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(57) ABSTRACT 
A system and method are provided for acquiring a plurality 
of differently-weighted images of a subject using a single 
pulse sequence. The method includes determining imaging 
parameters for a pulse sequence that includes a diffusion 
weighted module and an anatomical imaging module. The 
imaging parameters include at least a repetition time (TR), 
a mixing time (TM), an echo time (TE), and a diffusion 
weighting b-value, with at least two different values of at 
least TM, TE, and diffusion weighting b-value. The method 
also includes performing a pulse sequence using the imaging 
parameters to acquire MR image data from a subject. The 
different values of at least TM, TE, and diffusing weighting 
b-value are used to acquire the MR image data. Furthermore, 
the method includes reconstructing, from the MR image 
data, a plurality of images of the subject, including at least 
a Tl-weighted image, a T2-weighted image, and a diffusion
weighted image. 
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SYSTEM AND METHOD FOR STIMULATED 
ECHO BASED MAPPING (STEM) USING 

MAGNETIC RESONANCE IMAGING (MRI) 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

2 
Thus, it would be desirable to have a system and method 

for rapid and co-registered mapping of Tl, T2 and ADC that 
overcomes the problems facing those attempts described 
above. 

SUMMARY 

The present disclosure overcomes the aforementioned 
drawbacks by providing systems and methods for creating a 

This invention was made with government support under 
DK100022 awarded by the National Institutes of Health. 
The govermnent has certain rights in the invention. 

BACKGROUND 

The field of the invention is systems and methods for 
magnetic resonance imaging ("MRI"). More particularly, 
the invention relates to systems and methods for using 
stimulated echo based mapping (STEM) imaging using 
magnetic resonance. 

10 plurality of differently-weighted images of a subject using a 
single pulse sequence, referred to herein as stimulated-echo 
based mapping (STEM) pulse sequence. The STEM pulse 
sequence provides a framework that enables one to probe 
dynamic changes of contrast mechanisms, including Tl, T2, 

Quantitative multi-parametric MRI may enable improved 
diagnosis and treatment monitoring in various applications. 
Mapping of relaxation and diffusion parameters may enable 
advanced characterization of healthy and diseased tissue, 
with emerging clinical and research applications. Indeed, 
quantitative mapping of Tl, T2, and apparent diffusion 
coefficient (ADC) has multiple previously proposed and 
potential applications, including in brain, cardiac, breast, 
and prostate imaging. Further, quantitative MRI methods 
may facilitate comparison of data longitudinally or between 
centers, as required for effective longitudinal treatment 
monitoring and multi-center clinical trials. 

15 and diffusion, over time or via other imaging variables or 
imaging parameters of the STEM pulse sequence, without 
having to perform multiple or serial pulse sequences. In this 
way, imaging parameters can be selected in accordance with 
the present disclosure to utilize the STEM pulse sequence to 

20 acquire MR imaging data that can be used to create Tl-, T2, 
and diffusion-weighted images. Since the multiple images 
are reconstructed from data acquired during a common or 
singular pulse sequence, the images are registered and 
highly flexible for a variety of clinical uses. Furthermore, 

25 imaging acquisition is efficient/reduced compared to tradi
tional methods that require the use of multiple pulse 
sequences. 

In accordance with one aspect of the disclosure, a mag
netic resonance imaging (MRI) system is provided that 

30 includes a magnet system configured to generate a polariz
ing magnetic field about at least a portion of a subject 
arranged in the MRI system. The MRI system also includes 
a plurality of gradient coils configured to apply a gradient 

Mapping of relaxation and diffusion parameters is typi
cally performed using multiple separate acquisitions, includ
ing one or several relaxometry pulse sequences and a 
separate diffusion-weighted imaging (DWI) pulse sequence. 
However, the need for multiple separate acquisitions using 35 

multiple pulse sequences is often not practical for clinical 
applications, due to long acquisition times and the chal
lenges of obtaining co-registered parametric maps. There
fore, simultaneous mapping of relaxation ( e.g., Tl and T2) 
and diffusion (e.g., ADC) parameters based on a single 40 

acquisition sequence is highly desirable in order to provide 
rapid and co-registered quantitative multi-parametric MRI. 

Previous studies have explored simultaneous Tl, T2 and 
ADC mapping with methods including diffusion-weighted 
Dual-Echo Steady State (DESS) and MR Fingerprinting 45 

(MRF). However, these previously-proposed techniques 
face substantial limitations. For the DESS method, the signal 
from steady-state sequence is complicated to model, espe
cially with diffusion encoding, which may result in inaccu
racy and large variance in diffusion measurements. Also, 50 

though preliminary results have shown promise for MRF 
with simultaneous ADC mapping, probing diffusion within 
the MRF framework can be challenging and may be subject 
to multiple confounding factors. 

Stimulated-echo (STE) based simultaneous Tl, T2 and 55 

ADC mapping is a promising approach to overcome the 
limitations of previous techniques. The STE diffusion 
weighted imaging (DWI) pulse sequence enables the modu
lation of Tl, T2 and diffusion weighting by varying the 
mixing time (TM), echo time (TE) and b-values, respec- 60 

tively. As a result, by acquiring multiple (at least four) STE 
images with varying TM, TE, and b-values, simultaneous 
co-registered mapping of Tl, T2 and ADC is possible. STE 
has been used for MR spectroscopy-based relaxometry and 
DWI. However, the lack of a reliable and efficient simulta- 65 

neous Tl, T2 and ADC mapping technique continues to be 
an important umnet need. 

field to the polarizing magnetic field and a radio frequency 
(RF) system configured to apply an excitation field to the 
subject and acquire MR image data from the subject. The 
MRI system further includes a computer system pro
grammed to generate a plurality of differently-weighted 
images of a subject by selecting imaging parameters for a 
pulse sequence that includes a diffusion weighted module 
and an anatomical imaging module. The imaging parameters 
include at least a repetition time (TR), a mixing time (TM), 
an echo time (TE), and a diffusion weighting b-value. The 
imaging parameters include at least two different values of 
at least TM, TE, and diffusing weighting b-value. The 
computer system is further programmed to generate the 
images by controlling the plurality of gradient coils and RF 
system to perform the pulse sequence using the imaging 
parameters to acquire the MR image data from the subject. 
The at least two different values of at least TM, TE, and 
diffusing weighting b-value are used to acquire the MR 
image data. The computer system is further programmed to 
generate the images by reconstructing, from the MR image 
data, a plurality of images of the subject, including at least 
a Tl-weighted image, a T2-weighted image, and a diffusion
weighted image. The MRI system also includes a display 
configured to display the Tl-weighted image, the 
T2-weighted image, and the diffusion-weighted image. 

