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DIFFUSION REPRODUCIBILITY
EVALUATION AND MEASUREMENT
(DREAM)-MRI IMAGING METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to, and the benefit
of, U.S. provisional patent application Ser. No. 62/085,715
filed on Dec. 1, 2014, incorporated herein by reference in its
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with Government support
under CA167354, awarded by the National Institutes of
Health. The Government has certain rights in the invention.

INCORPORATION-BY-REFERENCE OF
COMPUTER PROGRAM APPENDIX

[0003] Not Applicable
BACKGROUND
[0004] 1. Technical Field
[0005] The present technology pertains generally to mag-

netic resonance diagnostic imaging methods and more par-
ticularly to methods that simultaneously acquire estimates of
the ADC probability density function (ADC PDF) as well as
estimate functional connectivity in patients with primary
brain tumors using a sequence termed diffusion repeatability
evaluation and measurement (DREAM)-MRI, that allows an
estimation of uncertainty in ADC quantification by approxi-
mating the voxel-wise ADC probability density function
(PDF) distribution.

[0006] 2.Background

[0007] Diffusion MRI is an important, yet controversial
quantitative cancer imaging biomarker. Diffusion-weighted
MRI (or DWI) is a technique that typically attempts to elicit
subvoxel information about brain tumor microstructural fea-
tures. DW1 measures of apparent diffusion coefficient (ADC)
have been shown to be sensitive to brain tumor cellularity,
tumor invasion, the presence of cerebral edema, tissue
hypoxia, and the response to therapy. Diffusion characteris-
tics have also been shown to correlate with histopathological
grading of gliomas and can be an important predictive and
prognostic biomarker for a variety of brain tumor therapies.

[0008] The apparent diffusion coefficient (ADC), or mag-
nitude of random water movement within tumors, can be used
to estimate tumor cell density, allowing clinicians to monitor
and predict treatment response. However, ADC maps/images
that are acquired clinically are only an estimate of ADC
within the tissue, and therefore are prone to measurement
inaccuracies and physiologic noise.

[0009] Traditional ADC maps that use a single measure-
ment of apparent diffusion coefficients (ADC) using diffu-
sion MRI do not allow for an estimation of variability in the
ADC measurements and may fail to capture the complexity of
the tumor microstructure. Clinical MR measures of ADC
typically involve a single measurement in three orthogonal
directions, then the calculation of the average “isotropic”, or
“trace” ADC using information about the level of diffusion
weighting (i.e. b-value). Thus, the resulting ADC maps
acquired clinically in the art can be considered a single esti-
mate of mean tissue ADC within a voxel. Studies have shown
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that normal tissue can have variability in ADC estimation of
ADC as high as 30% and data from multicenter clinical trials
suggest estimation of mean ADC can vary significantly across
scanners, field strengths, and acquisition protocols.

[0010] Since ADC measurements within brain tumors vary
over time and follow highly complex PDF distributions,
single estimates of ADC using traditional diffusion MR
approaches are often inadequate for characterizing brain
tumor tissues. Despite the promising potential, the many
sources of variability in ADC measurements exist, resulting
in skepticism about the potential widespread applicability of
ADC as a reliable and robust imaging biomarker for use in
cancer clinical trials.

[0011] Accordingly, there is a need for new diffusion MR
methods that allows for estimation of uncertainty in ADC
quantification by approximating the voxel-wise ADC PDF
distribution.

BRIEF SUMMARY

[0012] Diffusion MRI is widely recognized as an important
cancer imaging biomarker for characterizing brain tumor cel-
lularity, estimating aggressivity, and predicting patient
response to therapy. However, traditional diffusion MR tech-
niques do not take into consideration variability in ADC
measurement and often fails to capture the complexity of the
tumor microstructure.

[0013] The present technology introduces a new approach
to diffusion MR quantification termed diffusion repeatability
evaluation and measurement (DREAM)-MRI that allows an
estimation of uncertainty in ADC quantification by approxi-
mating the voxel-wise ADC probability density function
(PDF) distribution. The technique allows for the estimation of
uncertainty in diffusion characteristics along with other
added benefits (fMRI, BOLD sensitivity, {DW], etc).

[0014] The DREAM-MRIimaging method is a simple way
of estimating the ADC PDF within clinically realizable scan-
ning times. Results suggest that the DREAM-MRI quantifi-
cation of ADC PDFs may be a particularly sensitive method
for quantifying tumor behavior and identifying tumor pro-
gression, thereby improving patient care by providing clini-
cians with a better tool for assessing patient response.
Although applied to brain tumors, similar techniques can be
applied to other cancer types and tissue types.

[0015] The imaging technique involves the rapid acquisi-
tion of hundreds of diffusion weighted images within a short
scan time. Since the images are acquired so rapidly, the non-
diffusion-weighted (reference) images have blood oxygen-
ation level dependent (BOLD) sensitivity, allowing for simul-
taneous acquisition of fMRI information in one embodiment.
[0016] One advantage of the DREAM-MRI technique
includes the generation of apparent diffusion coefficient
probability density functions (ADC PDFs) along with the
simultaneous quantification of fMRI information. The non-
diffusion-weighted (reference) images collected simulta-
neously can be used as resting-state fMRI data to measure
functional connectivity, an unbiased parameter thought to
reflect neurological integrity. The temporal (time-resolved)
diffusivity information can be used for real-time MR ther-
mometry, which is useful for cancer treatment monitoring.
Additionally, the time series diffusivity information may be
useful for MR microperfusion quantification, etc. and the
ADC PDF is useful for quantification and characterization of
tumor/tissue heterogeneity, for example.
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[0017] In one embodiment, the method comprises rapidly
acquiring a number of diffusion weighted magnetic reso-
nance images over a scan time; approximating apparent dif-
fusion coefficient probability density function (ADC-PDF)
distributions for voxels from the acquired diffusion weighted
magnetic resonance images; and then mapping the probabil-
ity density at each ADC value for each image voxel to produce
a final ADC-PDF map or image. The ADC-PDF map is a
parametric image of apparent diffusion coefficients probabil-
ity density function values for each voxel.

[0018] Inanother embodiment,the method further includes
collecting simultaneously non-diffusion weighted magnetic
resonance images and then measuring the functional connec-
tivity with resting-state fMRI data from the collected images.

