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provided. These methods provide consistency of data from scan-to-scan, which allows the data to
be used for high-fidelity radiogenomic analyses. Imaging-derived radiogenomic heat maps, based
on trained models of quantitative radiogenomic associations, can be generated from, the normalized
images and can provide a novel technique to survey the often varied genetic landscape within a tu-
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SYSTEMS AND METHODS FOR PRODUCING QUANTITATIVELY CALIBRATED
GRAYSCALE VALUES IN MAGNETIC RESONANCE IMAGES

CROSS-REFERENCE TO RELATED APPLICATIONS

{00601} This application claims the benefit of U.S. Provisional Patent Application
Serial No. 62/168,307, filed on May 29, 2015, and entitled “SYSTEMS AND METHODS
FOR PRODUCING QUANTITATIVELY CALIBRATED GRAYSCALE VALUES IN MAGNETIC

RESONANCE IMAGES”

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
{0002} This invention was made with government support under EBO17928
awarded by the National Institutes of Health. The government has certain rights in the

invention.

BACKGROUND OF THE INVENTION

{0003} The tield of the invention is systems and methods for magnetic resonance
imaging (“MRI”}. More particularly, the invention relates to systems and methods for
calibrating magnetic resonance images to produce standardized and normalized
guantitative images of physiological parameters.

{0004} Approximately 22,400 people will be diagnosed with gliomas each year,
and of those approgimately 12,000 will be glioblastoma multiforme {(*GBM"}, which is
the most common and deadly primary CNS malignancy. Despite standard therapies,
GBMs have a two year survival rate of only 27%. Some of the challenges in designing a
treatment plan for brain tumor patients, and essentially all cancer patients, is selecting
which patients will do well on a certain treatment regimen and which will do poorly. it
is now understood that the often-variable genetic landscape within tumors can dictate a

response to therapy.
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[6005] A confounding treatment effect in patients on the Stupp regimen
mimicked early tumor recurrence on MRI, and was appropriately termed
pseudoprogression. Interestingly, pseudoprogression is much more common in a
distinct class of GBM featuring a unique epigenetic modification: methylation of the
promoter site of O6-methyiguanine-DNA methyltransferase (“pMGMT"). Methylated
MGMT ("pMGMT+"} tumors lack ability to fix damage wrought by alkylating agents such
as temozolomide, which confers better prognoses due to increased sensitivity to the
drug. Selection or modification of therapy based on a genowmic trait such as pMGMT
status is a step toward individualized GBM treatment. A strong movement o
sophisticate treatment and classification of many cancers, including GBM, based on their
genetic underpinnings has now taken hold.

(0006} Currently, only invasive methods such as biopsy and resection are
available to assess the genetic profile in a tumor. Considering that not all tumors or
patients are readily operable, there remains a need to provide non-invasive techniques
for assessing a genetic profile in patients.

(00071 The discipline of radiogenomics aims to establish MRI imaging features
that can noninvasively report the underlying genetic profile in a tumor. The underlying
principle is that the local genetic alterations in tumors result in protein expression that
dictates microscopic and macroscopic tissue properties and physiology, and directly
modulates an appearance on MRI. Important radiogenomic investigations relevant to
CNS tumors have attempted to link qualitative and quantitative MRI features, tumor
volumes, geometry, MR perfusion characteristics, diffusion-weighted imaging {"DWI™),
and diffusion tensor imaging {(“DTI”} to various genetic alterations. For instance, MR
perfusion metrics including cerebral blood volume {'rCBV"} have been linked to tumor

grade, vascular endothelial growth factor receptor ("VEGFR”} amplification, and
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response to the drug bevicizumab.

[0008] Another notable target for radinogenomic association is the apparent
diffusion coeflicient {“"ADC") derived from diffusion-weighted tmages, which has been
used to infer tumor cellularity, WHO-tumor grade, response to bevicizumab, and
pMGMT methylation status.

{6669} The existence of the National Institutes of Health (“NIH") databases
including The Cancer Genome Atlas {“TCGA”) and The Cancer Imaging Archive {("TCIA"}
underscores this initiative to centralize and foster such radiogenomic analyses. In the
era of big data, however, many challenges surface when attempting to conglomerate
and then analyze a large database, the most significant of which is lack of
standardization of protocols and lack of intersubject image normalization.

