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included in the functional network.

[Continued on next page]



WO 2018/16051:2 A1 {0000 0 0 O 00

UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IF, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

— as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

—  with international search report (Art. 21(3))



WO 2018/160512 PCT/US2018/019819

METHOD AND SYSTEM FOR DETERMINING BRAIN-STATE DEPENDENT
FUNCTIONAL AREAS OF UNITARY POOLED ACTIVITY AND
ASSOCIATED DYNAMIC NETWORKS WITH FUNCTIONAL MAGNETIC
RESONANCE IMAGING

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No.
62/464413, filed February 28, 2017. The entire disclosure of the application

referenced above is incorporated by reference.

FIELD

[0002] The present disclosure relates to detecting neural activity in a living

object using functional magnetic resonance imaging.

BACKGROUND AND SUMMARY
[0003] This section provides background information related to the present

disclosure which is not necessarily prior art.

[0004] Magnetic resonance imaging (MRI) is an imaging technique where
the presence of hydrogen atoms, which occur at different densities in fat,
water, bone, air, etc., is three-dimensionally mapped in a patient. MRI
technology has seen tremendous success as a non-invasive diagnostic tool

for many conditions, such as blood clots and tumors.

[0005] Non-invasive blood oxygenation level dependent (BOLD) functional
magnetic resonance imaging (fMRI) technique has evolved as a major
neuroimaging tool for studying human brain functional organization at large-
scale neural activity. This is achieved by monitoring the relative levels of
oxygenated and deoxygenated hemoglobin within the blood in the brain,
which is directly related to the oxygen consumption from neurons, known as
the hemodynamic response function (HRF). The relative levels of oxygenated
and deoxygenated hemoglobin can be monitored as the oxygenated
hemoglobin has different magnetic properties from the deoxygenated
hemoglobin. This affect is observed because neurons do not store glucose in
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their cells and require increased blood flow to bring energy (glucose and
oxygen) to the active neurons. When the neuron activity is decreased, the
blood flow returns to normal and the hemodynamic response returns to steady

state.

[0006] In fMRI, multiple images of the brain, roughly 100-2,000, are taken
and the signal strength in each voxel (small region of brain volume) is
compared over time. Due to the amount of noise in the signal, and also due to
the massive amount of data, statistical algorithms are employed to analyze
the data and filter between noise, steady state brain function, and enhanced
brain function. Images in which functional connectivity and enhanced brain
activity are highlighted during the resting state and task state of the patient

can then be generated.

[0007] Due to its statistical nature, the accuracy of fMRI analysis can be an
issue. In particular, an assumption made in many models, including popular
GLM model, is that the HRF shape is known. This leads to issues as the
assumption of the HRF shape is what filters out meaningful neuron activity
from that of physiological noise, and incorrect assumptions lead to false
readings. Models such as finite impulse response (FIR) have been developed
which allow for an arbitrary estimation of the HRF for each voxel to combat
this problem. Another issue arising from current statistical models is the
existence of spatial autocorrelation issues, where autocorrelation affects

assumed to be a Gaussian shape, but in reality possess long tails.

[0008] In accordance with the present disclosure, a method and system for
determining brain-state dependent functional areas of unitary pooled activity
are provided. The functional areas of unitary pooled activity (FAUPAs) are
identified based on a statistical model that is executed by a controller using
images taken from an fMRI scanner. As described herein, the system for
identifying FAUPAs does not require a priori knowledge of the activity-induced

ideal response signal time course.
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DRAWINGS
[0009] The drawings described herein are for illustrative purposes only of
selected embodiments and not all possible implementations, and are not

intended to limit the scope of the present disclosure.