[0019] Inanother embodiment, the method for tumor imag-
ing in tissue comprised acquiring a number of diffusion
weighted magnetic resonance images of at least two b-values
over a short scan time; calculating apparent diffusion coeffi-
cient values for said b-values from the acquired images;
approximating apparent diffusion coefficient probability den-
sity function (ADC-PDF) distributions for each voxel; map-
ping (ADC-PDF) distributions of the probability density at
each ADC value for each image voxel to produce an image;
and then identifying areas of comparatively lower ADC val-
ues within tissue regions of interest from the map/image.

[0020] In one preferred embodiment, the diffusion
weighted magnetic resonance images are acquired with a
single-shot echo polar (SS-EPI) sequence with parallel imag-
ing and partial Fourier encoding. The speed of image acqui-
sition can be increased with the use of a spiral pulse sequence
or with compressed sensing techniques.

[0021] The DREAM-MRI sequence and methods were
applied to variety of phantoms, healthy control participants,
and patients with primary gliomas to demonstrate the tech-
nology. The phantom studies suggested an optimal b-value of
500 s/mm” for minimal variance in ADC. ADC variability
was observed to change linearly with choice of repetition
time, but not number of acquisitions, direction, or tissue T1.
Test-retest reliability demonstrated good concordance
between serial measurements in both phantoms and healthy
tissues.

[0022] Complex ADC PDF characteristics were observed
in biologically heterogeneous tumors, suggesting ADC PDFs
may be a good new method of quantifying tumor heteroge-
neity. These complex ADC PDFs were independent of tissue
perfusion and diffusion direction, but occurred most fre-
quently in metabolically active tumor as measured using **F-
FDG PET. ADC coeflicient of variation (ADC CV) measure-
ments of less than 5% appeared to isolate and label regions of
non-enhancing tumor and predict future enhancement inde-
pendent of FLAIR, T2, or average ADC maps.

[0023] Functional diffusion mapping (fDMs) using voxel-
wise changes in ADC PDFs could be used to spatially visu-
alize and statistically quantify treatment response. Resting-
state fMRI networks extracted from DREAM-MRI data in
volunteers and patients were anatomically consistent with
known functional networks, including in the default mode
network.

[0024] According to one aspect of the technology, a
DREAM-MRI imaging method is provided that allows for
quantification of voxel-wise ADC probability density func-
tions (PDFs), allowing assessment of variability and confi-
dence in ADC measurements.
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[0025] According to another aspect of the technology,
DREAM-MRI sequence and method is provided for simulta-
neously characterizing brain tumor microstructure and neu-
rological integrity by estimating the voxel-wise ADC PDF,
exploring new image contrasts including ADC CV, statisti-
cally comparing diffusion measurements over time, and
simultaneously estimating functional connectivity from rest-
ing-state fMRI signals.

[0026] Another aspect of the technology is to provide a new
technique that allows for estimation of uncertainty in diffu-
sion characteristics along with other added benefits (fMRI,
BOLD sensitivity, IDWI, etc).

[0027] Further objects and aspects of the technology will be
brought out in the following portions of the specification,
wherein the detailed description is for the purpose of fully
disclosing preferred embodiments of the technology without
placing limitations thereon.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0028] The technology described herein will be more fully
understood by reference to the following drawing which is for
illustrative purposes only:

[0029] FIG. 1isa schematic flow diagram of one method of
estimating the apparent diffusion coefficient (ADC) probabil-
ity density function (PDF) using diffusion repeatability
evaluation and measurement (DREAM)-MRI.

[0030] FIG. 2A is a graph of a comparison of voxel-wise
ADC variability measurements across a range of b-values
from 50 to 1400 s/mm>. Results suggest an optimal b-value of
545.7 s/fmm? to minimize ADC variability by using a third-
order polynomial model to describe the relationship between
ADC variability and b-value.

[0031] FIG. 2B is a graph of a comparison of voxel-wise
ADC variability measurements across repetition times (TRs).
Results suggest a linear trend between ADC variability and
TR.

[0032] FIG. 2C is a graph of a comparison between voxel-
wise ADC variability for various numbers of acquisitions
(NEX).

[0033] FIG. 2D is a graph of a comparison between voxel-
wise ADC variability and tissue T1 as measured using the
ADNI phantom.

[0034] FIG. 3 is a graph of ADC PDFs averaged across all
healthy volunteers for regions of interest for normal-appear-
ing white matter (NAWM), normal-appearing deep gray mat-
ter (NAGM,,,,,). cerebrospinal fluid (CSF), and normal-ap-
pearing cortical gray matter (NAGM).

[0035] FIG. 4A is a graph of the average ADC PDF distri-
butions within contrast-enhancing lesions in low-grade
(WHO 1I, black lines) and high-grade (WHO III-IV, gray
lines) gliomas.

[0036] FIG. 4B is a graph of average ADC PDF distribu-
tions in T2/FLAIR hyperintense lesions (black lines) and
contrast-enhancing lesions (T1+C, gray lines) in all glioma
patients.

[0037] FIG. 4C is a graph of Double Gaussian mixed model
fits for the average ADC PDF distributions shown in FIG. 4B.

DETAILED DESCRIPTION

[0038] Referring more specifically to the drawings, for
illustrative purposes, embodiments of the apparatus and
methods for controlling the magnetostrictive anisotropy of
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magnetic units with patterned electrodes creating localized
biaxial strain in a piezoelectric substrate are generally shown.
Several embodiments of the technology are described gener-
ally in FIG. 1 through FIG. 4C to illustrate the diagnostic
sequence and methods. Tt will be appreciated that the methods
may vary as to the specific steps and sequence and the appa-
ratus may vary as to structural details without departing from
the basic concepts as disclosed herein. The method steps are
merely exemplary ofthe order that these steps may occur. The
steps may occur in any order that is desired, such that it still
performs the goals of the claimed technology.

[0039] Turning now to FIG. 1, one method 10 for tissue
imaging is generally shown. The method preferably uses
hundreds of diffusion weighted images within a short scan
time using a diffusion repeatability evaluation and measure-
ment (DREAM)-MRI sequence to estimate the apparent dif-
fusion coefficient (ADC) probability density function (PDF)
for each voxel. The DREAM-MRI method is a valuable
method for simultaneously characterizing brain tumor micro-
structure and neurological integrity by estimating the voxel-
wise ADC PDF, exploring new image contrasts including
ADC CV, statistically comparing diffusion measurements
over time, and simultaneously estimating functional connec-
tivity from resting-state fMRI signals.