(0010 While conventional MRI sequences {e.g, T1, T2, FLAIR, T1 post contrast,
ADC} are still the current workhorse of tumor imaging, and while they are omnipresent
in most institutions across the country, they are not all acquired in the same way or on
the same scanner platform. MR image contrast for these sequences is a carefully chosen
medley of repetition time ("TR”), echo time {“TE"), or inversion time {“IR"), which varies
across institutions, across scanners, with magnetic field strengths, number of coil
elements, and a host of other factors. Furthermore, receiver gains are iteratively tuned
for optimal patient imaging on a scan-by-scan basis, which inevitably modulates the
signal intensity in the acquired images to further refine diagnostic image quality, reduce
noise, and mitigate artifacts. For a true, high fidelity radiogenomic analysis, and to apply
an established radiogenomic link to a new or foreign MRI scan (ie, one obtained with
different parameters} a mechanism must exist to provide a universal normalization to

the imaging datasets.
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SUMMARY OF THE INVENTION

0011} The present invention overcomes the aforementioned drawbacks by
providing a method for producing from magnetic resonance images, quantitative maps
that indicate quantitative values of physiological parameters. The method generally
includes providing a plurality of magnetic resonance images to a computer system,
where these images depict a subject and have different physical contrasts. The plurality
of magnetic resonance images are then converted with the computer system to produce
guantitative physiological parameter maps by calibrating the magnetic resonance
images based on signal models associated with how the magnetic resonance images
were acquired.

[06123 In some aspects, a method for producing from magnetic resonance
images, a genomic profile map that indicates a level of genetic expression in a tissue is
also provided. A plurality of magnetic resonance images depicting a subject are
provided to a computer system, and these plurality of magnetic resonance images have
different physical contrasts {e.g,, T1, T2, apparent diffusion coeflicient}. The plurality of
magnetic resonance images are then converted to produce guantitative physiological
parameter maps by calibrating the magnetic resonance images based on signal models
associated with how the magnetic resonance images were acquired. A likelihood of a
particular gene expression in a tissue in the subject is then determined based on the
quantitative physiological parameter maps. A genomic profile map that indicates a level
of genetic expression for the particular gene is then produced using the determined
likelihood of the particular gene expression in the tissue.

0013} 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 drawings that form a part hereof, and in which there is shown by way of
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illustration a preferred embodiment of the invention. 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.

BRIEF DESCRIPTION OF THE DRAWINGS

00141 FIG. 1 is a flowchart setting forth the steps of an example method for
calibrating magnetic resonance images having different image contrasts to convert the
gualitative information contained in the images to guantitative information of
physiclogical parameters;

(0015} FIG. 2 is a flowchart setting forth the steps of an example method for
producing a genomic profile map based on magnetic resonance images that have been
calibrated using the guantitative calibration method described in FIG. 1;

{0016} FIG. 3 is a representative example, comparing ADC values before and after
normalization across 21 patients, where it can be seen that the grayscale values have a
wide variability, while the normalized ADC values are steady under a certain range;
[066173 FIGS. 4A-4E illustrate grayscale T1 post contrast {FIG. 4A), a normalized
guantitative T1 {(ms) map {FIG. 4B}, a normalized quantitative T1 {ms) post contrast
map (FIG 4C}, a normalized quantitative T2 {ms) map (FIG. 4D}, and a normalized
gquantitative ADC (x 103 mm?2/s) map;

{0018} FIG. 5 illustrates an example genomic profile map indicating positive
predictive value of tumor methylation {low = dark blue {pMGMT-}, moderate = green
{(pMGMT+}, high = red {(pMGMT+}) within the same enhancing tumor, which was
reported as pMGMT- negative due to sampling of the tumor periphery (thin arrow}; and
(0019 FIG. 6 is a block diagram of an example computer system that can

implement the methods described here.
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DETAILED DESCRIPTION OF THE INVENTION

(00201 Described here are systems and methods for calibrating multi-contrast
magnetic resonance images across many different subjects and imaging platforms and
to thereby convert the qualitative grayscale images into quantitative maps of
physiclogical parameters. As one example, multi-contrast magnetic resonance images
can include magnetic resonance images having different image contrasts {e.g, T1-
weighting, T2-weighting, proton density weighting, diffusion weighting). This
calibration procedure allows for more accurately guantifying parameters such as
apparent diffusion coefficient (“ADC”}, T1 values, and TZ values. Based on this
calibration, true integration of many different image types into one large imaging
database, across clinical sites, or across different MR scanners can be achieved.

(0021} One advantage of this calibration technique is the ability to convert
previously acquired, gualitative grayscale images into guantitative maps of
physiological parameters. Moreover, the calibration process removes biases that may
result from using different scanners; thus, the quantitative maps produced by the
calibration method are platform-independent. Removing these biases allows for direct
comparison of images across different clinical sites, scanners, or subject populations.
100622} As one example, the normalized guantitative values derived from such
magnetic resonance images can be utilized as a predictor of gene expression levels, such
as the status of pMGMT in a particular subject. in addition, the calibration and
normalization described here can provide for radiogenomic findings to be mapped to a
parametric color map of local genomic predictions throughout the voxals corresponding
to tumor.