In accordance with another aspect of the disclosure, a 
method is provided for acquiring a plurality of differently
weighted images of a subject using a single pulse sequence. 
The method includes determining imaging parameters for a 
pulse sequence that includes a diffusion weighted module 
and an anatomical imaging module. The imaging parameters 
include at least a repetition time (TR), a mixing time (TM), 
an echo time (TE), and a diffusion weighting b-value. The 
imaging parameters include at least two different values of 
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For example, the servers 110, 112, 114, and 116 may be 
connected via a communication system 140, which may 
include any suitable network connection, whether wired, 
wireless, or a combination of both. As an example, the 
communication system 140 may include both proprietary or 
dedicated networks, as well as open networks, such as the 
internet. 

The pulse sequence server 110 functions in response to 
instructions downloaded from the operator workstation 102 

at least TM, TE, and diffusing weighting b-value. The 
method also includes using a magnetic resonance imaging 
system, performing a pulse sequence using the imaging 
parameters to acquire MR image data from a subject. The at 
least two different values of at least TM, TE, and diffusing 5 

weighting b-value are used to acquire the MR image data. 
The method further includes reconstructing, from the MR 
image data, a plurality of images of the subject, including at 
least a Tl-weighted image, a T2-weighted image, and a 
diffusion-weighted image. 10 to operate a gradient system 118 and a radiofrequency 

("RF") system 120. Gradient waveforms to perform the 
prescribed scan are produced and applied to the gradient 
system 118, which excites gradient coils in an assembly 122 

The foregoing and other aspects and advantages of the 
invention will appear from the following description. In the 
description, reference is made to the accompanying draw
ings, which form a part hereof, and in which there is shown 
by way of illustration a preferred embodiment of the inven- 15 

tion. Such embodiment does not necessarily represent the 
full scope of the invention, however, and reference is made 
therefore to the claims and herein for interpreting the scope 
of the invention. 

to produce the magnetic field gradients Gx, Gy, G
2 

used for 
position encoding magnetic resonance signals. The gradient 
coil assembly 122 forms part of a magnet assembly 124 that 
includes a polarizing magnet 126 and a whole-body RF coil 
128. 

RF waveforms are applied by the RF system 120 to the RF 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an exemplary magnetic 
resonance imaging ("MRI") system configured in accor
dance with the present disclosure. 

20 coil 128, or a separate local coil (not shown in FIG. 1), in 
order to perform the prescribed magnetic resonance pulse 
sequence. Responsive magnetic resonance signals detected 
by the RF coil 128, or a separate local coil, are received by 
the RF system 120, where they are amplified, demodulated, 

FIG. 2A is a graphic representation of an exemplary pulse 
sequence for directing the MRI system of FIG. 1 to acquire 
image data in accordance with the present disclosure. 

FIG. 2B is a flow chart setting forth steps of a process 
utilizing the system and pulse sequence of FIGS. 1 and 2 in 
accordance with the present disclosure. 

25 filtered, and digitized under direction of commands pro
duced by the pulse sequence server 110. The RF system 120 
includes an RF transmitter for producing a wide variety of 
RF pulses used in MRI pulse sequences. The RF transmitter 
is responsive to the scan prescription and direction from the 

FIG. 3 is a set of images and correlates histograms 
showing distributions of Tl, T2 and ADC measurements in 
the brain using the pulse sequence of FIG. 2 and a system 
such as illustrated in FIG. 1 compared to the standard/ 
reference mapping methods. 

30 pulse sequence server 110 to produce RF pulses of the 
desired frequency, phase, and pulse amplitude waveform. 
The generated RF pulses may be applied to the whole-body 
RF coil 128 or to one or more local coils or coil arrays. 

The RF system 120 also includes one or more RF receiver 

FIG. 4 is a set of images and correlates histograms 
showing distributions of Tl, T2 and ADC measurements in 
the prostate using the pulse sequence of FIG. 2 and a system 
such as illustrated in FIG. 1 compared to the standard/ 
reference mapping methods. 

35 channels. Each RF receiver channel includes an RF pream
plifier that amplifies the magnetic resonance signal received 
by the coil 128 to which it is connected, and a detector that 
detects and digitizes the I and Q quadrature components of 
the received magnetic resonance signal. The magnitude of 

FIG. SA is a graph showing one example of a cost 
function used for optimization of rapid acquisition protocols 
for healthy brain. 

40 the received magnetic resonance signal may, therefore, be 
determined at any sampled point by the square root of the 
sum of the squares of the I and Q components: 

FIG. SB is a graph showing one example of a cost 45 

function used for optimization of rapid acquisition protocols 
for healthy prostate. 

DETAILED DESCRIPTION 
50 

Referring now to FIG. 1, these confounder-corrected 
approaches may be implemented using or designed to 
accompany a magnetic resonance imaging ("MRI") system 
100, such as is illustrated in FIG. 1. The MRI system 100 
includes an operator workstation 102, which will typically 55 

include a display 104, one or more input devices 106 (such 
as a keyboard and mouse or the like), and a processor 108. 
The processor 108 may include a commercially available 
programmable machine running a commercially available 
operating system. The operator workstation 102 provides the 60 

operator interface that enables scan prescriptions to be 
entered into the MRI system 100. In general, the operator 
workstation 102 may be coupled to multiple servers, includ
ing a pulse sequence server 110; a data acquisition server 
112; a data processing server 114; and a data store server 65 

116. The operator workstation 102 and each server 110, 112, 
114, and 116 are connected to communicate with each other. 

Eqn. 1; 

and the phase of the received magnetic resonance signal 
may also be determined according to the following relation
ship: 

Eqn. 2 

The pulse sequence server 110 also optionally receives 
patient data from a physiological acquisition controller 130. 
By way of example, the physiological acquisition controller 
130 may receive signals from a number of different sensors 
connected to the patient, such as electrocardiograph 
("ECG") signals from electrodes, or respiratory signals from 
a respiratory bellows or other respiratory monitoring device. 
Such signals are typically used by the pulse sequence server 
110 to synchronize, or "gate," the performance of the scan 
with the subject's heart beat or respiration. 