[0040] At block 20 of FIG. 1, a standard magnetic reso-
nance imaging system can be used to acquire image data from
a subject. Diffusion-weighted magpetic resonance (MR)
imaging (DWI) is a well known tool for detecting abnormal
water diffusion in the brain, for example. MRI dealing with
microscopic motion within a single voxel is referred to as
diffusion weighted imaging,

[0041] The typical MRI system at block 20 includes a MR
scanner with a workstation that includes a display, keyboard
and a programmable computer processor configured to run
software programming. The workstation provides an operator
interface and control over the components of the MRI system
through software instructions and operator input. The work-
station also records acquired data from the MRI system.
[0042] Image data from the MRI system is acquired at
block 30 of FIG. 1 preferably with the use of the DREAM-
MRI sequence used a single-shot echo planar (SS-EPI) acqui-
sition technique. DREAM-MRI data is obtained by rapidly
acquiring b=0 and b>0 s/mm?* diffusion-weighted images
hundreds of times over a single scan session. The flip angle,
echo time (TE), repetition time (TR), etc. can be adjusted for
varying BOLD sensitivity. In one preferred embodiment, the
diffusion weighted magnetic resonance images are acquired
with a single-shot echo polar (SS-EPI) sequence with parallel
imaging and partial Fourier encoding. The speed of image
acquisition can also be increased with the use ofa spiral pulse
sequence or with compressed sensing techniques. Although
this sequence is preferred, other DWI sequences and tech-
niques can be used.

[0043] At block 40 of FIG. 1, the data set of acquired
diffusion weighted magnetic resonance images of at least two
b-values over a short scan time at block 30 is optionally
corrected for motion artifacts and distortions. For example,
the DREAM-MRI data at 2 b-values can be eddy current and
motion corrected using FSL of SPM software. For example, a
single volume (b-value=0) can be acquired and used as a
reference to correct for eddy currents and head motion.
[0044] At block 50 of FIG. 1, ADC maps for each pair of
b-values (b, and b,) that are used are then calculated using the
formula: ADC=-1/(b,-b,)xIn(Sh,/Sb,). Voxel-wise ADC
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values collected over the entire scan time can be collapsed
into a histogram and then divided by the total number of
acquisitions, resulting in the final ADC PDF map reflecting
the probability density at each ADC value for each image
voxel. The calculated ADC for each pair of b=0 and b>0
/mm? images results in an ADC time series dataset reflecting
ADC values in each voxel over the entire scan session at block
60 of FIG. 1.
[0045] At block 70 of FIG. 1, the acquired data is used for
fMRI analysis. Acquisition of b=0 s/mm” images over time
have BOLD sensitivity and can be used for fMRI analysis
using standard techniques. Forexample, if no functional para-
digmis used, the fMRI data can be used for resting-state fMRI
analysis using independent component analysis.
[0046] The acquired data at block 60 and block 70 can also
be used to make other evaluations. For example, comparing
ADC-PDF maps from serial scans can be used to identify
decreases in ADC in voxels of contrast enhancing regions of
the maps as an indicator of tumor recurrence. Coefficient of
variation (ADC CV) measurements for a region of interest of
a subject tissue can also be collected and regions of non-
enhancing tumor can be labeled and future contrast enhance-
ments of areas of tissue can be predicted. Additionally, the
time series diffusivity information may be useful for MR
thermometry, microperfusion quantification, and tumor/tis-
suie characterization.
[0047] The technology described herein may be better
understood with reference to the accompanying examples,
which are intended for purposes of illustration only and
should not be construed as in any sense limiting the scope of
the technology described herein as defined in the claims
appended hereto.

EXAMPLE 1

[0048] Although diffusion MRI is an important cancer
imaging biomarker, traditional diffusion MR techniques do
not consider the variabilities in ADC measurements. ADC
measurements within brain tumors vary over time and follow
highly complex PDF distributions, suggesting single esti-
mates of ADC using traditional diffusion MR approaches
may not be adequate for characterizing brain tumor tissues.
[0049] The methods of the present technology overcome
these issues with a new approach to diffusion MR quantifi-
cationtermed diffusion repeatability evaluation and measure-
ment (DREAM)-MRI that allows for estimation of uncer-
tainty in ADC quantification by approximating the voxel-
wise ADC probability density function (PDF) distribution.
The DREAM-MRI sequence is used to measure the voxel-
wise ADC PDFs in water phantoms, healthy volunteers, and
patients with brain tumors in Examples 2-4 respectively.
[0050] To demonstrate the Diffusion Reproducibility
Evaluation and Measurement (DREAM)-MRI methods, the
DREAM-MRI sequence was implemented on a 3T MR sys-
tem (Siemens Trio Tim; Siemens Medical, Erlangen, Ger-
many) using standard clinical gradients and an 8-channel
head coil. For all experiments. including the subsequent
examples, the DREAM-MRI sequence used a single-shot
echo planar (SS-EPI) acquisition technique, an acquisition
matrix of 128x128, flip angle of 90 degrees, TE=85-120 ms,
% partial Fourier encoding, and parallel imaging
(GRAPPA=2) for a total of 10 slices with 5 mm slice thick-
ness and no interslice gap. These parameters allowed fora TR
as short as 1.2 seconds, or estimation of ADC along a single
direction in as short as 2.4 seconds using 2 b-values, while
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maintaining adequate coverage for most tumor patients (=5
cm in the z-direction). The flip angle, TE, TR, etc. can be
adjusted to vary BOLD sensitivity.

[0051] The apparent diffusion coefficient probability den-
sity function (ADC PDF) was estimated by obtaining hun-
dreds to thousands of ADC maps during a short period of
time. After acquisition of DREAM-MRI data at 2 b-values,
data was eddy current and motion corrected using FSL. ADC
maps for each pair of b-values (b, and b,) that were used were
then calculated as ADC=-1/(b,~b, )xIn(S,/S,, ). Voxel-wise
ADC values collected over the entire scan time were col-
lapsed into a histogram and then divided by the total number
of acquisitions resulting in the final ADC PDF map reflecting
the probability density at each ADC value for each image
voxel.

[0052] FMRI Calculations can also be made. Acquisition of
b=0 s/mm” images over time have BOLD sensitivity and can
be used for fMRI analysis using standard techniques. If no
functional paradigm is used, the fMRI data can be used for
resting-state fMRI analysis (using independent component
analysis, for example).

