquired on a 3 T system (Siemens,
Verio) with a 32-channel head coil with the following imaging para-
meters: TR = 15 ms, TE = 7.5ms, BW = 170 Hz/pixel,
FOV = 256 X 256 mm?, matrix = 512 X 256, slice  thick-
ness = 1.0mm, in-plane spatial resolution of 0.5 (readout) X 1.0
(phase) mm?, using FAs of 2°, 4°, 6°, 24° and 45°, respectively, The
number of slices collected was 176, with a parallel imaging acceleration
factor of 2, and a scan time of 5min and 9 s for each FA. The reference
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T1 value of the background water used for fitting the B1 variations was
3.25. A 16 x 16 high-pass filter was used on the first estimated k-map
for background segmentation of the material outside the spheres fol-
lowed by a local quadratic fitting to find the B1 field variation. T1 and
PSD values were then re-calculated with the estimated B,, and By, field
variation factor for each voxel. Apparent T1/PSD values (uncorrected)
and STAGE T1/PSD (corrected) were compared on the center slice of
each plate for those spheres with T1 s ranging from 100 ms to 2000 ms,
and PSDs from 20% to 90%, by manually drawing the sphere ROIs.

2.6. In vivo reproducibility of STAGE T1 mapping

In order to test the reproducibility of STAGE, one subject was ac-
quired on two 3 T MRI scanners (A: a Siemens Verio; and B: a Siemens
Prisma). The same subject was acquired during 12 different days on
scanner A and two different days on scanner B. Moreover, 10 different
acquisitions were performed in a row during one of the MRI sessions
performed on scanner A, leading to a total of 23 STAGE datasets. TIW
images were segmented using the FMRIB's Software Library (FSL,
http://www.fmrib.ox.ac.uk/fsl) toolboxes. Deep GM structures (e.g.,
caudate nucleus (CN); putamen (Put); thalamus (Thal); globus pallidus
(GP)) were segmented using the FIRST toolbox [54]. The CSF, WM and
cortex were segmented from the T1IW image with Sienax [55], after the
non-brain tissue removal using the Brain Extraction Toolbox [56]. The
CSF, WM, cortical and subcortical GM masks were eroded in order to
reduce partial volume effects [57] and used to obtain the median T1
relaxation time in the structures of interest from the T1 map. The
average, standard deviation (SD), and the coefficient of variation
(CoV = SD / average) were computed for the values obtained from the
different runs of the same subject. The CoV was computed separately
for the evaluation of repeatability for the continuous runs without re-
localization and acquired on different days.

2.7. Simulated DIR images

The concept of DIR requires two inversion pulses separated in time
to null two tissues. As such for a three-tissue system (such as the brain
with WM, GM and CSF), to acquire an image with just one tissue type
would require running the DIR scan three times. This is too long to be
practical but once the tissue properties are known, the DIR can be si-
mulated. The goal is to find the appropriate two inversion times to null
two of the tissues and leave an image of just one tissue type. As ori-
ginally presented by Redpath and Smith [58], the second inversion time
(TI,) can be described as a function of a given first TI (TI;) for nulling a
certain tissue of the brain as given in Eq. (2). With known T1 and PSD
values from STAGE, the sDIR images for GM, WM and CSF can be found
from Eq. (3):

T12=—T1*ln(Ec_1)
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SDIR = —p, * (1 — 2E, + 2E,E; — E,) 3)

where E; = e” ™™ E, = ¢~ ™/T and E, = e~ ™™ In this way, the
DIR results can be simulated for any given set of imaging parameters
and three tissue types.

2.8. Clinical data

Compared to conventional imaging, STAGE offers both T1 and PSD
weighted imaging. Even without considering the T2* map, QSM map
and SWI data, STAGE already offers more information and saves time
over conventional neuroimaging approaches. One question is: “How
does the image quality and contrast of STAGE fare against MP-RAGE for
example?” To address this question, 67 healthy control (HC) cases and
67 Parkinson's disease patients were measured for CNR and were re-
viewed by three radiologists each with more than five-year experience
in neuroradiology. CNR was measured between the WM and GM for the
PUT, CN and cortex. This was done by measuring an ROI in one of the
deep gray matter (DGM) or cortical GM regions and in an adjacent WM
region. Other representative clinical data were also acquired in patients
with stroke, MS, and metastases, and for imaging the fetal brain. For MS
cases, the tSWI image was combined with FLAIR images to visualize
penetrating veins in WMH lesions.

