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Abstract

Purpose—To present a STimulated-Echo based Mapping (STEM) approach for simultaneous T1,
T2 and ADC mapping.

Methods—Diffusion-weighted stimulated-echo images with various combinations of mixing
time (TM), echo time (TE) and b-value were acquired to enable simultaneous mapping of T1, T2
and ADC. The proposed STEM method was performed by densely-sampling the TM-TE-b space
in a phantom and in brain and prostate of healthy volunteers. T1, T2, and ADC from STEM were
compared to reference mapping methods. Additionally, protocol optimization was performed to
enable rapid STEM acquisition within 2 minutes by sparsely sampling the TM-TE-b space. The
T1, T2 and ADC measurements from rapid acquisitions were compared to the densely-sampled
STEM for evaluation. Finally, a patient with biopsy-proven high-risk prostate cancer was imaged
to demonstrate the ability of STEM to differentiate cancer and healthy tissues.

Results—Relative to the reference measurements, densely-sampled STEM provided accurate
quantitative T1, T2 and ADC mapping in phantoms (R2=0.999, slope between 0.97-1.03), as well
as in brain and prostate. Further, the T1, T2 and ADC measurements from the optimized rapid
STEM acquisitions agreed closely with densely-sampled STEM. Finally, STEM showed decreased
T2 and ADC in prostate cancer compared to healthy prostate tissue.

Discussion—STEM provides accurate simultaneous mapping of T1, T2, and ADC. This method
may enable rapid and accurate multi-parametric tissue characterization for clinical and research
applications.
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INTRODUCTION

Quantitative multi-parametric MRI may enable improved diagnosis and treatment
monitoring in multiple clinical applications. For example, quantitative T1 and T2 mapping
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have potential in the diagnosis of brain (1-2) and cardiac (3-5) diseases. Additionally,
quantitative mapping of T1 or T2, together with apparent diffusion coefficient (ADC) has
applications in the diagnosis and treatment monitoring of prostate disease (6—8) and breast
cancer (9). Mapping of relaxation and diffusion parameters may enable advanced
characterization of healthy and diseased tissue, with emerging clinical and research
applications (10-15). Further, quantitative MRI methods are promising in order to facilitate
comparison of data longitudinally or between centers.

Mapping of relaxation and diffusion parameters is typically performed using multiple
separate acquisitions, including one or several relaxometry pulse sequences (16-19) and a
separate diffusion-weighted imaging (DWI1) sequence (20). However, the need for multiple
separate acquisitions is often not practical for clinical applications, due to long acquisition
times and the challenges of obtaining co-registered parametric maps. Therefore,
simultaneous mapping of relaxation (e.g., T1 and T2) and diffusion (e.g., ADC) parameters
based on a single acquisition sequence is highly desirable in order to provide rapid and co-
registered quantitative multi-parametric MRI.

Previous studies have explored simultaneous T1, T2 and ADC mapping with methods
including diffusion-weighted Dual-Echo Steady State (DESS) (22) and MR Fingerprinting
(MRF) (21). However, these previously proposed techniques face substantial limitations. For
the DESS method, the signal from steady-state sequence is complicated to model, especially
with diffusion encoding, which may result in inaccuracy and large variance in diffusion
measurements (22). Although preliminary results have shown promise for MRF with
simultaneous ADC mapping (21, 36), probing diffusion within the MRF framework is
challenging and may be subject to multiple confounding factors (37).

STimulated-Echo (STE) based simultaneous T1, T2 and ADC mapping is a promising
approach to overcome the limitations of previous techniques. The STE diffusion weighted
imaging (DWI) pulse sequence enables the modulation of T1, T2 and diffusion weighting by
varying the mixing time (TM), echo time (TE) and b-values, respectively. As a result, by
acquiring multiple (at least four) STE images with varying TM, TE, and b-values,
simultaneous co-registered mapping of T1, T2 and ADC is possible. A previously proposed
method has implemented STE together with spin echo (SE) to enable T1 mapping (19).
Stimulated-echo acquisition mode (STEAM) (23) has also been widely used for MR
Spectroscopy-based relaxometry (41-42) and DWI (43-44). However, the lack of a reliable
and efficient simultaneous T1, T2 and ADC mapping technique continues to be an important
unmet need.