[0053] It will be appreciated that the technology described
herein is an MRI technique that would be employed on an
MRI system. This technique may replace 2-3 different MR
sequences and provide novel information about malignant
cancerous tissues and normal tissues.

EXAMPLE 2

[0054] In order to further demonstrate the technology,
DREAM-MRI acquisition parameters were optimized using
water phantoms by minimizing ADC variability. A total of
four different experiments were performed using either the
American College of Radiology (ACR) water phantom
(Model: J10371) or the Magphan® EMRO51 Alzheimer’s
disease neuroimaging initiative (ADNI) phantom aimed at
exploring the influence of DREAM-MR scan parameters on
measurements of ADC variability. Phantom experiments for
optimization of DREAM-MRI acquisition parameters are
shown in FIG. 2A through FIG. 2D.

[0055] Experiment 1 consisted of an examination of the
effects of b-value by averaging voxel-wise ADC variability
within the isotropic area of the ACR phantom (i.e. center
slices with no structures) using a single b=0 s/mm? image and
b-values from 50 to 1400 s/mm? and TE/TR=115 ms/1500
ms.

[0056] In order to assess the effects of b-value on ADC
variability, the DREAM-MRI sequence was performed three
times at a variety of b-values ranging from 50 to 1400 s/mm”.
FIG. 2A shows a comparison of voxel-wise ADC variability
measurements across a range of b-values from 50 to 1400
s/imm?. Results from the three different runs were in agree-
ment, suggesting ADC standard deviation changed nonlin-
early as a function of b-value as shown in FIG. 2A.

[0057] A third order polynomial was used to estimate this
nonlinear relationship with the optimal equation:

O(ADC)=0.235-50.696x1073+528 98x10-7-h33.
18x10710

[0058] (Nonlinear regression least squares, P<0.0001) over
this range of b-values. Results suggested an optimal b-value
of approximately 545.7 s/mm? (95% confidence interval 490.
6-600.8 s/mm?) for minimal variability in ADC.

[0059] Experiment 2 examined the effects of TR on ADC
variability by keeping the b-value constant at 0 and 500
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s/mm? and then varying TR from 1200 to 10000 ms. Using a
b-value of 500 s/mm? ADC variability was found to be
inversely proportional to TR as shown in FIG. 2B (Pearson’s
Correlation Coefficient, R*=0.80, P<0.0001). However, the
magnitude of change in ADC variability over the range of TR
values was relatively small, varying less than 1% over the
range of TR values tested when compared to average ADC
measurements.

[0060] Experiment 3 examined the effects of tissue T1 on
measurements of ADC variability by using the Magphan®
EMRO051 ADNI phantom, which houses containers with tar-
get T1 values of 450 ms, 600 ms, 750 ms, and 900 ms at 3T.
ADC estimates were obtained using b=0 and 500 s/mm?
images and a TE/TR=100 ms/1500 ms. For Experiments 1-3,
a total of 150 ADC maps were acquired over 8 minutes (50
samples in the X, y, and z directions).

[0061] Lastly, Experiment 4 examined the effect of the total
number of acquisitions on ADC variability by varying the
number of acquisitions from 50 to 400 using b=0/500 s/mm>
and TE/TR=85 ms/1500 ms. All of the experiments were
repeated immediately after the first acquisition (test-retest,
Run 2), as well as two weeks later (Run 3). The results
suggested that ADC variability was not dependent on the
number of acquisitions as seen in FIG. 2C (Repeated-Mea-
sures ANOVA, P=0.6918) or tissue T1 as seen in FIG. 2D
(Repeated-Measures ANOVA, P=0.4952). Based on these
results, a b-value of 500 s/mm? and TR value of 1.5 seconds
were used for subsequent experiments.

EXAMPLE 3

[0062] The ADC PDF characteristics for neurologically-
intact healthy volunteers (n=20) were evaluated using both
standard clinical MRI and DREAM-MRI acquisitions.
Regions of interest for normal-appearing white matter
(NAWM), normal-appearing deep gray matter NAGM,,,,.),
cerebrospinal fluid (CSF), and normal-appearing cortical
gray matter (NAGM) were observed.

[0063] A total of 20 neurologically-intact, healthy volun-
teers (ages 22-35, 16 males, 4 females) were enrolled and
gave their informed written consent to participate. Initially,
anatomical and diffusion MRI scans were obtained in all
patients using standard clinical protocols. Patients received
an axial T2-weighted fast spin-echo, axial fluid-attenuated
inversion recovery (FLAIR) sequence, and pre-contrast
T1-weighted images. In addition to DREAM-MRI, an isotro-
pic (3-direction) clinical DWI scan was obtained with b=0,
500, and 1000 s/mm>. Lastly, contrast-enhanced
T1-weighted images (T1+C) were obtained after injection of
0.1 mmol/kg gadopentetate dimeglumine (Gd-DTPA; Mag-
nevist®, Bayer Scering Pharma AG, Leverkusen, Germany)
contrast using the same pulse sequence parameters as used
with the pre-contrast T1-weighted images.

[0064] DREAM-MRI acquisitions were then performed
using a SS-EPI sequence with % partial Fourier and parallel
imaging, 10 slices with slice thickness of 5 mm (no gap),
TE/TR=85 ms/1500 ms, and b=0/500 s/mm>. A total of 150
estimates of ADC were obtained over 8 minutes (50 in the x,
y, and z orientation). Population-based composite ADC PDFs
were created for cerebrospinal fluid (CSF), normal appearing
white matter (NAWM), normal appearing cortical gray matter
(NAGM), and normal appearing deep gray matter (NAGM-
deep)- A subset of 10 volunteers were scanned twice, their
images registered, and then a voxel-wise comparison of ADC
PDFs was performed.
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[0065] Results from the examination of ADC PDF charac-
teristics in regions of NAWM, NAGM, and NAGM,,,,
within 20 healthy volunteers verified the stability and repeat-
ability of these measurements. As seen in FIG. 3, the ADC
PDF distributions from NAWM, NAGM, and NAGM,,,,,
across all 20 volunteers appeared to be normally distributed
with an average ADC value of approximately 0.95 um?/ms
(Nonlinear regtession, Gaussian Distribution, R*=0.3733),
1.59 um*ms (Nonlinear regression, Gaussian Distribution,
R*=0.4974), and 1.33 um®/ms (Nonlinear regression, Gaus-
sian Distribution, R*=0.6389), respectively.