3. Results

STAGE imaging parameter recommendations for 1.5T and 3 T sys-
tems are given in Table 1. Adding T2 weighted FLAIR and diffusion
weighted imaging (DWI) acquisitions, this full brain imaging protocol
can be acquired in < 10 min at 3T. A representative STAGE case ac-
quired at 3T in 5min on a healthy volunteer is shown in Fig. 1 com-
pared with the conventional MRI acquired in 5.5 min. Representative
tPSD maps are shown in Fig. 2. On the tPSD map, the putamen and
globus pallidus were shown to have similar water content while there
remained significant signal differences on the incorrected PSD map.

For a given set of imaging parameters and SNR one can simulate the
expected errors in T1 and PSD. We found that the errors for WM
(T1 = 900 ms, PSD = 70%) and GM (T1 = 1600 ms, PSD = 84%) were
4.79% and 4.83% for T1 (Fig. 3a) and 2.94% and 3.35% for PSD
(Fig. 3b).

The ISMRM/NIST Phantom T1 mapping results are shown in Fig. 4.
Note that, plate #5 is at the edge of the phantom, plate #4 is at the
center of the phantom and plate #3 is near the center of the phantom.
Measured PSD values were normalized by setting the largest PSD sphere
to be 100% water. The measured errors (Tley, PSDe,) for STAGE T1
and PSD and those of the apparent values without B1 correction were
calculated from the difference between the measured mean (T1,,)
value and the reference value (T1,) divided by the reference value given
by Tleyw = (T1pm-T1,)/T1,%¥100. STAGE had a 4.5% error for T1

2B~ 1 2 spheres with a value close to that of WM value, a 5.6% error with a
Table 1
STAGE imaging parameters for 3T (1.5 T).
Dual-echo version Single-echo version
Scan #1 Scan #2 Scan #1 Scan #2 Scan #3
Sequence 3D GRE 3D GRE 3D GRE 3D GRE 3D GRE
TR (ms) 25 (45) 25 (45) 25 (45) 25 (45) 25 (45)
TEs (ms) 7.5, 17.5 (10, 37) 8.75, 18.75 (10, 37) 7.5 (10) 17.5 (37) 8.75 (10)
Flip angle (deg) 6 (7) 24 (35) 6 (7) 6 (7) 24 (35)
Bandwidth (Hz/pixel) 240 (210) 240 (210) 240 (210) 240 (210) 240 (210)
Slice Thickness (mm) 2.0 (2.7) 2.0 (2.7) 2.0 (2.7) 2.0 (2.7) 2.0 (2.7)
FOV (mm) 256 x 192 256 X 192 256 X 192 256 x 192 256 X 192
Matrix 384 x 144 384 x 144 384 x 144 384 x 144 384 x 144
GRAPPA Acc. Factor 2 2 2 2 2
Scan time (min: sec) 2:29 (3:29) 2:29 (3:29) 2:29 (3:29) 2:29 (3:29) 2:29 (3:29)



http://www.fmrib.ox.ac.uk/fsl
warddetwiler
Highlight
The STAGE acquisition time is shown to be under 5 minutes at 3T and under 7 minutes at 1.5T


E.M. Haacke, et al. Magnetic Resonance Imaging 65 (2020) 15-26

Fig. 1. Comparison between STAGE and conventional MRI on a 67-year old male healthy control subject scanned with the double-echo version of STAGE on a 3T
scanner. Images in the left panel (a-I) were from STAGE taking 5 min with a spatial resolution of 0.67 x 1.34 x 2.0 mm® and 64 slices covering the whole brain.
Images in the right panel (m-o0) were from conventional MRI providing only T1, T2 and FLAIR in 5.5 min with the same resolution and coverage. a) SWI; b) T1 map; c)
PSD map; d) TIWE; e) tSWI; f) PDW; g) tPSD map; h) sDIR-GM; i) QSM; j) R2* map; k) sDIR-CSF; 1) sDIR-WM; m) T1-MPRAGE; n) T2 TSE; o) T2 FLAIR. The images
for SWI, tSWI and QSM were minimum/maximum intensity projections with an effective slice thickness of 16 mm.