In this study, a STimulated-Echo based Mapping (STEM) method is proposed for rapid and
co-registered simultaneous mapping of T1, T2 and ADC. The feasibility, accuracy, and
protocol optimization of STEM are evaluated in diffusion phantoms, brain tissues and
prostate tissues of healthy volunteers.
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METHODS

STEM Acquisition
The proposed STEM acquisition is based on the STE-DWI sequence (24), as shown in
Figure 1. Multiple STE images with various values of TM, TE, and b-values are acquired to
obtain different T1, T2 and diffusion contrasts. In this study, TR is fixed for each TM, TE
and b-value combination.

Signal Model

In this work, the signal from a STE-DWI acquisition is modeled as four exponential decays,
including T1 dependence from repetition time (TR), T1-weighting from TM, T2-weighting
from TE and diffusion-weighting from b-value. The acquired STEM signal is modeled as

TR ofy ™ TE
S=Al1—e ™ e(_ﬁ)e(_ﬁ)e(—bmo’ [1]

where

TE
TR,;=TR—TM - 5. [2]

Multiple images with different TM, TE and b-value combinations are used to fit the signal
model. In the proposed method, T1 relaxation, T2 relaxation and ADC, as well as proton
density weighted maps A, are jointly estimated by voxel-wise non-linear least-squares fitting
of Eq.1.

More sophisticated models including non-Gaussian diffusion (15) and multi-compartment
models (32, 38, 39) may also be feasible from the STEM acquisitions. However, the scope of
this study is restricted to the model in Eq.1 for simplicity.

Validation Experiments

Phantom Validation—A twelve-vial (50mL each) T1/T2/diffusion phantom was
constructed by mixing acetone (as a signal source) with various concentrations of DI water
(to modulate the ADC of acetone) and MnCl, (to modulate both T1 and T2 of acetone) (25).
Images were acquired at room temperature on a 3T scanner (Discovery MR750, GE
Healthcare, Waukesha, WI) with a 32-channel Torso coil (GE Healthcare, Waukesha, W1).
The proposed STEM acquisition was obtained with four TM-TE combinations, each with six
b-values. Total acquisition time for STEM images was 8 minutes. Additionally, reference T1
(16), T2 and ADC maps were acquired (see details in Table 1). Quantitative T1, T2 and
ADC maps were calculated from the STEM images following the signal model described in
Equation 1. Measurements were made from each quantitative map using a 1cm? region-of-
interest (ROI) within each vial.
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Brain Imaging—After IRB approval and informed written consent, healthy volunteers
(n=8) were scanned at the 3T scanner with an eight-channel head coil (GE Healthcare,
Waukesha, WI) for brain mapping. The STEM acquisitions and reference T1, T2 and ADC
mapping sequences were performed in each volunteer with interleaved slices were acquired
within a TR (detailed imaging protocol shown in Table 2(a)). A single diffusion direction
was used in this early stage study to save acquisition time. Note that the ADC maps from a
single STE-DWI acquisition (TE=40ms, TM=100ms) instead of Spin-Echo DWI were used
as reference to match the diffusion time of the proposed method under restricted diffusion
(48). Histograms of pixel-wise quantitative measurements covering the entire slice were
plotted in two different slices. In order to measure T1, T2 and ADC, co-localized ROls were
drawn in the parietal right white matter within the corona radiata (WM, ~1cm?), as well as in
the parietal right gray matter (GM, 40mm2) for statistical analysis (26). ROIs were drawn in
the same region for all volunteers, and the averaged measurements as well as standard
deviation across volunteers were calculated.

Prostate Imaging—After IRB approval and informed written consent, healthy volunteers
(n=8) were scanned at the same 3T scanner with a 32-channel torso coil for prostate
mapping. No antiperistaltic agents were used in this study. As shown in Table 2(b), the
STEM acquisitions were performed with eight TE and TM combinations, each with six b-
values and a single diffusion direction. Interleaved slices were acquired within a TR. Due to
scan time limitations, DESPOT1 (17) was performed as the reference T1 map. Also, similar
to brain imaging, a single STE-DWI acquisition (TE=40ms, TM=100ms was used as
reference because of restricted diffusion in the prostate (49-51). Histograms of pixel-wise
quantitative T1, T2, and ADC measurements within the prostate were evaluated from a
single slice covering the mid-gland of the prostate. Co-localized ROIs were drawn in the
peripheral zone (PZ, 40mm?2) and central gland (CG, 40mm?) for further quantitative
evaluation of T1, T2, and ADC. ROIs were drawn in the same region for all volunteers, and
the averaged measurements as well as standard deviation across volunteers were calculated.