[0066] A Test-retest reliability evaluation was then per-
formed in a subset of 10 volunteers by co-registering ADC
PDFs and performing a Kolmogorov-Smirnov test for each
image voxel to determine which voxels contained statistically
significant differences in the shape of the ADC PDF. Voxel-
wise maps of Kolmogorov-Smirnov p-values showing repeat-
ability of ADC PDF distributions within the brain using a 30
minute coffee-break experiment were created.

[0067] In general, ADC PDF distributions were not statis-
tically different within central brain structures and represen-
tative examples of ADC PDFs within normal brain tissue
showed good agreement between ADC PDF distributions.
However, voxels near tissue boundaries (e.g. near the ven-
tricles or edge of the brain) showed significant differences in
ADC PDF distribution shapes, likely due to slight image
misregistration and partial volume contamination.

EXAMPLE 4

[0068] The technology was also demonstrated on brain
tumor patients and the ADC PDFs acquired from brain tumor
tissues. A total of 34 patients (median age=54) gave informed
written consent to have their data collected and stored in a
Neuro-Oncology database. A total of 25 patients were diag-
nosed with glioblastoma (9 newly diagnosed, post-surgical
patients; 3 patients after their 1 tumor recurrence; and 13
patients after 2 or more recurrences), 1 patient with an ana-
plastic astrocytoma, and 8 patients with low-grade gliomas (2
newly diagnosed, post-surgical patients, and 6 patients with
>1 tumor recurrence). Five patients with glioblastoma had
'8F.FDG PET image data available for comparison. Regions
of contrast-enhancement and T2/FLAIR hyperintensity were
segmented in AFNI for ADC PDF comparisons.

[0069] Intriguingly, highly complex ADC PDF character-
istics within regions of suspected tumors in glioma patients
were observed. The ADC PDF results within normal-appear-
ing brain tissue tended to consist of a single distribution near
values obtained in healthy volunteers as seen in the results of
Example 3. Contrast-enhancing tumor tissue contralateral to
this normal appearing tissue appeared to consist of bimodal
ADC PDFs, suggesting these voxels may have a more com-
plex microstructure compared to normal tissue. Similar
trends could be seen in areas of non-enhancing or peritumoral
edema within the same patient, which were also distinctly
different from contralateral enhancing tissue.

[0070] In addition, a range of complexity was observed in
the voxel-wise ADC PDF within both contrast-enhancing and
T2/FLAIR abnormal tissues. In particular, approximately
three distinct distributions of ADC PDFs within tumor
regions that appeared in many patients, albeit to varying
degrees. A low ADC PDF distribution with mean between
0.5-1.0 um*/ms in almost all voxels with contrast-enhance-
ment and many voxels containing T2/FLAIR signal abnor-
mality. Additionally, a slightly higher ADC PDF distribution
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with mean between 1.0-2.0 um*/ms was observed in many
contrast-enhancing voxels, although the presence of this
higher ADC PDF distribution was not observed in all voxels
with T2/FLAIR abnormal signal intensity.

[0071] In addition to these two distinct ADC PDF distribu-
tions observed in many enhancing and non-enhancing tumor
regions, an even higher ADC PDF distribution with mean
between 2.0-3.0 um*ms was observed within heteroge-
neously enhancing or necrotic tumor regions. Results also
confirmed that hypermetabolic tumor identified on **F-FDG
PET contained highly heterogeneous ADC PDFs, specifically
containing at least two distinct ADC PDF distributions.
[0072] Population-based average ADC PDF distributions
in brain tumor patients are shown in FIG. 4A through FIG.
4C. Within contrast-enhancing tumors, substantially different
distributions of ADC PDFs for low grade (WHOI) compared
with malignant (WHO III-IV) gliomas were observed as
shown in FIG. 4A. In particular, patients with malignant
gliomas (WHO 1III-IV) tended to have lower average ADC
PDFs compared to patients with low-grade (WHO 1I) glio-
mas.

[0073] Bimodal distributions in ADC PDF's were observed
within T2/FLAIR hyperintense and contrast-enhancing ROIs
when evaluated across all patients regardless of tumor grade
as indicated in the graphs of FIG. 4B. In particular, a double
Gaussian mixed model as shown in FIG. 4C was able to
describe the average ADC PDFs within T2/FLAIR hyperin-
tense as containing a low ADC distribution (ADC;) with
mean of 0.63£0.26 s.d. um*ms and a high ADC distribution
(ADC,,) withmean 1.2620.59 s.d. um*/ms (Nonlinear regres-
sion, Double Gaussian Mixed Model, R?>=0.40). Within con-
trast-enhancing tumors, ADC; was found to be 0.82+0.28 5.d.
um?*/ms and ADC,, was found to be 1.36=0.55 s.d. um*/ms
(Nonlinear regression, Double Gaussian Mixed Model,
R?=0.47). ADC; values were determined to be statistically
different between these two ROIs (F-test, P<0.0001); how-
ever, ADC,, values were not different (F-test, P=0.4397),
suggesting the distribution for ADC,, may be similar between
the two regions of interest.

[0074] Serial DREAM-MRI scans were also obtained in
five glioblastoma patients during radiographic recurrence,
resulting in a generalized shift in the ADC PDF distribution
toward a lower ADC within image voxels containing new
contrast-enhancement. This decrease in ADC is consistent
with previous reports showing a decrease in ADC within
contrast-enhancing regions at tumor recurrence. The differ-
ences in ADC PDF distributions in areas of new contrast
enhancement during tumor progression observed in the five
patients with glioblastoma demonstrated a trend toward lower
ADC at the time of tumor recurrence. However, in some
patients, a difference in ADC may not have been observed
using standard techniques since skew of the ADC PDF dis-
tribution, not the mean, appeared different at the time of
recurrence.

[0075] Surprisingly, the results indicated that there are
regions of contrast enhancing, T2/FLAIR hyperintense, and
hypermetabolic tumor present with complex, heterogeneous
ADC PDFs that do not follow single Gaussian distributions.
In particular, it has been observed that ADC PDFs within
tumor tissue often manifest with one to three distributions of
ADC values, consistent with a mixture of dense tumor (0.5
um*/ms<ADC<1.0 um?/ms), infiltrative or edematous tumor
tissue (1.0 um*/ms<ADC<2.0um?/ms), and/or highly diffuse
or necrotic tissue (2.0 um*/ms<ADC<3.0 um*/ms).
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[0076] Regardless of the underlying source of complexity
observed in tumor ADC PDF distributions, the results have
significant clinical implications, suggesting a single ADC
measurement may grossly under-represent tumor behavior,
since a single measurement can theoretically fall anywhere
along the voxel-wise ADC PDF distribution. The large range
along with non-Gaussian behavior of ADC PDF distributions
observed in the current study may in part speak to large
discrepancies in tumor ADC values reported across manufac-
turers and imaging sites.