[0010] Figure 1 illustrates a system for detecting brain activity using an fMRI

scanner and a brain activity detection device of the present disclosure;
[0011] Figure 2 is a block diagram of the brain activity detection device;
[0012] Figure 3 is a flowchart of a brain activity detection routine;

[0013] Figures 4 and 5 are flowcharts of a functional area of unitary pooled

activity (FAUPA) identification routine;

[0014] Figure 6A is a histogram of group-mean FAUPAs as a function of the
total number of voxels contained in a FAUPA for the resting-state study and

the task study;

[0015] Figure 6B is a histogram of group-mean P values as a function of P-

value range for the resting-state study and the task study ;

[0016] Figure 7A illustrates a finger-tapping associated FAUPA and its
corresponding signal time course for a test subject for the task study;

[0017] Figure 7B illustrates an identified FAUPA and its corresponding signal
time course in the same cortical area as the FAUPA in Figure 7A for the test

subject for the resting-state study;

[0018] Figures 8A and 8B are graphs representing the change in BOLD
signal over time for a finger-tapping associated task during the task study for
the nine test subject;

[0019] Figures 9A, 9B, and 9C illustrate expected test results for three

specific task-associated FAUPAs from the task study for a test subject; and

[0020] Figures 10A, 10B, 10C, and 10D are graphs illustrating the temporal
correlation of task-associated signals change time course with the task-
induced ideal response signal change time course for different tasks.
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DETAILED DESCRIPTION

[0021] The present disclosure describes the detection of a functional area of
unitary pooled activity (FAUPA) within the brain using BOLD signals. A
FAUPA is defined as an area in which the pooled activity is a dynamically
unitary activity or, in other words, an area of the brain in which the temporal
variation is the same across the entire area. This unitary activity implies a
perfect temporal correlation everywhere for the activity-induced BOLD
response. Specifically, in the FAUPA, the Pearson correlation coefficient (R)
is equal to 1. When a FAUPA is measured with fMRI, the voxelwise signal
time course is no longer perfectly correlated among each other due to noise.
Computing the temporal correlation of its mean signal time course with a
voxel's signal time course yields a Pearson correlation coefficient for each
voxel, and the mean and standard deviation of these Pearson correlation
coefficients can be used to establish a statistical model to determine the
FAUPA.

[0022] The basis for FAUPA is derived from activity-induced BOLD
response. Specifically, withn(r,f) representing a pooled activity, where r is

the spatial location and : is the time, the corresponding activity-induced
BOLD response S(r,t) of equation 1 may be described as the convolution of
n(r,t) with a hemodynamic response function 4(t). The temporal variation of
the pooled activity is the same everywhere and, therefore, n(r,t)=f(r) - g(t),

where g(t) denotes the temporal variation and f(7) represents the spatial

variation across the area. This implies the pooled activity is spatially coherent
and temporally synchronized. Accordingly, the activity-induced BOLD
response is reduced to equation 2 in which G(t) is a generic time function

characterizing the temporal variation of the BOLD response.

S(r,0y=[n(r,7)hz—1)-dz ....Equation 1

0

[0023] For a given two positions, r, and r,, the corresponding two BOLD

responses are S, (r,t)=f(r)-Gt) and S,(r,.t)=f(r,) -G(t), respectively.
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Since S, and S, have identical temporal variation, the temporal correlation
between S, and S, is one (i.e., the Pearson correlation coefficient (R) is 1).
This is also true for any two positions, showing a perfect temporal correlation
of the BOLD response everywhere in the FAUPA.

[0024] When the FAUPA is measured with fMRI, the voxelwise signal time
course is S;(1)=C.-G()+9,(1), where C, is the coefficient for the ith voxel and

0.(t) denotes the physiological and instrumental noises. In an ideal situation
without any physiological and instrumental noises (i.e., J,(r)=0), the temporal
correlation of S;(¢) is perfect among all of these voxels. The FAUPA’s signal

time course S(r) is then defined as the mean of S.(t), and is defined by

equation 3, where N denotes the total number of voxels contained in the
FAUPA.

— 1 &
S(t)=WZSi (t) .....Equation 3
i=1

[0025] The correlation coefficient of §(t) with S.(r) as R,, and the FAUPA’s
R is defined as the mean of R.. When &.()=0, S(t)=C-G(f), where C is the
mean of C,. This results in R,=1 for every voxel and, consequently, R=1,
reflecting the dynamically unitary pooled activity. Practically, there is some
physiological and instrumental noise (i.e., J,(#)#0) and, therefore, the mean

(M) and standard deviation (o) of the Pearson correlation (R, ) are used to

measure the overall strength of the correlation and its corresponding variation
among the voxels, respectively. As described further below, the mean and
standard deviation are calculated and used by a brain activity detection device

having a processor to establish a statistical model for determining the FAUPA.