Protocol Optimization for Rapid STEM Acquisition

In the validation experiments described above, relatively dense sampling of the TM-TE-b
space was used to validate the feasibility of STEM. However, this dense sampling results in
time-consuming acquisitions. Ideally, in order to estimate T1, T2 and ADC from the signal
model in Eq.1, it suffices to acquire two different TM, TE and b-values (ie: at least four total
images are needed). The choice of TM, TE and b-values can be formulated as an
optimization problem. In this work, this protocol optimization problem was formulated as a
minimax problem of the Cramér-Rao Lower Bound (CRLB)-based standard deviation of the
resulting T1, T2 and ADC estimates. The optimization problem was formulated as follows:

-~ _ . 2| _ .
0 = argmin, _ @max{a (T, TZ,ADC)SQ} = argmin, . gmax  [3]

2 2 2
oniy (r2)7 , (“anc
T1 T2 ADC

(T1,T2, ADC)eQ
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In this optimization problem, Q is the given T1-T2-ADC space that defines the range of
tissue parameters under consideration, and @ is the constraint space determined by the
scanner and pulse sequence properties. Additionally, @ is a vector containing the optimized
protocol parameters, which in this work are defined as TEq, TE,, TMq, TM, and two b-
values by and by. These acquisition parameters determine the four acquired images with
[TEq, TMy, bq], [TE2, TMy, b1] and [TEq, TMy, bq] and [TE, TMy, b5], respectively.

Further, 6, 6,,, and o, ;,~ are the standard deviation from CRLB analysis of the magnitude

signal with a given SNR (Rician noise) (40). The sum of squares of the relative standard
deviations is chosen as the cost function to ensure a balanced consideration of the noise
performance of T1, T2 and ADC estimation.

The constraint space ® includes constraints on the sequence timing and the achievable b-
values. First, the two echo times should have a lower bound defined by the RF pulse

; 1 2 ; .
durations 7, and Tg, and EPI readout train length 7,

1 2 2
TE > max| 20790 Too .
= ) EPI

[4]

Similarly, the two mixing times should be longer than the second and the third 90° pulse:

™ > Tg,. [5]

Second, the maximum achievable b-value with the given TE and TM should be larger than
both b, and b,, as follows:

b < (1G9 (A -3) 6]

where y is the gyromagnetic ratio and G, . is the maximum gradient strength of the scanner.

A is the diffusion time and & is the duration of diffusion encoding lobe, assuming infinite
slew rate to simplify the description. With minimized TE, A and § can be expressed in terms
of the remaining pulse sequence timing parameters including TE, TM and RF pulse
durations:

2 1 2
5= m TE‘T90_T TE-Tgy—Tg 7]
= min —2 EPI® —2

A=56+Toy+TM. [8]
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; PR 1
In this study, sequence parameter constraints included G, , =50 mT/m, Ty, = 12ms for

water selective excitation pulse, Tgo = 6.5ms and T, = 10ms. SNR in the simulation, which

was equal to the proton density weighted signal A divided by the standard deviation, was set
as 50. Optimization was run with different T1-T2-ADC space Q

for healthy brain and healthy prostate tissues respectively, where 71 € (700, 1350)ms,
T2 € (50, 150)ms and ADC € (550, 1400) x 10~ 8mm?/s for brain and T1 € (600, 1500)ms,
T2 € (50, 100)ms and ADC € (800, 1500) x 10~ 8mm?/s for prostate.

With this optimization scenario, the optimal combinations of TE, TM and b-values will be
obtained. In this study, optimized rapid acquisitions were selected retrospectively by
choosing the optimal combination of TEq, TEy, TM1, TMy, by, by from the densely-sampled
acquisitions described above for brain and prostate. Data from the resulting rapid
acquisitions were re-fitted to the signal model (Eqg.1), to obtain T1, T2, and ADC parametric
maps. These parametric maps were compared between the rapid acquisition and the densely-
sampled acquisition, in order to preliminarily evaluate the feasibility of the rapid STEM
acquisition.

Patient Case Study

A 73-year old with biopsy-proven prostate cancer was recruited from an institutional
database. Approximately 60 days prior, a clinical prostate MRI and MRI-US guided biopsy
were performed confirming prostate cancer. Following IRB approval and written informed
consent, STEM imaging was performed. The same protocol from the healthy prostate
volunteers was used. In the estimated T1, T2 and ADC maps, ROIs were drawn supervised
by a radiologist with expertise in GU imaging on the normal peripheral zone (PZ) as well as
biopsy-proven cancers in the left and right PZ fitting the size of the cancer.