(0023} The identification of gene expression levels inside a tumor is critical for

the treatment of cancer. Currently, the genetic information is acquired by performing a

.
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biopsy and analyzing the cells via DNA microarray analysis. This method takes up a
significant amount of time and is very invasive. The methodology described here,
however, enables the use of various magnetic resonance scans and genomic information
for model development, and utilizes noninvasive MRI to produce parametric maps of
gene signatures. These maps provide the gene expression levels necessary to offer
personalized therapy to patients without the cost and surgery normally associated with
genetic evaluation of a tumor.

100241 The systems and methods described here thus have the potential to
reduce the number of biopsies for gene expression arrays of cancer patients. The
systems and methods described here may also act as research tools for accelerating the
research of cancer due to the reduction of time for analyzing gene expression
signatures, and the ease of use compared to prior methods.

{0025} The calibration of signal intensities described here allows for direct
comparison of images across a wide array of MRI scanners and scan protocols. As one
benefit, this calibration allows advanced machine learning algorithms to be “trained” to
detect aberrant local gene expression {i.e, genomic changes) that result from disease
{e.g., cancer). These trained machine learning algorithms can, in turn, be used to
produce parametric maps of local gene expressions within a tumor. As an examplg,
these maps of gene expression can represent on a patient-by-patient basis distinct
genetic phenotypes (single or multiple} within a tumor.

(0026} Referring now to FIG. 1, a flowchart is illustrated as setting forth an
example of a method for calibrating magnetic resonance images, which may include
cross-normalizing the images. The method includes providing magnetic resonance
images to a computer system, as indicated at step 102. As one example, the magnetic

resonance images can be provided by retrieving previously acquired images from a

27
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database. As ancther example, the magnetic resonance images can be provided by
acquiring the images with an MRI system. The images are then normalized, as generally
described below.

100627} First, the magnetic resonance images ars segmented info different tissue
types, as indicated at step 106. For instance, when the images depict a brain the images
can be segmented into white matter, gray matter, and cerebrospinal fluid. As one
example, such segmentation can be performed using the Statistical Parametric Mapping

software toolkit described by KJ. Friston, et al,, in Statistical Parametric Mapping: The

Analysis of Functional Brain Images; Elsevier, London; 2006. This segmentation process
results in the creation of segmentation masks for the different segmented tissue types.
[00628] Using the segmented masks, average grayscale values for each tissue type
are calculated, as indicated at step 108, These values are then calibrated against known
standard values for the respective tissues, as indicated at step 110. For instance, the
average values are calibrated against known standard values for the type of MRI scan
{e.g., spin echo, gradient recalled echo, inversion recovery} used to acquire the original
images. As one example, the average values are calibrated using an exponential fitto a
signal model associated with the MRI scan type.

10029} Applving the resulting fit to each corresponding type of MRI scan converts
the grayscale values in the original images to normalized, quantitative values, as
indicated at step 112. These quantitatively calibrated images can then be stored for
later use or processing.

100361 Referring now to FIG. 2, a flowchart is illustrated as setting forth the steps
of an example method for producing a genomic profile map based on magnetic
resonance images that have been calibrated using the quantitative calibration method

described above. The method includes providing such guantitatively calibrated images,
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as indicated at step 202. Statistical parameters that describe the variability and
distribution within the images are then calculated, as indicated at step 204.

{06313 The likelthood of a certain gene expression can then be determined, as
indicated at step 206, by using machine learning methods, such as neural networks, that
are trained based on guantitative parametric images and genetic information. As one
example, the machine learning algorithm can be trained on relating guantitative
magnetic resonance images with genetic information that was obtained from the same
subjects depicted in those images. To this end, the calibration method described above
can be used to help train the machine learning algorithm for those instances where
gualitative, but not quantitative, images are available.

{60632} The model resulting from this machine learning is then applied to the
guantitatively calibrated magnetic resonance images to produce parametric maps of
gene expression levels, as indicated at step 208. These parametric maps may be
referred to as genomic profile maps. These genomic profile maps can be viewed as a
radiogenomic “heat map,” indicating the predictions of local gene profiles based on the
gquantitatively calibrated images. After the genomic profile maps are created, they are
stored for display or further processing as indicated at step 210.