[0026] Figures 1 and 2 illustrate an fMRI system 100 that detects brain
activity of a living subject, such as a human, by identifying FAUPA within the
brain. The system 100 includes a functional magnetic resonance imaging
(fMRI) scanner 102, a brain activity detection device 104, and a display 106.
The fMRI scanner 102 captures functional neuroimages of a living subject 108
within a predetermined time period defined by an operator. The fMRI scanner
102 may include a magnet, shim coils, and gradient coils, as well as

appropriate elements for supporting a human or other animal subject to be
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imaged. The images from the fMRI scanner 102 are in units of voxels and
capture the change in blood flow or, in other words, the hemodynamic

response related to energy use by brain cells.

[0027] Utilizing the images captured, the brain activity detection device 104
executes a series of processes to identity FAUPAs and networks in the brain
based on the identified FAUPAs. The brain activity detection device 104 may
include a controller that has a memory for storing the series of processes as
computer executable instructions and a processor for executing the
instructions. The processor performs various computational steps disclosed
herein. It is understood that the processor does not have to perform all of the
computational steps and that the operator may perform certain steps,
especially when the experience of the operator is necessary to make a

subjective assessment or modification to a calculation.

[0028] The operator may control the system 100, such as the fMRI scanner
102 and the computation performed by the brain activity detection device 104
via a user interface (not shown). The user interface provides the operator with
the ability to receive, input, or manipulate information from the fMRI system
100. For example, the user interface for input and manipulation can include a
keyboard, mouse, roller ball, touch screen, etc., through which the operator
can make the various parameter selections required. It is understood that the
user interface can also include peripheral equipment through which the

computer communicates with the operator.

[0029] The display 106 is communicably coupled to the brain activity
detection device 104 and provides a visual output from the detection device
104. For example, the visual output provided on the display 106 may include
images of the subject’s brain with one or more highlighted regions of interest,
a graphical representation of the time course signal over time, and/or other
suitable results. The display 106 may be a monitor, such as liquid crystal
display, and can be coupled to the detection device 104 via wireless and/or

wired communication links.

[0030] In an example embodiment, the brain activity detection device 104

includes an image process module 202, a FAUPA identifier 204, a brain
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network identification (BNI) module 206, and a display module 208. The
image process module 202 refines the functional images by executing
analysis of functional neuroimages (AFNI) programs. For example, the AFNI
programs include: (1) a 3dDespike routine for removing spikes from the signal
intensity time course; (2) a 3dTshift routine for slice-timing correction of the
image acquisition time difference from slice to slice; (3) a 3dvolreg routine for
correcting motion of the images to align all volume images from the functional
scans to the very first volume images of the very first functional scan; (4) a
3dBandpass routine for bandpassing the signal intensity time course to the
range of 0.009 Hz — 0.08 Hz, etc. These programs are stored in the memory

of the brain activity detection device 104 and executed by the processor.

[0031] The FAUPA identifier 204 is based on a statistical model to determine
FAUPAs in the brain. More specifically, the identifier 204 analyzes each voxel
in relation with one or more surrounding voxels until all voxels are evaluated.
For each group, the identifier 204 determines (1) if the group of voxels which
includes the selected voxel is a stable region, and then, if the group is stable,
(2) whether the region is a FAUPA. A detailed explanation of the FAUPA

identifier 204 is described below with reference to Figures 4 and 5.

[0032] Using the identified FAUPA, the BNI module 206 constructs one or
more networks that identify active areas of the brain in association with the
behavior of the subject. For example, the BNI module 206 is configured to
identify a functional connectivity map, and a task related neural network. The
functional connectivity map illustrates areas of the brain that are functionally
connected to each other, and the task related neural network associates a
task being performed by the subject during the imaging process with the
identified FAUPA. To determine the functional connectivity map, the BNI
module 206 uses the mean signal time course of an identified FAUPA to
calculate the correlation coefficient of the FAUPA with each voxel signal time
course for the entire brain, and then compares the correlation coefficient with
a threshold value (e.g., R=0.5). The resulting regions are identified as being
functionally connected. For the task related neural network, during the