Evaluation of B1 Inhomogeneity Effects

T1 mapping methods are often confounded by B1 inhomogeneity effects. To evaluate the
effect of imperfect B1 fields on the quantitative STEM measurements, several STEM
acquisitions with different actual flip angles were obtained by adjusting the scanner transmit
gain. With this setup, the actual STE sequence performed included three a° pulses instead of
the idealized three 90 ° pulses. A NiCl,-doped water phantom was scanned at 3T using an
eight-channel head coil with default transmit gain. To adjust the actual flip angle, two
additional acquisitions were obtained with transmit gains equal to 45% and 135% of the
original transmit gain, respectively. STEM was implemented with TM = [25, 100, 100]ms,
TE = [50, 42, 80]ms and b-values(#average) = [0(2),100(2),200(2),400(4),800(8)]s/mm?.
Other parameters included TR=3s, slice thickness = 5mm, FOV = 26cm, in-plane resolution
=2mm x 2mm and diffusion direction = R/L. Bloch-Siegert B1 maps (45) were acquired to
measure the actual flip angle in different regions within the acquired slice. Two ROIs
(~1cm?2) were drawn from each actual flip angle map of the images acquired with different
transmit gains (6 ROIs in total).
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The corresponding STEM-based T1, T2 and ADC measurements co-localized with the
previously described ROIs were used to analyze the relationship between the quantitative
measurements and actual flip angle. Linear regression between each quantitative
measurement and the actual flip angles was performed to evaluate the effects of B1
inhomogeneity on STEM measurements.

Dependence of T1, T2, and ADC Quantification on Acquisition Parameters

RESULTS

The proposed STEM acquisition, which samples the MR parameter space along multiple
relaxometry and diffusion dimensions, may enable more sophisticated multi-parametric
tissue characterization beyond the simplified signal model described in Equation 1. For
instance, Equation 1 jointly fits all the data without accounting for the potential dependence
of T1/T2/ADC on the acquisition parameters. However, this dependence might occur in
tissue, eg: due to the presence of partial volume effects or non-Gaussian diffusion.
Therefore, the measured T1 or T2 may vary with increasing b-value, and the measured ADC
may vary with increasing TE or TM (even for a constant set of b-values). To evaluate this
dependence in both brain and prostate data, separate estimation of each quantitative
parameter was performed within four groups of acquisition parameters:

1 Fixed TE = 40ms, for each b-value, calculate T1 maps with TM =[100, 500,
800, 1000]ms (to evaluate the effect of b-value on measured T1);

2. Fixed TM=100ms, for each b-value, calculate T2 maps with TE = [40, 50, 80]ms
for the brain and TE = [40, 50, 65]ms for the prostate (to evaluate the effect of b-
value on measured T2);

3. Fixed TE = 40ms, for each TM, calculate ADC maps with all six b-values (to
evaluate the effect of TM on measured ADC);

4, Fixed TM = 100ms, for each TE, calculate ADC maps with all six b-values (to
evaluate the effect of TE on measured ADC).

ROI measurements from the same regions described above for brain and prostate scans were
performed in the corresponding maps from each group of parameters, and displayed using
box-plots. A Linear Mixed-Effect (LME) fitting model (46) was applied to evaluate the
association between measurements and acquisition parameters.

Validation Experiments

Phantom validation; Figure 2 shows T1, T2, and ADC mapping results in the phantom.
STEM results in quantitative maps with high image quality and good SNR, although EPI
related distortion artifacts remain. Further, these results show excellent quantitative

agreement between STEM and the reference T1, T2, and ADC mapping techniques. The R?
for T1, T2 and ADC are all nearly 0.999. The slope for each parameter is 1.01 +0.01, 1.03 +
0.01 and 0.97 +0.01, respectively. The intercept for each parameter is 1.94 +2.31ms, —2.51

+1.5ms and 0.04 +0.01 x 10> mm?/s respectively.
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Brain imaging: Representative quantitative maps for two different slices in the brain of a
healthy volunteer, with histograms from each entire slice are presented in Figure 3. Orange
bars in the histograms are from the reference maps, blue bars are from the STEM maps and
red-colored areas are the overlap between the proposed and reference methods. The high
overlap between STEM and reference measurement histograms illustrates the accuracy of
the proposed STEM method. Nevertheless, the STE-DW!I sequence used in STEM has
limited spatial resolution compared to the reference IR-FSE T1 mapping and SE T2
mapping techniques.