The pulse sequence server 110 also connects to a scan 
room interface circuit 132 that receives signals from various 
sensors associated with the condition of the patient and the 
magnet system. It is also through the scan room interface 
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circuit 132 that a patient positioning system 134 receives 
commands to move the patient to desired positions during 
the scan. 

The digitized magnetic resonance signal samples pro
duced by the RF system 120 are received by the data 
acquisition server 112. The data acquisition server 112 
operates in response to instructions downloaded from the 
operator workstation 102 to receive the real-time magnetic 
resonance data and provide buffer storage, such that no data 
is lost by data overrun. In some scans, the data acquisition 
server 112 does little more than pass the acquired magnetic 
resonance data to the data processor server 114. However, in 
scans that require information derived from acquired mag
netic resonance data to control the further performance of 
the scan, the data acquisition server 112 is programmed to 
produce such information and convey it to the pulse 
sequence server 110. For example, during prescans, mag
netic resonance data is acquired and used to calibrate the 
pulse sequence performed by the pulse sequence server 110. 
As another example, navigator signals may be acquired and 
used to adjust the operating parameters of the RF system 120 

6 
114 or data store server 116 via the communication system 
140. Accordingly, multiple networked workstations 142 may 
have access to the data processing server 114 and the data 
store server 116. In this manner, magnetic resonance data, 

5 reconstructed images, or other data may exchanged between 
the data processing server 114 or the data store server 116 
and the networked workstations 142, such that the data or 
images may be remotely processed by a networked work
station 142. This data may be exchanged in any suitable 

10 format, such as in accordance with the transmission control 
protocol ("TCP"), the internet protocol ("IP"), or other 
known or suitable protocols. 

The above-described system may be configured or other-
15 wise used to carry out processes in accordance with the 

present disclosure. In particular, as will be described in 
further detail, one aspect for using the above-described or 
similar systems for carrying out processes in accordance 
with the present disclosure, such as will be described with 

20 respect to the non-limiting example in FIG. 2B, which 
includes performing a pulse sequence, such as illustrated in 
FIG. 2A using the an MRI system, such as illustrated in FIG. 
1. 

or the gradient system 118, or to control the view order in 
which k-space is sampled. In still another example, the data 
acquisition server 112 may also be employed to process 
magnetic resonance signals used to detect the arrival of a 25 

contrast agent in a magnetic resonance angiography 
("MRA") scan. By way of example, the data acquisition 
server 112 acquires magnetic resonance data and processes 

Specifically, FIG. 2A provides a pulse sequence diagram 
for a stimulated-echo mapping (STEM) pulse sequence 200, 
in accordance with the present disclosure, which reflects a 
stimulated-echo (STE) diffusion weighted imaging (DWI) 
pulse sequence that is adapted with a further EPI sequence 
and has selectable imaging parameters that enable simulta-it in real-time to produce information that is used to control 

the scan. 
The data processing server 114 receives magnetic reso

nance data from the data acquisition server 112 and pro
cesses it in accordance with instructions downloaded from 
the operator workstation 102. Such processing may, for 
example, include one or more of the following: reconstruct
ing two-dimensional or three-dimensional images by per
forming a Fourier transformation of raw k-space data; 
performing other image reconstruction techniques, such as 
iterative or backprojection reconstruction techniques; apply
ing filters to raw k-space data or to reconstructed images; 
generating functional magnetic resonance images; calculat
ing motion or flow images; and so on. 

Images reconstructed by the data processing server 114 
are conveyed back to the operator workstation 102. Images 
may be output to operator display 112 or a display 136 that 
is located near the magnet assembly 124 for use by attending 
clinician. Batch mode images or selected real time images 
are stored in a host database on disc storage 138. When such 
images have been reconstructed and transferred to storage, 
the data processing server 114 notifies the data store server 
116 on the operator workstation 102. The operator worksta
tion 102 may be used by an operator to archive the images, 
produce films, or send the images via a network to other 
facilities. 

The MRI system 100 may also include one or more 
networked workstations 142. By way of example, a net
worked workstation 142 may include a display 144, one or 
more input devices 146 (such as a keyboard and mouse or 
the like), and a processor 148. The networked workstation 
142 may be located within the same facility as the operator 
workstation 102, or in a different facility, such as a different 
healthcare institution or clinic. The networked workstation 
142 may include a mobile device, including phones or 
tablets. 

The networked workstation 142, whether within the same 
facility or in a different facility as the operator workstation 
102, may gain remote access to the data processing server 

30 neous acquisition of Tl, T2, ADC, and even proton density 
weighted maps. That is, as illustrated, the STEM pulse 
sequence 200 can be conceptualized as including a diffusion 
weighted module 202 and an anatomical imaging module 

35 
204, which is illustrated as one non-limiting example as an 
echo planar imaging module. As will be described, the 
STEM pulse sequence 200 and systems and methods utiliz
ing the STEM pulse sequence described herein can be used 
to create maps. The STEM pulse sequences 200 and systems 

40 and methods described herein can also be used to generate 
synthetic images with arbitrary Tl-, T2-, and diffusion
weighting because, once quantitative maps have been 
attained, one can synthetize any arbitrary weighting. In this 
way, the term "images" as used herein refers to graphic 

45 displays of information and may include maps ( e.g., Tl 
maps, T2 maps, ADC maps, etc.) and/or anatomical repre
sentations with a given weighting (Tl-weighted images, 
T2-weighted images, diffusion-weighted images, etc.). 

More particularly, the STEM pulse sequence 200 includes 
50 a plurality of radio frequency (RF) excitation pulses 206 

separated by ½ echo time (TE/2) or by the mixing time (TM) 
and defining an effective repetition time (TReff). In the 
diffusion weighted module 202, the RF excitation pulses 206 

55 
are coupled with corresponding gradient pulses 208 along a 
given direction, in the non-limiting example illustrated in 
FIG. 2, the gradient pulses are along the z-direction. Addi
tionally, as illustrated, diffusion gradients 210 are applied, in 
this non-limiting example, along the x-direction. In the EPI 

60 module 204, EPI gradients 212 may be applied. 
The STEM pulse sequence 200 can be conceptualized as 

eliciting four exponential decays, including Tl dependence 
from repetition time (TR), Tl-weighting from mixing time 
(TM), T2-weighting from TE, and diffusion-weighting from 

65 the applied magnetic fields given as a b-value. Any of a 
variety of signal models may be used. In one non-limiting 
example, the acquired STEM signal is modeled as: 
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the TM, TE, and b-values can be formulated as an optimi-
Eqn. 3 zation function. This optimization function can be formu

lated as a minimax problem of the Cramer-Rao Lower 
Bound ( CRLB )-based standard deviation of the resulting Tl, 

where: 
5 T2, and ADC estimates. In general, an objective function can 

be chosen based on any of a variety of criteria. In one 
non-limiting example, the optimization problem can be 
formulated as: 

TE 
TR,JJ = TR-TM- 2. 