imaging process, the operator directs the subject to perform a specific task or
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activity at a predetermined interval throughout the time period of imaging. A
region identified as a task-associated FAUPA is a dynamic region that is
provoked by tasks performed by the subject and the provoked-activity is the
same across the entire region. Therefore, one or more task-associated
FAUPAs identified at the time the subject performs the task are identified as
part of a neural network for the particular task and one or more task-
associated FAUPAs identified during the performance of the task are
designated as areas within the brain that are functionally connected (i.e., task
associated network). In an example embodiment, the brain activity detection
device 104 includes a series of algorithms that are stored in the memory and
executed by the processor to identity the functional connectivity map and the
task related neural network. In addition, the operator may change the
requirements for identifying the various networks by operating the brain
activity detection device 104 via the user interface. While the present
disclosure describes specific networks identifiable by the BNI module 206, it
should be readily understood that the BNI module 206 may be configured to
identify other networks using the identified FAUPAs, and should not be limited

to the examples provided herein.

[0033] The display module 208 generates visual outputs and displays the
outputs by way of the display 104. The visual outputs may include images of
the brain that highlight the networks identified by the BNI module 206 and/or
graphical representations of the signals over time. The images may also
highlight networks based on the FAUPA.

[0034] A detailed explanation of the processes executed by the brain activity
detection device 104 to identify FAUPAs and generate one or more visual
outputs is now provided. The brain activity detection device 104 stores one or
more software programs that perform the operations described herein with
reference to Figures 3-5 when the software programs are executed by the
processor. The brain activity detection device 104 may execute the processes
described herein in response to receiving image from the fMRI scanner or

based on a command from the operator via the user interface.
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[0035] Figure 3 is a flowchart of a brain activity detection routine 300 that
performed by the brain activity detection device 104. At 302, the brain activity
detection device 104 operates as the image process module 202 to refine the
images from the fMRI scanner 102 by executing one or more programs, such

as the AFNI programs described above.

[0036] After refining the images, the brain activity detection device 104
operates as the FAUPA identifier 204 and identifies FAUPAs within the brain
by executing a FAUPA identification routine 400 provided in Figures 4 and 5.
Accordingly, at 304, the device 104 proceeds to the routine 400 to select a
single voxel within the images and to calculate the Pearson correlation
coefficient (R) for voxels bordering the selected voxels based on the time

course signal of the voxel (S(t)), at 402 and 404.

[0037] At 406, the device 104 determines whether the mean Pearson
correlation coefficient of four voxels is greater than a Pearson correlation
coefficient threshold (THR). Specifically, from among the selected voxel and
the surrounding voxels, the device 104 selects four voxels that have the
highest Pearson correlation coefficient and determines the mean Pearson
correlation coefficient (R). At 406, R is compared to THr (e.g., 0.9) and, if the
mean Pearson correlation coefficient is greater than the threshold, the device
104 designates the four voxels as a first region of interest (ROI), at 408. If R is
less than THRg, the device 104 selects a new voxel in the image, at 410, and
the routine returns to 402. As discussed above, for an activity induced BOLD
response (S(t)) in a FAUPA, the temporal correlation is assumed to be perfect
for the BOLD responses at two adjacent voxels and, therefore, the Pearson
correlation coefficient (R) should be close to 1.

[0038] At 412, the device 104 calculates, based on a mean signal time
course of the first ROI, the Pearson correlation coefficient (R), the mean (p),
and the standard deviation (o) for the first ROIl. Then, using the mean (p) and
the standard deviation (o), the device 104 calculates a first threshold (TH1),
as TH1=pu -1.65 0, at 414.

[0039] From the first ROI, the device 104 selects a larger region having X-

number of voxels (e.g., 11 x 11 x11 region) and, using the mean signal time
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course of the first ROI, calculates the Pearson correlation coefficient (R) for all
of the voxels within the larger region. The second ROl is formed at 416 where
the largest cluster with all voxels connected to each other and each voxel has

a Pearson correlation coefficient (R) greater than the first threshold (TH1).