Prostate imaging: Figure 4 shows representative maps and histograms of the prostate.
Although high overall agreement is observed between STEM and the reference mapping
methods, some estimation bias and image artifacts may be present in STEM, especially near
the edges of the prostate.

Table 3 summarizes the T1, T2, and ADC measurements in the brain and prostate across all
subjects. Overall, STEM measurements are in excellent agreement with reference
measurements, with similar standard deviation across subjects.

Protocol Optimization for Rapid STEM Acquisition

In the protocol optimization simulations, the optimized acquisition parameters for rapid
STEM imaging are TE1=39.4ms, TE;=92.2ms, TM1=123.1ms, TM»=1026.2ms and b,=0
s/mm? and b»=826.5 ss/mm? in the brain and TE;=39.6ms, TE»=95.0ms, TM;=124.2ms,
TM,=1244.5ms and b;=0 s/mm? and b,=863.9 s/mm? in the prostate. Among the
parameters acquired in the previously obtained densely-sampled /n-vivo datasets, the
optimal combinations are TE;=40ms, TE»,=80ms, TM1=100ms, TM»=1000ms and
b1=50s/mm? and b,=800s/mm? in the brain and TE;=40ms, TE;=65ms, TM;=100ms,
TM5»=1000ms and b;=50s/mm?2 and b,=800s/mm? in the prostate. The optimized rapid
STEM acquisitions are less than 2 minutes for both brain and prostate imaging.

Figure S1 shows an example plot of the cost function o (ie: the sum-of-squares of relative
standard deviation for T1-T2-ADC estimation, as a function of the acquisition parameters)
used for optimization of rapid acquisition protocols. Figure 5 shows the T1, T2 and ADC
maps estimated from the resulting optimized rapid protocol (Figure 5a: brain, Figure 5b:
prostate). Quantitative maps from the rapid STEM acquisition are noisier than the original
densely-sampled maps; however, the measurements remain accurate. ROl measurements
from the rapid STEM acquisitions in brain and prostate are also summarized in Table 3.

Patient Case Study

The patient presented with an elevated PSA of 13.93ng/ml. At MRI, there were 2 suspicious
lesions in the prostate including a prostate imaging reporting and data system (PI-RADS) 4
lesion in the left PZ and PI-RADS 5 lesion in the right PZ. Figure 6 shows a representative
DWI (b=800s/mm?), T2-weighted image and the estimated T1, T2 and ADC maps. ROI
measurements in the two lesions and the normal prostate tissue are also listed in Figure 6.
Both the left and right lesions have lower ADC and T2 values compared to the healthy PZ.
The T2 and ADC values with densely-sampled STEM in the lesions are 45.1ms and 810.0
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x 10~%mm?/s for the left lesion and 53.4ms and 1065.3 x 10~®mm?/s for the right lesion. For
healthy PZ tissue, T2 is 73.1ms and ADC is 1671.3 x 10~ mm?/s.

Evaluation of B1 Imperfection

The measured flip angles over the six ROIs in the three acquisitions were 49.1 °, 62.9 °,
100.8 °, 132.4 °, 138.4 ° and 157.6 °, respectively. Based on linear regression analysis, the
coefficients (slopes) between T1 and flip angle, T2 and flip angle and ADC and flip angle
are —1.23 x 1072 (P=0.210), 3.90 x 10~>(P=0.645) and 1.36 x 10~ !(P=0.181), respectively.
With a 95% confidence level, quantitative T1, T2 and ADC measurements from STEM
acquisitions are not affected by imperfect flip angle.

Dependence of T1, T2, and ADC Quantification on Acquisition Parameters

Box-plots from ROI measurements in the quantitative measurements for varying acquisition
parameters are shown in Figure 7. The LME analysis results, including the slope and ~-
values, are shown in each box-plot. Though the number of volunteers is limited, some
measurements are significantly dependent on acquisition parameters. For example, the
measured T2 values show a significant decrease with increasing b-values for gray matter as
well as for the prostate PZ and CG (/<0.001).

DISCUSSION

In this study, a Stimulated-Echo based Mapping (STEM) method has been proposed for
simultaneous quantitative T1, T2 and ADC mapping. The overall T1, T2 and ADC
measurements have been shown to be accurate in phantom experiments, brain and prostate
imaging. Further, protocol optimization was performed to achieve accurate STEM
quantification within 2 minutes. The proposed STEM method may enable rapid and co-
registered multi-parametric imaging, with potential clinical applications in the brain,
prostate, and breast, among others (1-15).