Eqn. 4 

Referring to FIG. 2B, a process 220 for using the STEM 
pulse sequence 200 begins by selecting imaging parameters 
at process block 222. That is, the STEM pulse sequence 200 
provides a framework that presents variables of at least TM, 15 

TE, and b-values that can be selected, for example using the 
following optimization or parameterization framework, to 
collect data for a desired clinical application. For example, 
adjusting the duration of TE/2 can vary the T2 contrast. As 

20 
another example, varying the duration (8) of the diffusion 
encoding gradients 210 or the strength of diffusion encoding 
gradients 210 adjusts the diffusion weighting. Also, adjust
ing the TM varies the Tl contrast. Thus, the STEM pulse 
sequence 200 provides a framework that enables one to 25 
probe dynamic changes of contrast mechanisms (e.g., Tl, 
T2, and diffusion) over time or via other imaging variables 
or imaging parameters of the STEM pulse sequence 200. 

Thus, using the signal model of Eqns. 3 and 5 ( or other 
signal models), the imaging parameters are selected at 30 

process block 222. As will be described, using these imaging 
parameters, the pulse sequence 200 can be performed at 
process block 224 to acquire MR image data with different 
TM, TE, and b-value combinations can be used to fit the 
signal model. In this example, Tl relaxation, T2 relaxation 35 

and ADC, as well as proton density weighted maps (A), can 
be jointly estimated by voxel-wise non-linear least-squares 
fitting of Eqn. 3. 

As mentioned, a variety of signal models may also be 
used. For example, instead of ADC, a diffusion tensor 40 

imaging (DTI) model, diffusion spectruni imaging (DSI) 
model, a q-ball imaging (QBI) model, and others may also 
be used. Other models, including non-Gaussian diffusion, 
such as described in Lu H, Jensen, J H, Ramani A, Helpern 
J A. Three-dimensional characterization of non-Gaussian 45 

water diffusion in humans using diffusion kurtosis imaging. 
NMR Biomed 2006; 19(2):236-247, and multi-compartment 
models, such as described in Kim D, Doyle E K, Wisnowski 
J L, Kim J H, Haldar J P. Diffusion-relaxation correlation 
spectroscopic imaging: A multidimensional approach for 50 

probing microstructure. Magn Reson Med 2017. DOI: 
10.1002/mrm.26629, Mulkern RV, Zengingonul HP, Rob
ertson R L, et al. Multi-component apparent diffusion coef
ficients in human brain: relationship to spin-lattice relax
ation. Magn Reson Med 2000; 44(2):292-300, and Le Bihan 55 

D, Breton E, Lallemand D, Aubin ML, Vignaud J, Laval
Jeantet M. Separation of diffusion and perfusion in intra
voxel incoherent motion MR imaging. Radiology 1988; 
168(2):497-505. (each of which is incorporated herein by 
reference in its entirety) may also be used with the STEM 60 

pulse sequence 200. 
To use the above described STEM pulse sequence 200 for 

simultaneous acquisition of Tl, T2, and ADC data, MR 
image data suitable for at least four total images is acquired 
at process block 224. That is, in order to estimate Tl, T2, and 65 

ADC from the signal model in Eqn. 3, it suffices to acquire 
data using two different TM, TE, and b-values. Determining 

I!= argminee0 rnax{cr2 l(Tl. r2. ADC)cnl = Eqn. 5 

j(crTl )
2 

(crT2)
2 

(crAD2)
2 

I } arrE~H1 Tl + T2 + ADC (T!.T2.ADC)cn 

In this optimization problem, Q is the given Tl-T2-ADC 
space that defines the range of tissue parameters under 
consideration, and 8 is the constraint space determined by 
the seamier and pulse sequence properties. Additionally, 8 is 
a vector containing the optimized protocol parameters, 
which in this example are defined as TEI, TE2, TM!, TM2 
and two b-values bl and b2. These acquisition parameters 
determine the four acquired images with [TEI, TM!, bl], 
[TE2, TM!, bl] and [TEI, TM2, bl] and [TEI, TM!, b2], 
respectively. Further, aTl, aT2, and aADC are the standard 
deviation from CRLB analysis of the magnitude signal with 
a given SNR (Rician noise). The sum of squares of the 
relative standard deviations can be chosen as the cost 
function to ensure a balanced consideration of the noise 
performance of Tl, T2, and ADC estimation. 

The constraint space 8 can include 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 durations T 9 / and T 9 / and EPI readout train length 
TEPi 

{ 
TJ0 + TJ0 TJ0 } TE2max --

2
-, 2 +hPI. 

Eqn. 6 

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

Eqn. 7. 

Second, the maximum achievable b-value with the given 
TE and TM should be larger than both bl and b2, as follows: 

Eqn. 8 

where y is the gyromagnetic ratio and Gmax is the maxi
mum gradient strength of the seamier. ti. is the diffusion time 
and Ii is the duration of diffusion encoding lobe, assuming 
infinite slew rate to simplify the description. With mini
mized TE, ti. and Ii can be expressed in terms of the 
remaining pulse sequence timing parameters including TE, 
TM and RF pulse durations: 

_ . { TE - TJ0 _ TE - TJ0 - TJ0 }· 
6-rnrn 

2 
hPI, 

2 
, 

Eqn. 9 

Eqn. 10 
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dence of Tl/T2/ADC on the acquisition parameters. How
ever, this dependence might occur in tissue, for example, due 
to the presence of partial volume effects or non-Gaussian 
diffusion. Therefore, the measured Tl or T2 may vary with 

In one non-limiting example, sequence parameter con
straints included Gmax=50 mT!m, T90

1=12 ms for water 
selective excitation pulse, T9 /=6.5 ms and TEPI=l0 ms. 
SNR in this example, which was equal to the proton density 
weighted signal A divided by the standard deviation, was set 
as 50. Optimization was run with different Tl-T2-ADC 
space 5 for healthy brain and healthy prostate tissues respec
tively, where Tl E (700, 1350)ms, T2 E (50, 150)ms and 
ADC E (550, 1400)x10-6 mm2/s for brain and Tl E (600, 
1500) ms, T2 E (50, 100) ms and ADC E (800, 1500)x10-6 

mm2 /s for prostate. 