Fig. 2. T2* corrected tPSD map derived from the double-echo STAGE data. a) T2*W-PSD map from the first echo; b) T2*W-PSD map from the second echo; and c)
tPSD map. With the T2* decay correction, the tPSD map calculated from the first echo represents pure water content which shows identical proton spin density for
caudate nucleus, putamen and globus pallidus, while they are T2* biased on the uncorrected PSD maps (white circle).
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a) T1 Error (%) for SNR(6,) = 35:1, SNR(6,) = 45:1

(TR=25ms, 0,=6° , 0,=24°)
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Fig. 3. Simulations for T1 and PSD errors in the VFA
method using two-point GRE data and given SNRs
assumed from in vivo data for the two magnitude
images. The T1 and PSD estimation errors for WM
# (T1 = 900 ms, PSD = 70%) and GM (T1 = 1600 ms,
PSD = 84%) were 4.79% and 4.83% (Fig. 3a) and the
PSD errors for WM and GM were 2.94% and 3.35%
(Fig. 3b), respectively.

10 20 30 40 50 60 70 80 90

Proton Spin Density (%)

100 10 20 30 40 50

value close to that of GM and a 2.6% average error inclusive of all PSD
spheres from 20% to 90% proton density relative to water. Note that the
T1 errors were estimated from plate #5 which is at the edge of the
phantom.

In vivo results for the estimation of STAGE T1 mapping reproduci-
bility are shown in Fig. 5. For all acquisitions (N = 23), CoV of WM,
cortex, Thal, CN, Put and GP were 1.4%, 3.4%, 5.8%, 3.7%, 4.3% and
5.2%, respectively. For the subject data acquired ten times in the same
session without repositioning, the CoV of those structures were 0.1%,
0.3%, 1.7%, 1.1%, 1.0%, and 1.3%, respectively. The measures ob-
tained from the same subject acquired multiple times during the same
day had lower CoV than those acquired from different days.

For the DIR simulations, the values of TI; and TI, can be found from
the three intersection points shown in Fig. 6. These yield the TI; and TI,
pairs as (1850 ms, 510 ms), (3800 ms, 610 ms) and (4420 ms, 1000 ms)

Plate #5, T1 spheres

60

Plate #4, T1 spheres

70 80 90 100

Proton Spin Density (%)

to create images for either CSF, GM and WM alone, respectively, using
the following parameters at 3T: Tlyy = 900 ms, Tlgy = 1600 ms,
Tlesr = 4500ms, TR = 20s, PDyy = 0.68, PDgy = 0.84, and
PDcsy = 1.0. [59] Representative sDIR images from STAGE data gen-
erated using Eq. (3) on a healthy subject are shown in Fig. 7. The three
sDIR images can be easily turned into a binary mask to segment GM,
WM and CSF in any of the multitude of STAGE images. One example
application of simulated DIR images is to present distinct images for
GM, WM and CSF without requiring segmentation; they are naturally
segmented by this process (Fig. 7).

For the CN, PUT and the cortical GM, the TIWE images of STAGE
were superior to both the T1W images of STAGE and MP-RAGE (Fig. 8).
For the cortical GM, tt ntrasts for STAGE T1W and MP-RAGE were
not statistically differe... +he radiologists also rated the image quality
on a 5-point scale and determined that, apart from the artifacts in the

Plate #3, PSD spheres
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Fig. 4. In vitro validation of STAGE T1/PSD mapping using the ISMRM/NIST standard T1/PSD phantom. a) STAGE T1/PSD, apparent T1/PSD compared with
reference values for each plate; b) measured bias (error relative to the reference value for each sphere); and c) apparent and STAGE T1/PSD for the center slice of
each plate. STAGE had a 4.5% error for T1 spheres close to WM value, a 5.6% error for the sphere with a value close to GM, and a 2.6% error for all PSD spheres from

20% to 90% proton density relative to water.