[0040] At 418, the device 104 determines if the second ROI is the same as
the first ROI. If the first ROl and the second ROI are the same, the ROl is
identified as a stable ROI, at 420, and the device continues to 426 of Figure 5.
If they are different, the device 104, at 422, determines if the number of voxels
in the second ROl is greater than the voxel threshold (THyox), such as 29
voxels, or if the number of iteration is greater than an iteration threshold
(THiR), such as 20. For determining the number of iterations, the device 104
may have a counter or register that tracks that number of times the device
104 determines if the second ROl is equal to the first ROI for a selected voxel.
If either of the conditions is met, the device returns to 410 to select a new
voxel. If none of the conditions are met, the device 104 identifies the second
ROI as the first ROI, at 424, and returns to 412.

[0041] Referring to Figure 5, the device 104 calculates a second threshold
(TH2) as TH2 = p -2.3270, at 426. The device 104 then determines the total
number of voxels that border that stable ROI (i.e., K) and uses the total
number of voxels to calculate a voxel criteria (Kc), which is a certain amount
(e.g., 4%) of the total number of voxels that border the stable ROI (i.e., Kc =
4%xK), at 428 and 430. The amount of K for determining Kc is not limited to
4% and can be another suitable value.

[0042] At 432, the device 104 then determines the total number of voxels
that border the stable ROl and that have a Pearson correlation coefficient
within the first and second threshold (i.e., TH2<R<TH1) as “L.” The device
104 determines if the total number of voxels that border the stable ROl and
that have a Pearson correlation coefficient within the first and second
thresholds is less than the voxel criteria (i.e., L < Kc), at 434. If it is true, then
the stable ROI satisfies the statistical criterion and is identified as a FAUPA, at
436. Otherwise, the ROl is discarded and the device returns to 410 to select

another voxel. From 436, the device 104 removes the FAUPA from the

10
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images, at 438, and determines if all of the voxels are analyzed at 440. If all of
the voxels are analyzed, the device 104 determines that all of the FAUPAs
are identified at 442, the routine 400 ends, and the device 104 returns to the
routine 300. If there are some voxels that still need to be analyzed, the device

104 returns to 410 and selects the next voxel.

[0043] With all of the FAUPAs identified, the device 104 operates as the BNI
module 206 to identify neural networks within the brain and as the display
module 208 to generate and display the visual output (i.e., results) via the
display 106, at 306 and 308, respectively. The visual outputs may include, for
example, images of the brain with the FAUPAs highlighted, graphical
representations of the BOLD signal over time, and/or images of one or more

neural networks identified.

[0044] In the FAUPA identification routine, specific values were provided for
certain parameters and/or thresholds. It should be readily understood that the
thresholds and parameters may be set at other values and should not be
limited to the values provided herein. For example, in step 4086, the routine is
described as selecting four voxels (e.g., parameter) that have a Pearson
correlation coefficient greater than the Pearson correlation coefficient
threshold (THg). In lieu of four voxels, the device may be configured to select
3, 5, or another suitable number of voxels, and should not be limited to four.
Similarly, the value for the Pearson correlation coefficient threshold (THg)
should not be limited to 0.9, and can be set to other suitable values, such as
0.88 or 0.92. As another example, in determining the threshold TH1, the
standard deviation is multiplied by a factor to account for 95% where p=5% of
the one-tail probability for R<TH1. Alternatively, in determining the threshold
TH2, the standard deviation is multiplied by a factor to account for 99% where
p=1% for R<TH2. For instance, for calculating TH1 and TH2, the standard
deviation is multiplied by 1.65 and 2.327, respectively. These factors can be
adjusted (i.e., increased or decreased), but should be close to the preferred
value of 1.65 for TH1 and 2.327 for TH2.

[0045] To confirm the brain activity detection routine and, more particularly,

the statistical method for identitying FAUPASs, two studies were conducted by

11
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the inventor. In the first study, FAUPAs were identified for subjects that were
requested to be in a resting state during the fMRI scan. In particular, nine
subjects were scanned for 12 minutes during which they were instructed to
keep their eyes closed and to try not to think about anything but to remain
awake. This study is referred to as the resting-state study. In the second
study, FAUPAs were identified for the same subjects, who were requested to
perform a series of tasks. Specifically, the nine subjects were scanned for 12
minutes during which they were instructed to perform three different tasks: (1)
read words silently, (2) passively view patterns, and (3) quickly tap the right-
hand five fingers. Each task was performed for six seconds followed by 24
seconds of rest between each task, and this was repeated eight times. This

study is referred to as the task study.