5 increasing b-value, and the measured ADC may vary with 
increasing TE or TM (even for a constant set ofb-values). 
To evaluate this dependence in both brain and prostate data, 
a separate estimation of each quantitative parameter was 
performed within four groups of acquisition parameters: 

10 

With this optimization scenario, the optimal combinations 
of TE, TM, and b-values can be readily obtained at process 
block 222. Thereafter, the pulse sequence can be performed 
at process block 224. In the above non-limiting example, 15 

optimized rapid acquisitions were selected retrospectively 

1) Fixed TE=40 ms, for each b-value, calculate Tl maps 
with TM=[l00, 500, 800, l000]ms (to evaluate the 
effect of b-value on measured Tl); 

2) Fixed TM=l00ms, 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 ofb-value 
on measured T2); 

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

4) Fixed TM=l00 ms, for each TE, calculate ADC maps 
with all six b-values (to evaluate the effect of TE on 
measured ADC). 

ROI measurements from regions of the brain and prostate 
scans were performed in the corresponding maps from each 
group of parameters, and displayed using boxplots. A linear 
mixed-effect (LME) fitting model was applied to evaluate 

by choosing the optimal combination of TEI, TE2, TM!, 
TM2, bl, b2 from the densely-sampled acquisitions 
described above for brain and prostate. At process block 
226, a plurality of registered images are reconstructed, 20 

where the images a registered without error or manual or 
computer-aided dedicated registration processes because the 
image data for each image was simultaneously acquired or 
acquired during a common or single pulse sequence. In the 
non-limiting example provided above, the data from the 25 

resulting rapid acquisitions were re-fitted to the signal model 
(Eqn. 3), to obtain Tl, T2, and ADC parametric maps. At 
process block 228, the images and/or maps that are recon
structed can then be displayed, in registered, overlapping, or 
other configurations. 30 the association between measurements and acquisition 

Evaluation of Bl Inhomogeneity Effects parameters. 

Specifically, in this non-limiting example study, for brain 
imaging, healthy volunteers (n=8) were scanned at the 3T 
scanner with an eight-channel head coil for brain mapping. 
The STEM acquisitions and reference Tl, T2 and ADC 
mapping sequences were performed in each volunteer with 
interleaved slices were acquired within a TR ( detailed imag
ing protocol shown in Table 1). 

IRFSE 
(Reference 

Tl mapping) 
(8 min 48 s) 
Multi-TE SE 

(Reference T2 
mapping) 

(10 min 10 s) 
STE-DWI 

TABLE 1 

FOV - 28 cm x 28 cm, In-plane resolution - 1.1 
mm x 1.75 mm Slice thickness = 5 mm, Average= 1, 

Bandwidth - ±15.63 kHz, TR - 6 s 
Tl - [50, 200, 350, 425, 500, 750, 900, 1100] ms 
FOV - 28 cm x 28 cm, In-plane resolution - 2.2 

mm x 2.2 mm Parallel imaging factor - 2, Slice 

thickness - 5 mm, Bandwidth - ±62.5 kHz, TR -
1.8 s TE - [30, 60, 90, 120, 150] ms 

Tl mapping methods are often confounded by Bl inho
mogeneity effects. To evaluate the effect of imperfect Bl 
fields on the quantitative STEM measurements, several 
STEM acquisitions with different actual flip angles were 35 

obtained by adjusting the scanner transmit gain. With this 
setup, the actual STE sequence performed included three a 0 

pulses instead of the idealized three 90° pulses. A NiC12-
doped water phantom was scanned at 3T using an eight
channel head coil with default transmit gain. To adjust the 40 

actual flip angle, two additional acquisitions were obtained 
with transmit gains equal to 45% and 135% of the original 
transmit gain, respectively. The STEM pulse sequence was 
implemented with TM=[25, 100, l00]ms, TE=[50, 42, 
80]ms and b-values(# average)=[0(2),100(2),200(2),400(4), 45 

800(8)]s/mm2. Other parameters included TR=3 s, slice 
thickness=5 mm, FOV=26 cm, in-plane resolution=2 mmx2 
mm and diffusion direction=R/L. Bloch-Siegert Bl maps 
were acquired to measure the actual flip angle in different 
regions within the acquired slice. Two ROis (-1 cm2) were 
drawn from each actual flip angle map of the images 
acquired with different transmit gains (6 ROis in total). 

50 
(Reference ADC 
mapping) 

FOV - 28 cm x 28 cm, Resolution - 2.2 mm x 

2.2 mm, Parallel imaging factor - 2, Slice thickness -
5 mm, Bandwidth - ±62.5 kHz, TR - 4 s, Diffusion 

direction - R/L, TM - 100 ms, TE - 40 ms, (1 min 40 s) 

STEM 

The corresponding STEM-based Tl, T2 and ADC mea
surements co-localized with the previously described ROis 
were used to analyze the relationship between the quantita
tive measurements and actual flip angle. Linear regression 
between each quantitative measurement and the actual flip 
angles was performed to evaluate the effects of B 1 inhomo
geneity on STEM measurements. 