{00633} As one example application, the MRI-based genomic profile maps
indicating local gene expression can be integrated into the nominal radiclogic workflow
to improve the imaging workup of cancers and other pathologies. This non-invasive
review of local gene expression provides personalized (i.e., patient-specific) information
that can supplement clinical decisions for treatment options, such as by providing
evaluation of response to chemotherapy. For instance, the methods described here also
provide information that can enable physicians to identify distinct genetic subtype {ie,

phenotypes) within a single tumor. Genetic phenotyping predicts response o therapy,

9.
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thereby allowing for more targeted treatment and evaluation of treatment response.
(00341 it is contemplated that the imaging of local gene expression using the
methods described here will provide a more precise estimation of adherent pathways
when compared with gross resection or biopsy. Furthermore, compared to performing a
biopsy to obtain genetic information, MRI is guick and noninvasive,

Example: A Method for Displaying Local Gene Expression with MRI

[0035] A retrospective analysis was performed on magnetic resonance images
and gene expression data for treatment naive glioblastoma multiforme (“GBM"),
provided by the database of The Cancer Genome Atlas {(“TCGA”} and The Cancer
fmaging Archive (“TCIA™). This database included 260 patients and 570 scans; however,
not all cases could be included in the study because some scans lacked the necessary
genomic information, or otherwise lacked images obtained with certain imaging
Seguences.

{0036} In this example study, radiogenomic analysis was conducted to
investigate the relationship between quantitative T1, T2, and ADC values and the status
of methylation of the 0-16-methylguanine DNA methyltransferase promoter ("pMGMT"}
in GBM, which has shown to predict sensitivity to alkylating chemotherapeutic agents,
such as temozolomide. Quantitative values for T1, T2 and ADC images, both before and
after the quantitative calibration described above, were studied in relation to
microarray analysis of biopsy samples to assess the utility of MRI to indicate methylated
{(pMGMT+} and unmethylated (pMGMT-) tumor phenotypes.

(0037} TCIA is a repository for MRI scans from GBM patients that have been
gathered from many different institutions, and given the potential variability in image
acquisition parameters {or outright lack of this information}, it exemplifies several
major challenge discussed above, particularly when attempting investigate quantitative

-10-
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radiogenomic links. For instance, derivation of true guantitative ADC from the TCIA is
often not possible, as only grayscale images are available. To address this issue, the
method described above relates image grayscale pixel intensities from T1, T2, and ADC
maps back to quantitative values. The quantitative calibration described above then
allows for direct comparison of T1, T2, and ADC across subjects, which are unique,
quantum properties of all tissues in the body, including a brain tumor or other
pathologies.

100381 If a quantitative radiogenomic link is discovered, and a classification
model {e.g. linear regression, machine learning techniques) is proposad to predict the
genetic profile based on the imaging trait, this normalization method provides a means
to quickly prepare and introduce new MRI studies into the existing model. The output of
such an analysis can be viewed as a radiogenomic heat map, indicating the predictions
oflocal gene profiles based entirely on the normalized imaging.

[0039] Patient (Data) Selection. In total, 21 patients were selected based on the
availability of MR images of interest (T1, T2, and ADC) and the information of pMGMT
methylation status. The types of MR images of main interest were the Tl-weighted
images {before and after gadolinium based contrast agent injection), TZ-weighted
images, and ADC images. The four types of images were collected based on a
combination of the series description, TR, TE and contrast agent usage. The images,
which were in DICOM format, were converted to the NIfTI (nii} format using a third-
party software Statistical Parametric Mapping (SPM Version 8 Wellcome Trust Centre
for Neuroimaging, London, UK}, Using SPM, the images were also co-registered and re-
sliced, and white matter {WM), gray matter {GM) and cerebral spinal fluid {CS5F)
probability masks were segmented. Regions of interest {ROIs) of the tumor were drawn

by neurcoradivlogy fellows and doctors.
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(00481 Genomic Processing. In this example study, all of the pMGMT
methylation status information was obtained from the TCGA-GBM database. This raw
data was then processed to dichotomize it into binary values using algorithms
presented by P. Bady, et al. in "MGMT methylation analysis of glioblastoma on the
Infinium methylation BeadChip identifies two distinct CpG regions associated with gene
silencing and outcome, yielding a prediction model for comparisons across datasets,
tumor grades, and CIMP-status,” Acta Neuropathol, 2012; 124{4): 547-560. Analysis of
GBM methylation status proceeded through the Hlumina HumanMethylation450
platform (and, through legacy TCGA data, the lllumina HumanMethylation80 platform),
in which sample DNA is reacted with bisulfite to deaminate unmethylated cytosine
residues to uracil; methylated cytosing residues resist deamination. Fragmented sample
libraries of bisulfite-treated DNA bind to engineered oligonucleotides attached to 3
micron silica beads with fluorescent dye (the Hlumina BeadChip platform). Hlumina
software return a signal intensity as a B-value, which is then adjusted to an M-value to

eliminate heteroscedasticity in statistical analysis of methylation probes:

e 3
M =log,] B (1).

=g
(00641} Several hundred methylation sifes may exist for a given gene, but not all

methylation sites are predictive of methylation-dependent gene silencing. Stepwise
logistic regression reveals methylation sites with the greatest impact on gene
expression; such a model specifies two probes of significance for determining MGMT
promoter site methylation in GBM.