20


warddetwiler
Highlight

warddetwiler
Sticky Note
STAGE offers lower error and higher contrast than conventional images


E.M. Haacke, et al.

a) 2000
[TIN=23 at different days
[IN=10 at same day
1500
- } I u
== I- e
m
£ 1000
c
500

WM Cortex Thal CN Put GP

b)

[TIN=23 at different days
[IN=10 at same day

Coefficient of variation (%)

N

1l

WM Cortex Thal

o

CN Put  GP

Fig. 5. In vivo reproducibility of STAGE T1 mapping. a) Measured T1 values for
each structure; b) Coefficient of variation for each structure. The data from the
first group (N = 23) were all data acquired on the same subject from two 3T
MRI scanners during 12 different days across two years. The data from the
second group (N = 10) were collected on the same subject who was scanned ten
times sequentially without re-positioning during one sitting. The first group
results represent systematic variation from scan/rescan (including variations in
position and partial volume effects) superimposed on the statistical variation
from the SNR in each image. The second group results represent the error
without repositioning and assuming no significant motion and, therefore, re-
presents the inherent SNR of the method itself in the presence of noise in the
original images.
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Fig. 6. TI, as a function of TI; at 3 T for nulling GM, WM and CSF, respectively,
each representing the values needed for a single experiment. To create images
of just GM, WM or CSF would require three separate scans and would generally
take at least 15 min to acquire on a 3 T scanner.
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lower region of the¢ in by the air/tissue interfaces, even for the
7.5 ms echo time, th >rall image quality was satisfactory for clinical
usage (Table 2). As mentioned earlier, one approach to reducing or
eliminating the induced air/tissue susceptibility distortion is to lower
the TE from 7.5 ms to 5ms and/or to reduce slice thickness from 2 mm
to 1.34 mm and increase the number of slices. Of course, the latter
approach will increase the scan time by 50%.

Representative clinical results in patients with stroke, metastasis
and fetal brain with mild ventriculomegaly are shown in Fig. 9, Fig. 10
and Fig. 11, respectively. Representative SWI, FLAIR and tSWI-FLAIR
images from a patient with MS demonstrating the central vein sign for
WMH lesions are shown in Fig. 12. The latter result is particularly ex-
citing because the SWI and tSWI-FLAIR clearly reveal something new
over and above the usual central vein sign, it shows the presence of a
vascular abnormality known as a venous angioma (Caput-Medusa) that
in itself appears to exactly correlate with the region of inflammation
seen in the WMH in the FLAIR data.

4. Discussion
4.1. Potential clinical uses of STAGE

There are a number of neurodegenerative diseases that usually re-
quire careful study of tissue properties looking for changes in WM, GM
and vascular effects. These include: dementia, multiple sclerosis and
stroke as specific examples. Cerebral amyloid angiopathy, hypertension
and traumatic brain injury often have microbleeds associated with
them. Using STAGE as the standard for structural imaging will always
provide T1W imaging, tissue characteristics and SWI for detecting mi-
crobleeds. An example of stroke with hypertension is shown in Fig. 9.
MRI has been widely utilized for rapid assessment of stroke. [60] For
stroke patients, time is brain and for this reason, CT remains the main
imaging modality in acute stroke. [41]. Early diagnosis and therapy are
very important for improving the prognosis. MR stroke protocols still
take on the order of 15 min, which is much longer than CT scanning.
[61] In addition, routine MRI is difficult in making accurate and early
diagnosis for hemorrhagic stroke, as the components of hematoma vary
with time and their imaging manifestations are complicated. [62]
However, STAGE not only has the time-shortening advantage for
scanning the entire brain in only 5min, but it also provides SWI and
QSM data which are thought to be the most sensitive tools for accurate
diagnosis of hemorrhagic stroke and in looking for asymmetrically
prominent cortical veins representing changes in deoxyhemoglobin
caused by a reduction of tissue perfusion. [63,64] Thus, STAGE can be
helpful either in making an accurate and early diagnosis for stroke or if
MRI scanning follows the CT scanning it may be able to improve the
diagnosis and help better understand patient outcomes.