[0077] There is an obvious dependence of ADC PDF dis-
tributions on tumor grade and tissue region of interest, with
higher-grade and contrast-enhancing tumors presenting with
an ADC PDF distribution skewed toward lower values of
ADC compared with low-grade tumors or T2/FLAIR hyper-
intense lesions. This is consistent with reports showing a
correlation between ADC and tumor grade and studies show-
ing that contrast-enhancing tumor contains the most aggres-
sive, dense portion of the tumor with lower ADC.

[0078] Additionally, a clear shift in voxel-wise ADC PDF
distributions toward lower ADC values during tumor recut-
rence was observed, which is also consistent with the litera-
ture indicating an increase in cellularity at the time of tumor
progression. Together, the results suggest voxel-wise ADC
PDF distributions estimated from DREAM-MRI provide
necessary information about the heterogeneity of the tumor
environment and may allow for more accurate assessment of
ADC characteristics within the tumor.

[0079] Accordingly, the DREAM-MRI method is a valu-
able technique for simultaneously characterizing brain tumor
microstructure and neurological integrity by estimating the
voxel-wise ADC PDF, exploring new image contrasts includ-
ing ADC CV, statistically comparing diffusion measurements
over time, and simultaneously estimating functional connec-
tivity from resting-state fMRI signals.

[0080] Embodiments of the present technology may be
described herein with reference to flowchart illustrations of
methods and systems according to embodiments of the tech-
nology, and/or procedures, algorithms, steps, operations, for-
mulae, or other computational depictions, which may also be
implemented as computer program products. In this regard,
each block or step of a flowchart, and combinations of blocks
(and/or steps) in a flowchart, as well as any procedure, algo-
rithm, step, operation, formula, or computational depiction
can be implemented by various means, such as hardware,
firmware, and/or software including one or more computer
program instructions embodied in computer-readable pro-
gram code. As will be appreciated, any such computer pro-
gram instructions may be executed by one or more computer
processors, including without limitation a general purpose
computer or special purpose computer, or other program-
mable processing apparatus to produce a machine, such that
the computer program instructions which execute on the com-
puter processor(s) or other programmable processing appa-
ratus create means for implementing the function(s) speci-
fied.

[0081] Accordingly, blocks of the flowcharts, and proce-
dures, algorithms, steps, operations, formulae, or computa-
tional depictions described herein support combinations of
means for performing the specified function(s), combinations
of steps for performing the specified function(s), and com-
puter program instructions, such as embodied in computer-
readable program code logic means, for performing the speci-
fied function(s). It will also be understood that each block of
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the flowchart illustrations, as well as any procedures, algo-
rithms, steps, operations, formulae, or computational depic-
tions and combinations thereof described herein, can be
implemented by special purpose hardware-based computer
systems which perform the specified function(s) or step(s), or
combinations of special purpose hardware and computer-
readable program code.

[0082] Furthermore, these computer program instructions,
such as embodied in computer-readable program code, may
also be stored in one or more computer-readable memory or
memory devices that can direct a computer processor or other
programmable processing apparatus to function in a particu-
lar manner, such that the instructions stored in the computer-
readable memory or memory devices produce an article of
manufacture including instruction means which implement
the function specified in the block(s) of the flowchart(s). The
computer program instructions may also be executed by a
computer processor or other programmable processing appa-
ratus to cause a seties of operational steps to be performed on
the computer processor or other programmable processing
apparatus to produce a computer-implemented process such
that the instructions which execute on the computer processor
or other programmable processing apparatus provide steps
for implementing the functions specified in the block(s) ofthe
flowchart(s), procedure (s) algorithm(s), step(s), operation
(s), formula(e), or computational depiction(s).

[0083] It will further be appreciated that the terms “pro-
gramming” or “program executable” as used herein refer to
one or more instructions that can be executed by one or more
computer processors to perform one or more functions as
described herein. The instructions can be embodied in soft-
ware, in firmware, or in a combination of software and firm-
ware. The instructions can be stored local to the device in
non-transitory media, or can be stored remotely such as on a
server, or all or a portion of the instructions can be stored
locally and remotely. Instructions stored remotely can be
downloaded (pushed) to the device by user initiation, or auto-
matically based on one or more factors.

[0084] Itwill further be appreciated that as used herein, that
the terms processor, computer processor, central processing
unit (CPU), and computer are used synonymously to denote a
device capable of executing the instructions and communi-
cating with input/output interfaces and/or peripheral devices,
and that the terms processor, computer processor, CPU, and
computer are intended to encompass single or multiple
devices, single core and multicore devices, and variations
thereof.

[0085] From the discussion above it will be appreciated that
the technology described herein can be embodied in various
ways, including the following:

[0086] 1. A method for tissue evaluation, the method com-
prising: (a) rapidly acquiring a number of diffusion weighted
magnetic resonance images over a scan time; (b) approximat-
ing apparent diffusion coefficient probability density func-
tion (ADC-PDF) distributions for voxels from the acquired
diffusion weighted magnetic resonance images; and (¢) map-
ping the probability density at each ADC value for each image
voxel to generate and display a final ADC-PDF map.

[0087] 2. The method of any preceding embodiment, fur-
ther comprising: collecting ADC coefficient of variation
(ADC CV) measurements for a region of interest of a subject
tissue; labeling regions of non-enhancing tumor; and predict-
ing future contrast enhancement of areas of tissue.



US 2016/0157746 Al

[0088] 3. The method of any preceding embodiment, fur-
ther comprising: comparing ADC-PDF maps from serial
scans; and identifying decreases in ADC in voxels of contrast
enhancing regions of the maps as an indicator of tumor recut-
rence.

[0089] 4. The method of any preceding embodiment,
wherein the diffusion weighted magnetic resonance images
are acquired with a single-shot echo polar (SS-EPI) sequence
with parallel imaging and partial Fourier encoding.

[0090] 5. The method of any preceding embodiment, fur-
ther comprising; increasing speed of image acquisition using
a spiral pulse sequence.