55 (13 min 20 s) 

Dependence ofTl, T2, andADC Quantification onAcqui- 60 

sition Parameters 
The above-described STEM pulse sequence, which 

samples the MR parameter space along multiple relaxometry 
and diffusion dimensions, allows for more sophisticated 
multi-parametric tissue characterization beyond the basic 65 

signal model described in Eqn. 3. For instance, Eqn. 3 jointly 
fits all the data without accounting for the potential depen-

b -- [50, 100, 200(2), 400(4), 600(6), 800(8)] s/mm2 

TM - 25 ms, TE - 49 ms 

TM - 100 ms, TE - 40 ms 

TM - 100 ms, TE - 50 ms 

TM - 100 ms, TE - 80 ms 

TM - 500 ms, TE - 40 ms 

TM - 500 ms, TE - 50 ms 

TM - 500 ms, TE - 80 ms 

TM - 1000 ms, TE - 40 ms 

FOV- 28 cm x 

28 cm, Resolution = 
2.2 mm x 2.2 mm 

Parallel imaging 

factor = 2, Slice 

thickness = 5 mm, 

Bandwidth -

±62.5 kHz, TR - 4 s 

Diffusion 

direction = R/L, 

Sarne b-values as 

STE-DWI 
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A single diffusion direction was used in this study to save 
acquisition time. Note that the ADC maps from a single 
STE-DWI acquisition (TE=40 ms, TM=l00 ms) instead of 
spin-echo DWI were used as reference to match the diffusion 
time of the proposed method under restricted diffusion. 
Histograms of pixel-wise quantitative measurements cover
ing the entire slice were plotted in two different slices. To 
measure Tl, T2 and ADC, co-localized ROis were drawn in 
the parietal right white matter within the corona radiata 
(WM, -1 cm2), as well as in the parietal right gray matter 10 

(GM, 40 mm2) for statistical analysis. ROis were drawn in 
the same region for all volunteers, and the averaged mea
surements as well as standard deviation across volunteers 
were calculated. 

were drawn in the peripheral zone (PZ, 40 mm2) and central 

gland (CG, 40 mm2) for further quantitative evaluation of 

Tl, T2, and ADC. RO Is were drawn in the same region for 

5 all volunteers, and the averaged measurements as well as 

standard deviation across volunteers were calculated. 

For prostate imaging, healthy volunteers (n=S) were 15 

scanned at the same 3T scarmer with a 32-charmel torso coil 
for prostate mapping. No antiperistaltic agents were used in 
this study. As shown in Table 2, the STEM acquisitions were 
performed with eight TE and TM combinations, each with 
six b-values and a single diffusion direction. 

Representative quantitative maps for two different slices 
in the brain of a healthy volunteer, with histograms from 
each entire slice are presented in FIG. 3. Bars 300 in the 
histograms are from the reference maps, while bars 302 are 
from the STEM maps and the areas 304 show the overlap 
between the STEM maps and reference maps. The high 
overlap between STEM and reference measurement histo
grams illustrates the accuracy of the present STEM tech
niques described above. Notably, the STE-DWI sequence 
used in the STEM pulse sequence may have limited spatial 
resolution compared to the reference IR-FSE Tl mapping 
and SE T2 mapping techniques. 

DESPOT! with Bl 
correction (Reference Tl 
mapping) (4 min 36 s) 

Multi-TE SE 
(Reference T2 
mapping) (8 min 08 s) 

STE-DWI 
(Reference ADC mapping) 
(2 min 52 s) 

STEM 
(22 min 56 s) 

TABLE 2 

FOY - 28 cmx28x14 cm, In-plane resolution - 0.8 mm x 
0.57 mm Slice thickness - 5 mm, Average - 4, 

Bandwidth - ±62.5 kHz, 
TR - 4 s Flip angle - [10°, 5°, 

FOY - 26 cm x 32 cm, In-plane resolution - 2.5 mm x 2.5 mm 
Parallel imaging factor - 2, Slice thickness - 5 mm, 

Bandwidth - ±62.5 kHz, TR - 1.8 s 
TE - [20, 60, 80, 120] ms 

FOY - 32 cm x 32 cm, Resolution - 2.5 mm x 2.5 mm, 
Parallel imaging factor - 2, Slice thickness - 5 mm, 

Bandwidth - ±62.5 kHz, TR - 4 s, Diffusion direction -
R/L, TM - 100 ms, TE - 40 ms, 

b - [50, 100, 200(2), 400(4), 600(6), 800(8)] s/mm2 

TM - 25 ms, TE - 49 ms FOY - 32 cm x 32 cm, 
TM - 100 ms, TE - 40 ms Resolution - 2.5 mm x 2.5 mm 
TM - 100 ms, TE - 50 ms Parallel imaging 
TM - 100 ms, TE - 65 ms factor - 2, Slice thickness -
TM - 500 ms, TE - 40 ms 5 mm, Bandwidth -
TM - 500 ms, TE - 50 ms ±62.5 kHz, TR - 4 s 
TM - 500 ms, TE - 65 ms Diffusion direction - R/L 
TM - 1000 ms, TE - 40 ms 

Interleaved slices were acquired within a TR. Due to scan 
time limitations, DESPOT! was performed as the reference 
Tl map. Also, similar to brain imaging, a single STE-DWI 
acquisition (TE=40 ms, TM=l00 ms was used as reference 
because of restricted diffusion in the prostate. Histograms of 
pixel-wise quantitative Tl, T2, and ADC measurements 
within the prostate were evaluated from a single slice 
covering the mid-gland of the prostate. Co-localized ROis 

Regarding prostate imaging, FIG. 4 shows representative 
maps and histograms of the prostate. Although high overall 
agreement is observed between STEM maps and the refer-

45 ence mapping methods, some estimation bias and image 
artifacts may be present in STEM maps, especially near the 
edges of the prostate. 

Brain 

Tl (ms) 
T2 (ms) 
ADC (xl0-6 

mm2 /s) 

Prostate 

Tl (ms) 
T2 (ms) 
ADC (xl0-6 

mm2 /s) 

Table 3 summarizes the Tl, T2, and ADC measurements 
in the brain and prostate across all subjects. 

TABLE 3 

White matter Rapid Gray matter Rapid 

STEM STEM Reference STEM STEM Reference 

780.8 ± 47.5 805.8 ± 52.1 788.5 ± 49.3 1241.4 ± 119.1 1253.3 ± 106.6 1219.9 ± 92.3 
65.6 ± 4.2 67.5 ± 4.9 67.1 ± 4.0 71.4 ± 6.4 77.5 ± 8.1 76.9 ± 6.2 

690.7 ± 125.4 708.0 ± 120.9 710.0 ± 126.9 928.6 ± 103.8 918.5 ± 81.2 918.8 ± 86.4 

Peripheral zone (PZ) Rapid Central gland (CG) Rapid 

STEM STEM Reference STEM STEM Reference 

1344.1 ± 63.5 1420.4 ± 217.2 1349.8 ± 149.2 1156.7 ± 65.6 1216.6 ± 113.5 1244.5 ± 104.3 
65.1 ± 6.3 68.1 ± 10.3 70.6 ± 5.5 53.2 ± 6.7 58.1 ± 13.2 57.4 ± 4.6 