In brain mapping, the estimated T1 and T2 with densely-sampled STEM and rapid STEM
acquisitions are in good agreement with measurements from previous studies (17-18, 21-22,
26-27, 37). The T1 histograms from STEM showed two peaks, representing white matter
and gray matter respectively. This is in good agreement with previous T1 mapping studies
performed with moderate spatial resolution (16). However, the two peaks are not obvious in
the reference T1 map. This may be due to the higher resolution in the reference T1 map,
where the different T1 values from CSF and gray matter result in higher spread of T1.
Further, measurements from CSF are not shown in this study because the measurements
from our reference T1 and T2 mapping method failed in some volunteers likely due to the
flow of CSF. However, STEM may suffer the same motion problem in the CSF. Also, the
acquisitions in this study are not optimized for very high T1 and T2 measurements. The
ADC values measured in this brain fall into the range of literature (26, 28, 37); however,
with only one diffusion direction measured in this study, ADC measurements in the white
matter (where diffusion is highly anisotropic) are not comparable to the literature.
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In healthy prostate mapping, the overall measurements are in generally good agreement with
the literature (29-31). However, the ADC values are slightly lower compared to previous
spin echo based ADC measurements in healthy prostate tissues (30-31, 47). This
discrepancy may be due to the restricted diffusion in the prostate (50-51), which makes
ADC measurements dependent on specific acquisition parameters (eg: diffusion time). Also,
previous measurements of T1, T2 and ADC have a broad variation across studies (29-31,
47, 49-51), and prostate ADC has been shown to increase with age (47). In the prostate
cancer case study, we observed a substantial decrease in the T2 and ADC values within the
two lesions relative to healthy peripheral zone tissue, in agreement with the literature (7).

In this study, a simple signal model is used for jointly estimating T1, T2 and ADC values.
However, in the presence of restricted diffusion, ADC will generally depend on the
acquisition parameters, including choice of b-values and diffusion time. Therefore, more
sophisticated diffusion models may be preferable. Also, partial volume effects may arise
when multiple tissue components, epithelial and stromal components in the prostate for
example, are contained in a voxel. These tissue components generally have different T1, T2
and diffusion properties, which may explain in part the slight underestimation in the /n-vivo
T2 measurements of both brain and prostate compared to the reference SE T2 mapping.
These confounding factors, which present a challenge for naive signal modeling approaches,
may also present an opportunity for advanced multi-compartment tissue characterization
(32-33) by exploiting the multiple signal dimensions (T1, T2, diffusion) probed by the
STEM approach.

In this work, STEM scan times ranged from 1min13s with rapid acquisition to 22min56s
with dense sampling of the TM-TE-b space. The acquisition time depends on multiple
parameters, including the number of b-values and diffusion directions, and the choice of TM
and TE combinations. In principle, a minimum of four images with different TM, TE and b-
values are required for STEM. With protocol optimization, the maximum acquired TM and
TE should be of the same order as the tissue T1 and T2, respectively. When T1 is very long
(over 1000ms, as is the case in the prostate), a long TM (eg: 800-1200ms) would be needed
to create enough T1 decay. However, this will result in longer acquisitions with substantial
‘dead time’ during the mixing time. Future work may explore the possibility of increasing
the duty cycle by exciting other slices or bands during the mixing time.

Although the proposed STEM approach is promising for accurate quantitative mapping, the
current method has several limitations. STEM acquisitions are based on an EPI readout;
therefore, they have the same geometric distortions as SE-DWI sequences in areas of B0
field inhomogeneity. More advanced acquisition techniques like reduced FOV (34) and
multi-shot EPI (35) may enable reduced distortion in STEM. Also, due to the stimulated
echo acquisition, the SNR of STE-DW images is only half the SNR of SE-DW images.
Similar to other quantitative techniques, STEM is sensitive to motion during the acquisition.
Although each individually acquired STEM image is highly robust to motion due to the
single-shot EPI readout, motion between images may introduce artifacts in quantitative
maps, particularly near tissue interfaces. For example, in the prostate maps, motion-induced
misregistration introduces inaccuracy in T2 and T1 maps. Particularly when using rapid
STEM acquisitions, the estimation will be sensitive to artifacts and noise in the images. In
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clinical prostate imaging applications, antiperistaltic agents may be used to reduce small
bowel motility, which may significantly reduce the artifacts in prostate measurements. For
other organs, registration-based approaches may mitigate motion-related artifacts.