[0091] 6. The method of any preceding embodiment, fur-
ther comprising: increasing speed of image acquisition with
compressed sensing.

[0092] 7. The method of any preceding embodiment,
wherein the approximating apparent diffusion coefficient
probability density function (ADC-PDF) distributions com-
prises: acquiring weighted magnetic resonance images data at
2 b-values; correcting data of eddy current and motion arti-
facts; calculating ADC for each pair of b-values (b1 and b2)
that are acquired; collecting voxel-wise ADC calculated val-
ues over the entire scan time; and collapsing the ADC calcu-
lated values into a histogram and then dividing the values by
the total number of acquisitions to produce a final ADC PDF
map reflecting the probability density at each ADC value for
each image voxel.

[0093] 8. The method of any preceding embodiment, fur-
ther comprising: collecting simultaneously non-diffusion
weighted magnetic resonance images; and measuring func-
tional connectivity with resting-state fMRI data using the
collected images.

[0094] 9. The method of any preceding embodiment,
wherein the resting-state f/MRI data is based on blood oxygen
level-dependent (BOLD) contrast.

[0095] 10. A method for tumor imaging in tissue, the
method comprising: (a) acquiring a number of diffusion
weighted magnetic resonance images of at least two b-values
over a short scan time; (b) calculating apparent diffusion
coefficient values for the b-values from the acquired images;
(c) approximating apparent diffusion coefficient probability
density function (ADC-PDF) distributions for each voxel; (d)
mapping (ADC-PDF) distributions of the probability density
ateach ADC value for each image voxel to generate an (ADC-
PDF) distribution map; and (e) identifying areas of compara-
tively lower ADC values within tissue regions of interest from
the map.

[0096] 11.The method of any preceding embodiment, fur-
ther comprising: comparing ADC-PDF maps from serial
scans; and identifying decreases in ADC in voxels of contrast
enhancing regions of the maps as an indicator of tumor recur-
rence.

[0097] 12. The method of any preceding embodiment, fur-
ther comprising: collecting ADC coefficient of variation
(ADC CV) measurements for a region of interest of a subject
tissue; labeling regions of non-enhancing tumor; and predict-
ing future contrast enhancement of areas of tissue.

[0098] 13. The method of any preceding embodiment, fur-
ther comprising: collecting simultaneously non-diffusion
weighted magnetic resonance images; and measuring func-
tional connectivity with resting-state fMRI data using the
collected images.
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[0099] 14. The method of any preceding embodiment,
wherein the resting-state fMR1 data is based on blood oxygen
level-dependent (BOLD) contrast.

[0100] 15. The method of any preceding embodiment,
wherein the diffusion weighted magnetic resonance images
are acquired with a single-shot echo polar (SS-EPT) sequence
with parallel imaging and partial Fourier encoding.

[0101] 16. The method of any preceding embodiment,
wherein the mapping apparent diffusion coeflicient probabil-
ity density function (ADC-PDF) distributions comprises: col-
lecting voxel-wise ADC calculated b-values values over the
entire scan time; and collapsing the ADC calculated values
into a histogram and then dividing the values by the total
number of acquisitions to produce a final ADC PDF map
reflecting the probability density at each ADC value for each
image voxel.

[0102] 17.A method fortissue evaluation, the method com-
prising: (a) rapidly acquiring a number of diffusion weighted
magnetic resonance images over a scan time; (b) rapidly
acquiring a number of non-diffusion weighted magnetic reso-
nance reference images over a scan time; (¢) approximating
apparent diffusion coefficient probability density function
(ADC-PDF) distributions for voxels from the acquired diffu-
sion weighted magnetic resonance images; (d) mapping the
probability density at each ADC value for each image voxel to
produce a final ADC-PDF map; and (e) measuring functional
connectivity with resting-state fMRI data using the acquired
images.

[0103] 18. The method of any preceding embodiment,
wherein the resting-state fMR1 data is based on blood oxygen
level-dependent (BOLD) contrast.

[0104] 19. The method of any preceding embodiment,
wherein the diffusion weighted magnetic resonance images
are acquired with a single-shot echo polar (SS-EPI) sequence
with parallel imaging and partial Fourier encoding.

[0105] 20. The method of any preceding embodiment, fur-
ther comprising: collecting ADC coefficient of variation
(ADC CV) measurements for a region of interest of a subject
tissue; labeling regions of non-enhancing tumor; and predict-
ing future contrast enhancement of areas of tissue.

[0106] Although the description herein contains many
details, these should not be construed as limiting the scope of
the disclosure but as merely providing illustrations of some of
the presently preferred embodiments. Therefore, it will be
appreciated that the scope of the disclosure fully encom-
passes other embodiments which may become obvious to
those skilled in the art.

[0107] Inthe claims, reference to an element in the singular
is not intended to mean “one and only one” unless explicitly
so stated, but rather “one or more.” All structural, chemical,
and functional equivalents to the elements of the disclosed
embodiments that are known to those of ordinary skill in the
art are expressly incorporated herein by reference and are
intended to be encompassed by the present claims. Further-
more, no element, component, or method step in the present
disclosure is intended to be dedicated to the public regardless
of whether the element, component, or method step is explic-
itly recited in the claims. No claim element herein is to be
construed as a “means plus function” element unless the
element is expressly recited using the phrase “means for”. No
claim element herein is to be construed as a “step plus func-
tion” element unless the element is expressly recited using the
phrase “step for”.
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What is claimed is:

1. A method for tissue evaluation, the method comprising:

() rapidly acquiring a number of diffusion weighted mag-
netic resonance images over a scan time;

(b) approximating apparent diffusion coefficient probabil-
ity density function (ADC-PDF) distributions for voxels
from the acquired diffusion weighted magnetic reso-
nance images; and

(¢) mapping the probability density at each ADC value for
each image voxel to generate and display a final ADC-
PDF map.

2. The method of claim 1, further comprising:

collecting ADC coefficient of variation (ADC CV) mea-
surements for a region of interest of a subject tissue;

labeling regions of non-enhancing tumor; and

predicting future contrast enhancement of areas of tissue.

3. The method of claim 1, further comprising:

comparing ADC-PDF maps from serial scans; and

identifying decreases in ADC in voxels of contrast enhanc-
ing regions of said maps as an indicator of tumor recut-
rence.

4. The method of claim 1, wherein the diffusion weighted
magnetic resonance images are acquired with a single-shot
echo polar (SS-EPI) sequence with parallel imaging and par-
tial Fourier encoding.