1200.7 ± 102.4 1151.5 ± 141.4 1140.9 ± 132.2 1038.0 ± 88.8 1040.2 ± 136.4 1038.1 ± 97.2 
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Overall, STEM measurements are in excellent agreement 
with reference measurements, with similar standard devia
tion across subjects 

Clinical Protocol Optimization for Rapid Stem Acquisi
tions 

In the protocol optimization simulations, the optimized 
acquisition parameters for rapid STEM imaging were 
TE1=39.4 ms, TE2=92.2 ms, TM1=123.1 ms, TM2=1026.2 
ms and bl=0 s/mm2 and b2=826.5 s/mm2 in the brain and 
TE1=39.6 ms, TE2=95.0 ms, TM1=124.2 ms, TM2=1244.5 
ms and bl=0 s/mm2 and b2=863.9 s/mm2 in the prostate. 
Among the parameters acquired in the previously-obtained, 
densely-sampled, in-vivo datasets, the optimal combinations 
were TE1=40 ms, TE2=80 ms, TMl=l00 ms, TM2=1000 
ms and b1=50 s/mm2 and b2=800 s/mm2 in the brain and 
TE1=40 ms, TE2=65 ms, TMl=l00 ms, TM2=1000 ms and 
b1=50 s/mm2 and b2=800 s/mm2 in the prostate. The 
optimized rapid STEM acquisitions were less than 2 minutes 
for both brain and prostate imaging. 

As illustrated in FIGS. SA and SB, example plots of the 
cost function a2 (i.e., the sum-of-squares of relative standard 
deviation for Tl-T2-ADC estimation, as a function of the 
acquisition parameters) used for optimization ofrapid acqui
sition protocols. In addition, FIGS. SA and SB show the Tl, 
T2 and ADC maps estimated from the resulting optimized 
rapid protocol, where FIG. SA illustrates data from the brain 
and FIG. SB was created from prostate data. Quantitative 
maps from the rapid STEM acquisition are noisier than the 
original densely-sampled maps; however, the measurements 
remain accurate. ROI measurements from the rapid STEM 
acquisitions in brain and prostate are also summarized in 
Table 3. 

Evaluation of Bl Imperfection 
In one case study, the flip angles measured over six ROis 

in three acquisitions were 49.1°, 62.9°, 100.8°, 132.4°, 
138.4°, and 157.6°. Based on linear regression analysis, the 
coefficients (slopes) between Tl and flip angle, T2 and flip 
angle and ADC and flip angle were -1.23xl0-2 (P=0.210), 
3.90xl0-3 (P=0.645), and 1.36xl0-1 (P=0.181), respec
tively. With a 95% confidence level, quantitative Tl, T2, and 
ADC measurements from STEM acquisitions were not 
affected by imperfect flip angle. 

Dependence ofTl, T2, andADC Quantification onAcqui
sition Parameters 

Plots from ROI measurements in the quantitative mea
surements for varying acquisition parameters were taken. 
The LME analysis results, including the slope and P-values, 
were analyzed. Though the number of volunteers was lim
ited, some measurements were significantly dependent on 
acquisition parameters. For example, the measured T2 val
ues showed a significant decrease with increasing b-values 
for gray matter as well as for the prostate PZ and CG 
(P<0.001). 

Discussion 

14 
In brain mapping, the estimated Tl and T2 with densely

sampled STEM and rapid STEM acquisitions were demon
strated to be agreement with measurements from previous 
studies. The Tl histograms create using the STEM pulse 

5 sequence showed two peaks, representing white matter and 
gray matter, respectively. This is in good agreement with 
previous Tl mapping studies performed with moderate 
spatial resolution. 

As described, a simple or complex signal model may be 
10 used for jointly estimating Tl, T2 and ADC values. 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 under some circumstances. Also, 

15 partial volume effects may arise when multiple tissue com
ponents, epithelial and stromal components in the prostate 
for example, are contained in a voxel. These tissue compo
nents generally have different Tl, T2, and diffusion proper
ties, which may explain in part the slight underestimation in 

20 the in-vivo T2 measurements of both brain and prostate 
compared to the reference SE T2 mapping. These confound
ing factors, which present a challenge for naive signal 
modeling approaches, can be addressed using advanced, 
multi-compartment tissue characterization by exploiting the 

25 multiple signal dimensions (Tl, T2, diffusion) probed by the 
STEM pulse sequence. 

In this work, scan times using the STEM pulse sequence 
ranged from 1 minute and 13 seconds with rapid acquisition 
to 22 minutes and 56 seconds with dense sampling of the 

30 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 desirable when performing the STEM pulse 

35 sequence. With protocol optimization, the maximum 
acquired TM and TE should be of the same order as the 
tissue Tl and T2, respectively. When Tl is very long (over 
1000 ms, as is the case in the prostate), a long TM (e.g., 
800-1200 ms) is desirable to create enough Tl decay. 

40 However, this will result in longer acquisitions with sub
stantial 'dead time' during the mixing time. 

The STEM pulse sequence and techniques described 
herein are accurate quantitative mapping. Each individually
acquired STEM image is highly robust to motion due to the 

45 single-shot EPI readout. In clinical prostate imaging appli
cations, 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. 

50 Additional models beyond ADC may be utilized with the 
systems and methods described herein, in order to account 
for the presence of restricted diffusion. 

Thus, the present disclosure provides system and methods 
for a stimulated-echo based approach, termed STEM, for 

55 simultaneous multi-parametric relaxometry and diffusion 
mapping. This method provides accurate quantitative maps 
of Tl, T2, and ADC in a wide variety of clinical applications 
and has been demonstrated as effective in phantoms brain, 
and prostate imaging studies. An advanced multi-compart-

The STEM pulse sequence allows for simultaneous quan
titative Tl, T2, and ADC mapping. That is, the STEM pulse 
sequence is a single pulse sequence that can be used to 
acquire quantitative Tl, T2, and ADC data suitable to 
produce respective maps. Multiple studies have shown the 
overall Tl, T2, and ADC measurements created using data 
acquired using the STEM pulse sequence to be accurate in 
phantom experiments, as well as in vivo brain and prostate 
studies. Further, protocol optimization was performed to 
achieve accurate STEM quantification within 2 minutes. The 
STEM pulse sequence allows for rapid and co-registered 65 

multiparametric imaging, with clinical applications in the 
brain, prostate, and breast, among many others. 

60 ment tissue characterization in multiple parametric dimen
sions can be achieved using the systems and methods 
described herein. 