(008423 Absolute Normalization of Image Contrast. Grayscale pixel intensities
were converted to normalized physical values using the methods described above. For

example, as described above, this process includes using a linear regression between
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pixel intensity values and physical values of T1, T2, and ADC. Reference values of white
matter and gray matter pixel intensity (i.e, grayscale values} values were used in
separate regression analyses for each contrast weighting {T1, T2 and ADC). These
standard values are listed in Table 1, which lists the average repetition time and echo

time for each image type in addition to the standard white matter and gray matter

values.
TABLE 1
image Type WM Reference GM Reference TR {ms]} TE (ms]
T1 790 ms G20 ms ~682 ms ~15 ms
TZ 75 ms 85 ms ~4962 ms ~83 ms
ADC 0.7 x 103 mm?/s 0.89 x 103 mm? /s ~5480 ms ~93 ms
{00643} For gadolinium enhanced T1-weighted images, the lingar fit obtained

from the T1 pre calibration was used. The linear regression was derived from a linear
approximaticon of the MR signal equations for various pulse sequences by expanding the
exponential functions as power series to the first order term.

(00441 The MRI physics of the pulse sequence used to acquire the MR image
results in different signal equations that determine the parameterization used in the
recursion analysis. Examples of these signal equations are shown in Table 2, which
shows the signal equations and the linearly approximated forms for sach type of pulse
sequence. In Table 2, 5 is the signal, G is the gain, k is the coil sensitivity, p is the proton
density, b is the b-value, A and B are constants, Ry is the inverse of T1, and R is the

inverse of Ts.

-13-
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TABLE 2
Seguence Signal Eguation Ti-weighted T2-weighied ADC Map
Type
RN IE S=A4A+B-R S=A+B-R,
S=Gkpli-e ' e "
Spin Echo TP
."’
cmy e 1 o O=A+BR,
) Ghp|l—e " |sinfe o A+B-1,
Gradient .
Recalled §= = =
Eche . TF
1-cosfe 1
{ i fq\ LE S=A+B-R O S=4+B-R
mversion S =Gkpll-2¢ " +e " |e "
Recovery L y,
§=GSe §=A4+B-ADC
Diffusion ‘
[0045]} The signal equations were then simplified depending on the type of image

(ie, Tl-weighted image or TZ-weighted image}). For Tl-weighted images, TE was
significantly less than the TZ of the tissues of the brain, so the e*(-TE/T2) term was
approximated as one. If the MR image was T2-weighted, then TR was set significantly
greater than the Tl of the brain tissues; therefors, the e”{-TR/T1} term was
approximated as zero. For scans that used an inversion recovery sequence, the
e -Ti/T1) term was approximated as zero as well because the inversion time {("T1"}
was significantly greater than the T1 of brain tissues.

{00461 The remaining exponential functions were then reduced to the first order
term of ifs power series in the form of 1+x. By taking this approach, all of the variables
except T1, T2, ADC, and S were treated as constants. For T2-weighted images, the signal
equations for the three types of pulse sequences were all reduced to S=A+BxRZ where

RZ is the inverse of T2. For Tl-weighted images, the signal equation for GRE pulse
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seqguences was reduced to {1/5}1=4+B+T1, while the signal eguations for SE and IR pulse
sequences were reduced to S=A+B*R1 where R1 is the inverse of Ti. After the
coefficients A and B were obtained from a linear fit for each type of image, they were
applied to the corresponding images to convert the pixel intensity values to relative
physical values.

(0608473 In the TCIA database ADC images do not yield guantitative information, as
the strength of the diffusion sensitizing gradients (B-values) were inadvertently
removed from the DICOM header during de-identification. The scaling of ADC valuss to
grayscale during the calculation of ADC dictate the use of 5=A+B+ADC. Where A and B
were fitted constants, S was grayscale and ADC were reference values,

100648} After the fits were calculated, images of grayscale values were converted
to the corresponding physical values T1, T2, and ADC, as described above.

{00649} Radiogenomic Image Analysis. In this example study, ROls were drawn
by a trained physician and adjudicated by a CAQ board certified neuroradiologist based
on un-normalized T1-weighted and TZ-weighted images to mimic the clinical workflow.
Readers were blinded to both gene expression results and absolution normalization of
T1 and T2. ADC images were not used in the drawing of ROIs. Enhancing solid tumor
was included in the ROl however central necrosis was excluded.