Contrast enhancement is critical for detecting tumors, tumor
boundaries and white matter hyperintensities. Although the T1 images
and Tlmaps provide similar contrast to conventional imaging, the DIR
GM images show the tumors particularly well (see Fig. 9). Contrast
changes are also seen in the fetal brain, where T1 of WM is now higher
than the T1 of GM (see Fig. 10). STAGE offers a means by which to
quantify this difference. STAGE SWI can be used to evaluate the fetal
brain for oxygen saturation changes and to look for bleeding. Lastly, the
use of SWI, QSM and tSWI is particularly useful in Parkinson's disease,
where iron content in the substantia nigra is thought to change when
the neuromelanin in the nigrosome-1 area depigments [65].

Once the T1 and true PSD maps are obtained, one can simulate a
variety of different contrasts and sequences. For example, for a given
sequence, it is possible to find the appropriate choice of FA, TR and TE
to create the optimal contrast between any two tissues (there is no need
to create a large number of images) or for that matter to create an
image with no contrast at all (which may have applications such as
correcting the RF receive coil field as is currently used in STAGE or in
performing fMRI experiments that would then be immune to motion
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sDIR-CSF

Fig. 7. Representative sDIR images from a STAGE case on a healthy subject. The three sDIR images can be used as naturally segmented data for mapping GM, WM
and CSF and potentially for following brain volumes longitudinally in patients.
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ison among conventional TIW from a GRE scan, MPRAGE and STAGE T1WE at 3 T measured over 67 HC and 67 PD patients. Compared to TIW
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Table 2
Overall image quality rating from the three radiologists. Mean + SD were presented based on all the cases over 67 HC and 67 PD patients.
T1W T1WE T1 map SWI tSWI QSM MPRAGE
Rater 1 3.9 = 0.6 41 = 0.5 4.2 * 0.6 3.9 £ 05 3.9 £ 05 4.0 = 04 4.0 = 0.5
Rater 2 41 = 0.7 41 = 0.6 4.2 *+ 0.6 41 = 0.5 43 = 0.6 41 = 0.5 4.2 = 0.6
Rater 3 39 + 04 4.0 = 0.4 4.0 = 0.3 4.0 = 0.3 4.0 = 0.3 3.0 £ 0.2 4.0 = 0.4

Score criteria: 5 = excellent; 4 = good; 3 = acceptable; 2 = poor; 1 = unacceptable; =3 can be used for clinical diagnosis.

Y
~

«? A
<R
i

Fig. 9. A stroke case (65Y, male) with cerebral microbleeds scanned with double-echo STAGE on a 3 T scanner. a) PDW; b) T1W; ¢) TIWE; d) T1 map; e) PSD map; f)
R2* map; g) SWI; h) tSWI; i) QSM; j) sDIR-GM; k) sDIR-WM,; 1) sDIR-CSF. Images g) to i) were maximum/minimum intensity projections giving an effective slice
thickness of 16 mm. Note that the cerebral microbleeds appear bright in the R2* map which have similar signal intensity with surrounding tissues on TIWE.

Fig. 10. A metastasis case (62Y, female) scanned with double-echo STAGE on a 3 T scanner. a) PDW; b) T1W; ¢) TIWE; d) T1 map; e) PSD map; f) R2* map; g) SWI; h)
tSWI; i) QSM; j) sDIR-GM,; k) sDIR-WM; 1) sDIR-CSF. Images g) to i) were maximum/minimum intensity projections giving an effective slice thickness of 16 mm. Note

that edema can be seen in the PSD, T1, R2* maps and SWI.

effects since all signals would be the same).