The present invention has been described in terms of one 
or more preferred embodiments, and it should be appreciated 
that many equivalents, alternatives, variations, and modifi
cations, aside from those expressly stated, are possible and 
within the scope of the invention. 
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The invention claimed is: 
16 

of at least TM, TE, and diffusing weighting b-value by 
performing an optimization process. 1. A magnetic resonance imaging (MRI) system compris

ing: 
a magnet system configured to generate a polarizing 

magnetic field about at least a portion of a subject 
arranged in the MRI system; 

a plurality of gradient coils configured to apply a gradient 
field to the polarizing magnetic field; 

8. The MRI system of claim 1, wherein the computer 
system is configured to perform the optimization function to 

5 solve a minimax problem of a Cramer-Rao Lower Bound 
(CRLB)-based standard deviation of Tl, T2, and ADC 
estimates. 

a radio frequency (RF) system configured to apply an 
excitation field to the subject and acquire MR image 
data from the subject; 

9. The MRI system of claim 1, wherein the display is 
configured to display the Tl-weighted image, the 

10 T2-weighted image, and the diffusion-weighted image in a 
registered orientation. 

a computer system programmed to generate a plurality of 
differently-weighted images of a subject by: 

10. The MRI system of claim 1, wherein the plurality of 
images of the subject reconstructed by the computer system 
includes at least one of a map or an anatomical image of the 

15 subject and the Tl-weighted image, the T2-weighted image, 
and the diffusion-weighted image displayed by the display 
includes at least one of a Tl map, a T2 map, a diffusion map 
or an anatomical image of the subject having at least one of 

selecting imaging parameters for a pulse sequence that 
includes a diffusion weighted module and an ana
tomical imaging module, wherein the imaging 
parameters include at least a repetition time (TR), a 
mixing time (TM), an echo time (TE), and a diffusion 
weighting b-value, wherein the imaging parameters 20 

include at least two different values of at least TM, 
TE, and diffusing weighting b-value; 

controlling the plurality of gradient coils and RF sys
tem to perform the pulse sequence using the imaging 
parameters to acquire the MR image data from the 25 

subject, wherein the at least two different values of 
at least TM, TE, and diffusing weighting b-value are 
used to acquire the MR image data; 

reconstructing, from the MR image data, a plurality of 
images of the subject, including at least a 30 

Tl-weighted image, a T2-weighted image, and a 
diffusion-weighted image; and 

a display configured to display the Tl-weighted image, 
the T2-weighted image, and the diffusion-weighted 
image. 35 

a Tl-weighting, a T2-weighting, or a diffusion weighting. 
11. A method for acquiring a plurality of differently

weighted images of a subject using a single pulse sequence, 
the method comprising: 

determining imaging parameters for a pulse sequence that 
includes a diffusion weighted module and an anatomi
cal imaging module, wherein the imaging parameters 
include at least a repetition time (TR), a mixing time 
(TM), an echo time (TE), and a diffusion weighting 
b-value, wherein the imaging parameters include at 
least two different values of at least TM, TE, and 
diffusing weighting b-value; 

using a magnetic resonance imaging system, performing 
a pulse sequence using the imaging parameters to 
acquire MR image data from a subject, wherein the at 
least two different values of at least TM, TE, and 
diffusing weighting b-value are used to acquire the MR 
image data; and 

reconstructing, from the MR image data, a plurality of 
images of the subject, including at least a Tl-weighted 
image, a T2-weighted image, and a diffusion-weighted 
image. 

12. The method of claim 11, wherein determining the 
imaging parameters includes selecting the at least two 
different TE to acquire the MR image data with varied T2 
decay times, selecting at least two different durations of 

2. The MRI system of claim 1, wherein the computer 
system is configured to select the imaging parameters by 
selecting the at least two different TE to acquire the MR 
image data with varied T2 decay times, selecting at least two 
different durations of diffusion gradients (o) or two different 40 

gradient strengths in the diffusion weighted module to 
acquire the MR image data with varied diffusion weighting 
b-values, and selecting the at least two different TM to 
acquire the MR image data with varied Tl decay times. 

45 diffusion gradients (o) or two different gradient strengths in 
the diffusion weighted module to acquire the MR image data 
with varied diffusion weighting b-values, and selecting the 
at least two different TM to acquire the MR image data with 

3. The MRI system of claim 1, wherein the computer 
system is configured to reconstruct the MR image data using 
a signal model to derive estimates of Tl, T2, and apparent 
diffusion coefficient (ADC) from the MR image data. 

4. The MRI system of claim 3, wherein the computer 
system is configured to estimate Tl, T2, and ADC values by 50 

performing a voxel-wise non-linear least-squares fitting to 
the signal model. 

varied Tl decay times. 
13. The method of claim 11, wherein reconstructing the 

MR image data includes using a signal model to derive 
estimates of Tl, T2, and apparent diffusion coefficient 
(ADC) from the MR image data. 5. The MRI system of claim 3, wherein the computer 

system is configured to utilize the signal model to include: 14. The method of claim 13, wherein reconstructing the 
55 MR image data includes performing a voxel-wise non-linear 

least-squares fitting to the signal model to estimate of Tl, 
T2, and ADC. 

TE 
where: TR,JJ = TR - TM - 2 . 

6. The MRI system of claim 3, wherein the computer 
system is configured to determine proton density weighted 

60 

maps (A) from the MR image data. 65 

7. The MRI system of claim 1, wherein the computer 
system is configured to select the at least two different values 

15. The method of claim 13, wherein the signal model 
includes: 

TE 
where: TR,11 = TR - TM - 2 . 
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16. The method of claim 13, wherein reconstructing 
includes determining proton density weighted maps (A) 
from the MR image data. 

17. The method of claim 11, wherein determining imaging 
parameters includes selecting the at least two different 5 

values of at least TM, TE, and diffusing weighting b-value 
by performing an optimization process. 

18. The method of claim 11, wherein the optimization 
process includes solving a minimax problem of a Cramer
Rao Lower Bound (CRLB)-based standard deviation of Tl, 10 

T2, and ADC estimates. 
19. The method of claim 11, wherein the plurality of 

images of the subject includes at least one of a Tl map, a T2 
map, and a diffusion map or an anatomical image of the 
subject having at least one of a Tl-weighting, a T2-weight- 15 

ing, or a diffusion weighting. 

* * * * * 
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