(0050} Mean values of T1, TZ, and ADC were compared between tumors deemed
to be pMGMT+ and pMGMT- from genetic analysis. When imaging metrics were found to
have statistically significant mean values, a Receiver Operator Characteristic {(“ROC"}
analysis was performed to determine the improvement in distinguishing pMGMT+ from
pMGMT- and reported as the Area Under the Curve (“AUC”). Local variation in the ADC
parameter {1/ADC]) was then used to assign a scale to tissue. The true positive fraction

(“TPF,” in percentage) that the MGMT promoter gens was methylated and
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parameterized was extracted from the ROC curve using the well-known Gaussian

integral:
/ ! W
vy T B I ADCT — 4
PMGMT* (ADC™ ) == 14 erf | et 2);
2 )
0051} where f and ¢ are one type of statistical parameter derived fomr the

test of diagnostic accuracy, which in this example was the ROC analysis. This function
allows for a standardized color scale to be used in the parametric display of methylation
status within an individual tumor. The local genomic predictions can be reintroduced
into the radiology workflow, and can be viewed as a voxel-wise color map throughout
the tumor, overlaid on the anatomic T1 post contrast image.

j0052} Results. The variability of ADC values across patient before and after
normalization are demonstrated in FIG. 3. A total of 21 patients were evaluated, the
mean age was 58 +/-13 years {10 men/11 women). Representative images of T1, T2,
and ADC are shown in FIGS. 4A-4E. Note the intra-tumoral variability in ADC values that
may reflect the presence of genetic phenotype expressing high and low cellularity. An
exaraple of a pMGMT predictive genomic profile map is illustrated in FIG. 5.

[0053] Mean values of normal appearing white matter, gray matter, and CSF
showed no significant differences in patients with methylated and unmethylated tumors
(P>0.05). However, the mean vahies from ROIs covering the tumors showed significant
difference in pre-contrast T1, ADC, and the change in T1 resulting from contrast
administration.

{06054} Discussion. The example study described here has shown that
appropriately normalized, quantitative MRI can improve the prediction of local genetic
traits, specifically pMGMT status, in treatment naive glioblastoma multiforme. In this

technical development, methods for producing parametric color maps that allow direct
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visualization of the pattern of local genomic traits overlaid on any desired, co-registered
MRI images have also heen provided.

{8055 The normalized guantitative maps of T1, T1 post contrast, T2 and ADC
shown in FIGS. 3A-3E represent the justification for this research. The parametric
image of local genomic predictions overlaid on the tumor in FIG. 5 suggests a varied
landscape of pMGMT status within the tumor. It is well known that some tumors may
exhibit a multitude of different local phenotypes, which proposes that single or even
multiple biopsies may not be fully reprasentative of the whole tumor.

[0056} Thus, it may be that some portions of a given tumor may be resistant to a
given therapy while others may be sensitive. While gross total resection of tumor is
ideal, it is not always possible, and some tumors are simply inoperable. The utility of
imaging-derived heat maps of genetic manifestations can be well appreciated in these
situations, where genetic information is desired but cannct be cbtained. Incomplete
tumor resection is sometimes inevitable if tumor has commandeered eloguent cortex or
white matter tracts. This same situation may pose risks to biopsy as well.

(0057} Noninvasive, reliable imaging approaches, such as those described here,
could still survey tumors for dinically actionable genomic traits even in these
precarious locations, and elegantly render that information for the radiclogist. The
model proposed here can be readily adapted into other, more sophisticated
radiogenomic associations by employing machine learning models. Verhaak GBM
classifications, IDH1 and [DHZ mutations, and other common or esoteric genetic targets
in GBM or other tumors or pathologies can be investigated and implemented into a
parameterized genomic heat map.

[0058] The methods described here can also be readily applied to radiogenomic

investigations outside of the brain, and could be aimed at a wide variety of tumors in the
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body. One goal of the methods described here is to determine a genetic phenotype
through the extraction of morphological features from tumors. Once the features are
determined, advanced machine learning algorithims are use to create predictive models.
The methods described here, however, assumes that multiple phenotypes exist within a
tumor and a local, rather than global, analysis of the tumor is conducted.

(6059} Thus, methods for converting grayscale values into normalized
estimations of physiclogical quantities have been provided. These methods provide
consistency of data from scan-to-scan, which allows the data to be used for high-fidelity
radiogenomic analyses. Imaging-derived radiogenomic heat maps, based on trained
models of quantitative radiogenomic associations, provide a novel technique to survey
the often varied genetic landscape within a tumor.

(0060} Referring now to FIG. 6, a block diagram of an example computer system
600 that can be configured to implement the methods for quantitative calibration and
genomic profile map generation described here, is illustrated. Data, such as magnetic
resonance images, can be provided to the computer system 600 from a data storage
device, and these data are received in a processing unit 602.