In addition, the validation experiments in this paper have several limitations. The
quantitative phantom only has a maximum T1 of about 300ms, which is lower than most
tissues. To further validate STEM in the presence of long T1 and long T2 measurements, an
agar phantom experiment was conducted and shown in supporting information Figure S2.
Also in the /in-vivo mapping experiment, only one diffusion direction was acquired because
of the long acquisition time with densely-sampled STEM. Additionally, the rapid
acquisitions were performed retrospectively (ie: with a long temporal footprint), leading to
increased motion artifacts in prostate mapping. For preliminary assessment of rapid STEM
acquisitions with a short temporal footprint, prospective rapid STEM acquisitions were
acquired in one brain volunteer and one prostate volunteer in three orthogonal diffusion
directions, with the results shown in supporting information Figures S3 and S4. Further,
STE-DWI instead of SE-DWI was used as a reference for ADC in this study because ADC
will be different for different diffusion time in the presence of non-Gaussian diffusion (48—
51). Extensions of this work may include more sophisticated models beyond simple ADC, in
order to account for the presence of restricted diffusion.

Finally, this work performed technical validation and optimization of the proposed STEM
method, focused largely on quantitative phantoms and healthy volunteers. Although this
technical validation is critical for quantitative techniques, clinical validation studies are
needed to evaluate the performance of the proposed technique in patients, including patients
with prostate cancer and brain disease. While these clinical studies are outside of the scope
of this manuscript, we nevertheless included a single clinical example, primarily for
illustration purposes.

In summary, we have presented a stimulated-echo based approach termed STEM for
simultaneous multi-parametric relaxometry and diffusion mapping. This method provides
accurate quantitative maps of T1, T2, and ADC in phantom, brain, and prostate imaging.
Further, the proposed approach may enable advanced multi-compartment tissue
characterization in multiple parametric dimensions.
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Sequence profile and timing of stimulated-echo (STE) DWI, where & is the duration of each

diffusion lobe, A is the diffusion time and T .,,, is the time between the start of EPI readout
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Figure 2.
T1, T2 and ADC maps estimated from STEM are accurate compared to the reference maps.

The vials in the parametric maps have EPI distortion artifacts in the STEM images and the
reference spin echo ADC map because of the EPI acquisitions. ROl measurements for each
vial from STEM agree with the co-localized ROI results from the reference maps. The black
lines in the plots to the right are the identity lines representing equal measurements and
references.
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Figure 3.
The distributions of T1, T2 and ADC measurements in the brain from STEM are in good

qualitative agreement with the reference measurements. The histograms to the right show the
overall accuracy of each measurement from the entire slice. Orange bars in the histograms
are from the reference maps, blue bars are measurements from STEM and the red color
represents the overlapping area of reference and STEM-based histograms. The white arrows
point to the ROIs in the white matter and gray matter.
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STEM Reference

Figure 4.
The distributions of T1, T2 and ADC measurements in the prostate from STEM agree with

the references, though with some bias in the T1 and T2 maps. Artifacts appearing at the edge
of the prostate are mainly from the inter-acquisition motion from series to series. The
histograms to the right show the overall accuracy of each measurement covering only the
prostate area. Orange bars in the histograms are from the reference maps, blue bars are
measurements from STEM and the red color represents the overlapping area of orange and
blue bars.
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Figureb.
An example of T1, T2 and ADC maps re-estimated retrospectively with the optimized rapid

acquisition protocol (rapid STEM) are shown for healthy brain (a) and healthy prostate (b).
The overall measurements are accurate even though the maps are noisier. The T1 map of
healthy prostate shows some artifacts, likely due to motion without antiperistatic agents.
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Figure 6.
The T2-weighted and DW images show the two cancerous lesions in the PCa patient. T1, T2

and ADC maps and ROI measurements of left PZ lesion, right PZ lesion and normal PZ
tissue from the densely-sampled and the rapid STEM acquisitions are also shown.
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Box-plots from ROIs measurements in the maps of each controlled group are shown for
brain and prostate tissues, respectively. The linear mixed effect analysis results, including
the slope and P-values, are labeled in each Box-plot.
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Table 1