Synthetic MRI (also known as MAGIC [15,16]) offers this capability
using 2D spin echo scanning methods in the same time frame as STAGE
when run with the same resolution. Fingerprinting is another approach
to determine different tissue properties by collecting a set of random k-
space coverage with different weightings [12-14]. Once this has been
done and estimates of the tissue properties have been obtained it can
also be used to simulate different types of image contrast. Currently,
fingerprinting requires a longer scan time to acquire the entire brain
and has more complicated processing needs compared to STAGE and

23

synthetic MRI [14]. DIR was introduced to null two tissues using two
inversion times. [58,66,67] DIR is one of the most sensitive sequences
for detecting inflammatory lesions in patients with MS. [68-71] STAGE
quantifies T1, PSD and T2* for the entire brain. Therefore, it can pro-
vide simulated DIR (sDIR) images for GM, WM and CSF similar to a
recently published paper using MAGIC [16].

Finally, STAGE may find applications in other parts of the body such
as the breast for detecting cancer, the knee for evaluating cartilage and
the lower leg/foot regions for diabetes studies. In each of these cases, a
different background tissue will need to be used such as fat for breast
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Fig. 11. STAGE for fetal brain imaging (28-week gestational age, ventriculomegaly) using 2D acquisitions. a) TIW (FA = 75°); b) PDW (FA = 15 °); ¢) TIWE; d) T1
map; e) PSD map; f), i) and j) are TIW images in sagittal view, axial view and coronal view; g) and h) were the minimum/maximum intensity projection of SWI (g)
and QSM (h) with effective slice thickness of 15 mm showing the superior sagittal sinus (arrow) and straight sinus (arrow head). Images in this figure were cropped

from the original images of the mother.

Fig. 12. Representative tSWI-FLAIR in patient with MS. Multiple WMH lesions are shown on the T2 weighted FLAIR (a) data. By combining the tSWI derived from
STAGE, the tSWI-FLAIR (b) had suppressed signal at the center of one WMH lesion (arrows). With the presence of an iron-based contrast agent (Ferumoxytol), the
contrast enhanced tSWI-FLAIR (c) presented not only the central vein sign (arrow-head) but also a small venous angioma that clearly delineates the region of
inflammation (arrow). The use of Ferumoxytol enhanced tSWI-FLAIR could help the study of WMH origins.

imaging and muscle for knee and leg imaging in order to obtain the RF
transmit field maps and correct the inherent RF inhomogeneities in the
image.

4.2. Limitations

STAGE has several limitations. First, the use of a longer first echo
time leads to air/tissue interface problems near the sinuses. This can be
alleviated by reducing the echo time to 5 ms keeping flow compensa-
tion in the read and slice select directions or by reducing the echo time
to 2.5ms similar to that in MP-RAGE. Second, the lower resolution
version does not produce as good an SWI as the usual isotropic in-plane
SWI scans. In the future, it may be possible to double the SWI resolution
by using a split k-space coverage concept for the second echoes. Third,
WM is used as a constraint to find the constant necessary to provide
absolute RF transmit field correction. In order to extend STAGE to other
parts of the body such as the leg for example, it will be necessary to use
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the same type of constraint for muscle. This can be done but requires
that there is either enough WM in the brain to use as a constraint or
enough muscle in the leg to use as a constraint.

5. Conclusions

In the future, it is possible that rather than choosing a specific MR
imaging protocol, a method like STAGE will collect all relevant in-
formation and radiologists will choose an image review protocol and
not an image acquisition protocol because all relevant data they need to
make a diagnosis for a given neurodegenerative disease will already be
present. In summary, STAGE is a rapid, multi-contrast, protocol that
offers: uniform signal across the entire brain, 3D reformattable images
for all contrasts and simulated images; gradient echo information in-
cluding T1W, TIWE, PDW, T2*W, and SWI; as well as quantitative
images in the form of QSM, R2* maps, T1 maps and PSD maps.
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