{06611 In some embodiments, the processing unit 602 can include one or more
processors. As an example, the processing unit 602 may include one or more of a digital
signal processor {“DSP”} 604, a microprocessor unit ("MPU”} 606, and a graphics
processing unit (“GPU”} 608. The processing unit 602 can also include a data acquisition
unit 610 that is configured to electronically receive data to be processed. The DSP 604,
MPU 606, GPU 608, and data acquisition unit 610 are all coupled to a communication
bus 612. As an example, the communication bus 612 can be a group of wires, or a
hardwire used for switching data between the peripherals or between any component

in the processing unit 602.
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(0062} The DSP 604 can be configured to implement the methods described here.
The MPU 606 and GPU 608 can also be configured to implement the methods described
here in conjunction with the DSP 604, As an example, the MPU 606 can be configured to
control the operation of componenis in the processing unit 602 and can include
instructions to implement the methods for calibrating qualitative magnetic resonance
images to convert those images into quantitative maps of physiolegical parameters on
the DSP 604. Also as an example, the GPU 608 can process image graphics, such as
displaying magnetic resonance images, gquantitatively calibrated magnetic resonance
images, and genomic profile maps, whether alone or overlaid on magnetic resonance
images.

{0663} The processing unit 6G2 preferably includes a communication port 614 in
electronic communication with other devices, which may include a storage device 616, a
display 618, and one or more input devices 620. Examples of an input device 620
include, but are not limited to, a keyboard, a mouse, and a touch screen through which a
user can provide an input.

(00641 The storage device 616 is configured to store data, which may include
magnetic resonance images, whether these data are provided to or processed by the
processing unit 602. The display 618 is used to display images and other information,
such as magnetic resopance images, quantitatively calibrated magnetic resonance
images, and genomic profile maps, whether alone or overlaid on magnetic resonance
images.

{0065] The processing unit 602 can also be in slectronic communication with a
network 622 to transmit and receive data and other information. The communication
port 614 can also be coupled to the processing unit 602 through a switched central

resource, for example the communication bus 612.
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(00661 The processing unit 682 can also include a temporary storage 624 and a
display controller 626. As an example, the temporary storage 624 can store temporary
information. For instance, the temporary storage 624 can be a random access memory.

10067} 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 modifications, aside from those expressly stated, are

possible and within the scope of the invention.
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CLAIMS

1. A method for producing quantitative maps that indicate guantitative
values of physiological parameters from magnetic resonance images, , the steps of the
method comprising:

{a) providing to a computer system, a plurality of magnetic resonance images
depicting a subject, the plurality of magnetic resonance images having
different physical contrasts; and

{b} converting the plurality of magnetic resonance images with the computer
system to produce quantitative physiological parameter maps by
calibrating the magnetic resonance images based on signal models

associated with how the magnetic resonance images were acquired.

2. The method as recited in claim 1, wherein step (b} includes computing
average grayscale values in the magnetic resonance images and calibrating the average
grayscale values based on signal models associated with how the respective magnetic

resonance images were acquired.

3. The method as recited in claim 2, wherein calibrating the average

grayscale values includes using a recursion analysis based on the signal models

associated with how the respective magnetic resonance images were acquired.
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4, The method as recited in claim 3, wherein calibrating the magnetic
resonance images includes determining coefficients from the recursion analysis and
applying the coefficients to the magnetic resonance images to convert grayscale values

therein to quantitative physiological parameter values.

5. The method as recited in claim 3, wherein the recursion analysis includes

fitting the average grayscale values to linear approximations of the signal models.

6. The method as recited in claim 1, further comprising:

{c} determining with the computer system, a likelihood of a particular gene
expression in a fissue in the subject based on the guantitative
physiological parameter maps and a trained model that relates genetic
information to guantitative physiological parameters; and

(d)  producing with the computer system, a genomic profile map that
indicates a level of genetic expression for the particular gene using the

determined likelihood of the particular gene expression in the tissue.

7. The method as recited in claim 6, wherein step {c} includes calculating
statistics of the quantitative physiological parameter maps produced in step (b} and
determining the likelthood of the particular gene expression in the tissue in the subject

based on the calculated statistics.,

8. The method as recited in claim 7, wherein the calculated statistics are
compared with statistics based on genetic information provided to the computer

system.
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9. The method as recited in claim 8, wherein comparing the calculated
statistics with the statistics based on the provided genetic information includes using a

machine learning algorithm.

10.  The method as recited in claim 6, wherein step {d} includes using a
statistical test of diagnostic accuracy to relate the likelihood of a particular gene

expression in a tissue in the subject to values in the genomic profile map.

11. The method as recited in claim 10, wherein the statistical test of
diagnostic accuracy includes at least ong of receiver operator characteristics {ROC)

analysis, a student’s T-test, or a chi-sguared test.

12.  The method as recited in claim 10, wherein relating the likelihood of a
particular gene expression in a tissue in the subject to values in the genomic profile map
includes calculating local variations in the quantitative physiological parameter maps
from locations having statistically significant likelihood of a particular gene expression
in a tissue in the subject, and converting the local variations in the quantitative

physiological parameter maps to genomic profile map values based on an ROC curve.