Phantom imaging protocol

IR FSE i FOV = 28cm x 28cm, In-plane resolution = 1.1mm x 1.75 mm
(Reference T1 mapping) Slice thickness = 6mm, Average = 1, Bandwidth = +15.63kHz, TR=6s
(15min24s) TI =[50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180] ms
Multi-TE SE FOV =28cm x 28cm, In-plane reso_lutior) =2.2mm x 2.2 mm
(Reference T2 mapping) Parallel imaging factor = 2, Slice thickness = 6mm,
18min18s Bandwidth = +62.5kHz, TR=2s
( )
TE = [20, 40, 60, 80, 100, 140, 160, 180, 200] ms
FOV = 28cm x 28cm, In-plane resolution = 2.2mm x 2.2 mm
SE-DWI . Parallel imaging factor = 2, Slice thickness = 6mm,
(Reference ADC mapping) Bandwidth = +62.5kHz, TR=2s,
(2min02s) Diffusion direction = three orthogonal diffusion directions (X, y, and z),
b =[20, 50, 100(2), 300(4), 500(6), 800(6)] s/mm?
TM = 25ms, TE = 49.04ms
FOV = 28cm x 28cm,
TM = 100ms, TE = 39.84ms In-plane resolution = 2.2mm x 2.2 mm
STEM Parallel imaging factor = 2,
(8min08s) TM = 100ms, TE = 100ms Slice thickness = 6mm,

Bandwidth = +62.5kHz, TR=2s
TM =200ms, TE = 36.34ms | Same diffusion directions and b-values as SE-DWI
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Table 2

In-vivo imaging protocol

(a) Brain Imaging

IR FSE FOV = 28cm x 28cm, In-plane resolution = 1.1mm x 1.75 mm
(Reference T1 mapping) Slice thickness = 5mm, Average = 1,
(8min48s) Bandwidth = +15.63kHz, TR=6s
TI =[50, 200, 350, 425, 500, 750, 900, 1100] ms
Multi-TE SE FOV = 28cm x 28cm, In-plane resolution = 2.2mm x 2.2 mm
(Reference T2 mapping) Parallel imaging factor = 2, Slice thickness = 5mm,
(10min10s) Bandwidth = +62.5kHz, TR=1.8s
TE =[30, 60, 90, 120, 150] ms
STE-DWI FOV = 28cm x 28cm, Resolution = 2.2mm x 2.2 mm,
(Reference ADC mapping) Parallel imaging factor = 2, Slice thickness = 5mm,
(1min40s) Bandwidth = +62.5kHz, TR=4s, Diffusion direction = R/L, TM=100ms, TE =40ms,
b== [50, 100, 200(2), 400(4), 600(6), 800(8)] s/mm?
TM = 25ms, TE = 49ms
TM = 100ms, TE = 40ms
T™=1 TE =
ooms, 50ms FOV = 28cm x 28cm,
TM = 100ms, TE = 80ms Resolution = 2.2mm x 2.2 mm
STEM Parallel imaging factor = 2, Slice thickness = 5mm, Bandwidth = +62.5kHz,
(13min20s) TM = 500ms, TE = 40ms TR=4s
Diffusion direction = R/L,
TM =500ms, TE = 50ms Same b-values as STE-DWI
TM =500ms, TE = 80ms
TM = 1000ms, TE = 40ms

(b) Prostate Imaging

DESPOT1 with B1 correction
(Reference T1 mapping)

FOV = 28cmx28x14cm, In-plane resolution = 0.8mm x 0.57 mm
Slice thickness = 5mm, Average = 4,
Bandwidth = +62.5kHz, TR=4s

(4min36s)
Flipangle =[ 10°,5°, 1.8°]
Multi-TE SE FOV = 26cm x 32cm, In-plane resolution = 2.5mm x 2.5 mm
(Reference T2 mapping) Parallel imaging factor = 2, Slice thickness = 5mm,
(8min08s) Bandwidth = +62.5kHz, TR=1.8s
TE =[20, 60, 80, 120] ms
STE-DWI FOV = 32cm x 32cm, Resolution = 2.5mm x 2.5 mm,
(Reference ADC mapping) Parallel imaging factor = 2, Slice thickness = 5mm,
(2min52s) Bandwidth = +£62.5kHz, TR=4s, Diffusion direction = R/L, TM=100ms, TE =40ms,
b= [50, 100, 200(2), 400(4), 600(6), 800(8)] s/mm?
TM = 25ms, TE = 49ms
TM = 100ms, TE = 40ms
TM = 100ms, TE = 50ms
FOV = 32cm x 32cm,
STEM TM = 100ms, TE = 65ms Resolution = 2.5mm x 2.5 mm
(22min56s) Parallel imaging factor = 2, Slice thickness = 5mm, Bandwidth = +62.5kHz,

TM =500ms, TE = 40ms TR=4s

Diffusion direction = R/L

TM =500ms, TE = 50ms

TM =500ms, TE = 65ms

TM = 1000ms, TE = 40ms
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