5. The method of claim 4, further comprising:

increasing speed of image acquisition using a spiral pulse
sequence.

6. The method of claim 4, further comprising:

increasing speed of image acquisition with compressed
sensing.

7. The method of claim 1, wherein said approximating
apparent diffusion coefficient probability density function
(ADC-PDF) distributions comprises:

acquiring weighted magnetic resonance images data at 2
b-values;

correcting data of eddy current and motion artifacts;

calculating ADC for each pair of b-values (b, and b,) that
are acquired;

collecting voxel-wise ADC calculated values over the
entire scan time; and

collapsing the ADC calculated values into a histogram and
then dividing the values by the total number of acquisi-
tions to produce a final ADC PDF map reflecting the
probability density at each ADC value for each image
voxel.

8. The method of claim 1, further comprising:

collecting simultaneously non-diffusion weighted mag-
netic resonance images; and

measuring functional connectivity with resting-state f{MRI
data using the collected images.

9. The method of claim 8, wherein said resting-state fMRI
data is based on blood oxygen level-dependent (BOLD) con-
trast.

10. A method for tumor imaging in tissue, the method
comprising:

(a) acquiring a number of diffusion weighted magnetic
resonance images of at least two b-values over a short
scan time;

(b) calculating apparent diffusion coefficient values for
said b-values from the acquired images;

(c) approximating apparent diffusion coefficient probabil-
ity density function (ADC-PDF) distributions for each
voxel;
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(d) mapping (ADC-PDF) distributions of the probability
density at each ADC value for each image voxel to
generate a (ADC-PDF) distribution map; and

(e) identifying areas of comparatively lower ADC values
within tissue regions of interest from the map.

11. The method of claim 10, further comprising:

comparing ADC-PDF maps from serial scans; and

identifying decreases in ADC in voxels of contrast enhanc-
ing regions of said maps as an indicator of tumor recur-
rence.

12. The method of claim 10, further comprising:

collecting ADC coefficient of variation (ADC CV) mea-
surements for a region of interest of a subject tissue;

labeling regions of non-enhancing tumor; and

predicting future contrast enhancement of areas of tissue.

13. The method of claim 10, further comprising:

collecting simultaneously non-diffusion weighted mag-
netic resonance images; and

measuring functional connectivity with resting-state fMRI
data using the collected images.

14. The method of claim 13, wherein said resting-state
fMRI data is based on blood oxygen level-dependent (BOLD)
contrast.

15. The method of claim 10, wherein said diffusion
weighted magnetic resonance images are acquired with a
single-shot echo polar (SS-EPI) sequence with parallel imag-
ing and partial Fourier encoding.

16. The method of claim 10, wherein said mapping appar-
ent diffusion coefficient probability density function (ADC-
PDF) distributions comprises:

collecting voxel-wise ADC calculated b-values values over
the entire scan time; and

collapsing the ADC calculated values into a histogram and
then dividing the values by the total number of acquisi-
tions to produce a final ADC PDF map reflecting the
probability density at each ADC value for each image
voxel.

17. A method for tissue evaluation, the method comprising:

(a) rapidly acquiring a number of diffusion weighted mag-
netic resonance images over a scat time;

(b) rapidly acquiring a number of non-diffusion weighted
magnetic resonance reference images over a scan time;

(c) approximating apparent diffusion coefficient probabil-
ity density function (ADC-PDF) distributions for voxels
from the acquired diffusion weighted magnetic reso-
nance images;

(d) mapping the probability density at each ADC value for
each image voxel to produce a final ADC-PDF map; and

(e) measuring functional connectivity with resting-state
fMRI data using the acquired images.

18. The method of claim 17, wherein said resting-state
fMRI data is based on blood oxygen level-dependent (BOLD)
contrast.

19. The method of claim 17, wherein the diffusion
weighted magnetic resonance images are acquired with a
single-shot echo polar (SS-EPI) sequence with parallel imag-
ing and partial Fourier encoding.

20. The method of claim 17, further comprising:

collecting ADC coefficient of variation (ADC CV) mea-
surements for a region of interest of a subject tissue;

labeling regions of non-enhancing tumor; and

predicting future contrast enhancement of areas of tissue.

I S S T



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

FEBEMMEITARNE ( DREAM ) -mrif 575 %

US20160157746A1 DI (RE)

US14/956149 RiEH

MAERILAFEES

MFAERILAFEES

MFERITAFEES

patsnap

H 2016-06-09

2015-12-01

A61B5/055 A61B5/7207 GO1R33/561 G01R33/56518 G01R33/56341 G01R33/4824 G01R33/56509

Provide MR
imaging system

!

#RIKBBA ELLINGSON BENJAMIN M

3PN ELLINGSON, BENJAMIN M.

IPCH%E A61B5/055 GO1R33/561 GO1R33/565 A61B5/00 GO1R33/563
CPCH %%

1k AR 62/085715 2014-12-01 US

H 20T S0k US10524686

IEheE Espacenet USPTO

HR(E) 20—
AT BB TENNE" ( DREAM ) BEEIRF SR A FREMIT
BINEGBERNRUT BRBBIREERKE (ADC PDF ) A E, B8 o

REWEFT BN (SE ) REEFMEKFH&HME (BOLD ) REE ,

Acqguire image data
with dream-MRI sequence

AT T8 R MSMRIBBUANENEEEREM , XRRBGLTEMENT
RS, ADCERRH (ADCCV ) NETATFHEMIFICHEEEN 40—
ERNXE , HTNARKAEE , SFLAIR , T2 FHADCA L X, FH
ADC PDF A Z (LB ThALY 8BRSt (DM ) ATATFTEZE LT =9
METECIBTHMEE,. B4, i@ ( NHE2%H ) FBRBERTH
FERMRWE , EAAFEEARTEN , URHEE TSR IPE/ER

RIE.

!

Correct data for eddwy
currents and motion

!

Calculate ADC for each
pair of b-values

!

Form ADC PDF map of
probability density at each
ADC value for each image voxel

!

O

Perform fRMRI analysis
from acqguired image data



https://share-analytics.zhihuiya.com/view/4cd36b00-065d-489b-bc01-d63c86463b6e
https://worldwide.espacenet.com/patent/search/family/056093162/publication/US2016157746A1?q=US2016157746A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220160157746%22.PGNR.&OS=DN/20160157746&RS=DN/20160157746