13.  The method as recited in claim 12, wherein converting the local variations
in the quantitative physiological parameter maps to genomic profile map values
includes extracting a true positive fraction from the ROC curve as a function of the local

variations in the quantitative physiological parameter maps.
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14.  The method as recited in claim 1, wherein step (b} includes selecting at
least one region-of-interest in the magnetic resonance images and calibrating the
magnetic resonance images based on image intensity values in the at least one region-

of-interest,

15.  The method as recited in claim 1, wherein step {b} includes segmenting
the magnetic resonance images into at least one different tissue type and calibrating the
magnetic resonance images based on image intensity values in the segmented at least

one different tissue type.

24



WO 2016/196296

PCT/US2016/034661

175

102

PROVIDE MAGNETIC
RESONANCE IMAGES

104

SEGMENT IMAGES

106

CALCULATE AVERAGE
GRAYSCALE VALUES FOR
SEGMENTED IMAGES

CALIBRATE
AVERAGE VALUES

CONVERT IMAGES TC |/
CALIBRATED VALUES

FIG. 1



WO 2016/196296

PCT/US2016/034661

2/5

PROVIDE QUANTITATIVELY
CALIBRATED MAGNETIC
RESONANCE IMAGES

204

CALCULATE STATISTICAL
PARAMETERS FROM
CROSS-NORMALIZED IMAGES

DETERMINE LIKELIHOCD |/
OF CERTAIN GENE
EXPRESSIONS

208

PRODUCE GENOMIC
PROFILE MAP(S)

STORE GENOMIC |/
PROFILE MAP(S)

FIG. 2



PCT/US2016/034661
3/5

WO 2016/196296

sren

e,
Eac
“eod!

FIG. 3

FIG. 5



WO 2016/196296 PCT/US2016/034661

475

FIG. 4




WO 2016/196296 PCT/US2016/034661

(662
————————————————————————————————————————————————————————— ]
i :
- 604 606 608 510
: 4 4 /4 - E
] . .
) DIGITAL GRAPHICS DATA !
i P 0y !
i SIGNAL MICROI m?zss& PROCESSING AcauisiTion | !
+ | PROCESSOR UNIT UNIT !
: 7 Y Y 7 Y :
' :
) '
: '
A ]
: \ \ fmz Y \ :
]
: COMMUNICATION BUS i
: A A :
) '
! '
) |
: |
' Y Y y i
! |
i TEMPORARY COMMUNICATION DISPLAY !
! STORAGE PORT CONTROLLER !
]
! 1
]
: o624 614 o626 i
b :
STORAGE Bl Ay INPUT
DEVICE DISFLA DEVICES
\ 615 618 \ 620

FIG. 6



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US16/34661

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61B 5/055; GO1R 33/28, 33/48, 33/20, 33/54 (2016.01)
CPC - AB1B 5/7289, 5/055, 5/7292

According to International Patent Classitication (1PC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC(8): A61B 5/055; GO1R 33/28, 33/48, 33/20, 33/54 (2016.01)
CPC: A61B 5/7289, 5/055, 5/7292

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatSeer (US, EP, WO, JP, DE, GB, CN, FR, KR, ES, AU, IN, CA, CH, TH, BR, PH, RU, BR, NL, AT, MX, Other Countries (INPADOC);
Google Patents; Google; Google Schotar; EBSCO; PubMed/Medline;
grayscale, map, genomic, profile, gene, expression, physiological, tissue, calibration, “computer system”

MR, “magnetic resonance”, images, contrast, “signal intensity”,

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2013/0129168 A1 (THE REGENTS OF THE UNIVERSITY OF MICHIGAN) May 23, 2013; 1,2,14,15
figure 3; paragraphs [0002], [0004]-[0005), [0030)-{0031)}, {0036], [0043)
A US 2008/292194 A1 (SCHMIDT, M et al.) November 27, 2008; figure 12; paragraphs [0126], 1-15
0191
A US 6385479 B1 (SIBBITT, WL et al.) May 07, 2002; column 10, lines 42-44; column 15, lines 1-15
66-67
A WO 02/32292 A2 (THE BOARD OF TRUSTEES OF THE LELAND STANFORD JUNIOR 1-15
UNIVERSITY) April 25, 2002; page 31, lines 14-15
A WO 2011/025950 A2 (VISEN MEDICAL INC.) March 03, 2011; claims 23, 46, 47 1-15

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

earlier application or patent but published on or after the international
filing date

document which may thraw donhts on priority claim(s) or which is
cited to cstablish the publication datc of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later than
the priority date claimed

“g

“

“Q

“pn

“T” Jater document published after the international filing date or priority
date and not in conflict with the apglication but cited to understand
the principle or theory underlying the invention

“X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

20 July, 2016 (20.07.2016)

Date of mailing of the international search report

01SEP 2016

Mame and mailing addrece of the [SA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized offieer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - wo-search-report