[0046] The expected results of the two studies are presented in Table 1
shown below. For each subject, the number of FAUPAs, the maximum
Pearson correlation coefficient, the minimum Pearson correlation coefficient,
the mean (M), and the standard deviation (o) of the Pearson correlation
coefficient were determined. For the resting-state study, FAUPAs were
detected for each of the nine subjects, and the total number of the identified
FAUPAs across the whole brain varied from 121 to 767 with pto = 354+211.
The mean of the Pearson correlation coefficient ranged from 0.950 to 0.959
for the nine subjects, and the group y and ¢ of these mean values were
0.955+0.003, showing an almost perfect temporal correlation within each
FAUPA.

TABLE 1: EXPECTED RESULTS OF RESTING-STATE & TASK

STUDIES
Subj Resting-State Study Task Study
Pearson Correlation Pearson Correlation
Coefficient R Coefficient R
FAUPA | Max Min H o FAUPA | Max Min M o
# #
1 228 | 0.991 | 0.909 | 0.957 | 0.014 63 0.980 | 0.897 | 0.951 | 0.016

12
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374 |0.992|0.915| 0.959 | 0.015| 135 | 0.983|0.892 | 0.951 | 0.017

540 | 0.992|0.882 | 0.954 | 0.015| 166 | 0.985|0.919 | 0.954 | 0.013

207 | 0.991 | 0.905 | 0.953 | 0.014 68 1 0.867 | 0.952 | 0.019

435 | 0.990 | 0.897 | 0.954 | 0.016 | 201 | 0.987|0.889 | 0.951 | 0.015

388 |[0.992|0.892 | 0.955 | 0.015| 285 1 0.895 | 0.954 | 0.015

121 | 0.982 | 0.895 | 0.951 | 0.015 | 167 1 0.892 | 0.954 | 0.015

128 | 0.985| 0.887| 0.950 | 0.017 | 113 | 0.979 | 0.849 | 0.950 | 0.015

767 | 0.996 | 0.898 | 0.958 | 0.016 | 276 1 0.897 | 0.952 | 0.015

354 |0.990 | 0.898 | 0.955 | 0.015| 164 | 0.990 | 0.889 | 0.952 | 0.016

Ql =] o o 9| o] ] A W N

211 | 0.004 | 0.010 | 0.003 | 0.001 80 0.009 | 0.020 | 0.002 | 0.002

[0047] For the task study, FAUPA detections are expected for each subject,
and the total number of FAUPAs across the whole brain is expected to vary
from 63 to 285 with pxo = 164+80, which is significantly smaller than that of
the resting-state study; showing the dependence of FAUPA on the brain
functional state. The range of the mean is expected to be from 0.950 to 0.954
with a group pxo = 0.952+0.002, which is almost the same as the resting-
state study. Thus demonstrating the almost perfect temporal correlation within

each FAUPA that is independent of the brain functional state.

[0048] Figure 6A Iillustrates a histogram of group-mean FAUPAs as a
function of the total number of voxels contained in a FAUPA for the resting-
state study and the task study, and Figure 6B illustrates a histogram of group-
mean P values as a function of P-value range for the resting-state study and
the task study. The P values represent the significance levels of the testing of
the separation of a FAUPA from its adjacent area for all FAUPAs as explained

below. The error bars indicate the corresponding standard deviation.

[0049] Brain images can include colored clusters that indicate a FAUPA.
Each colored cluster connected with voxels of the same color represents a
FAUPA, and a total of 16 colors can be used to differentiate the FAUPAs. For
the resting-state study, 435 FAUPAs are expected, and for the task study, 201
FAUPAs are expected. As illustrated in Figures 6A and 6B, the group-mean
distribution of the task study is similar to that of the resting-state study.

[0050] To test the separation of a FAUPA from its adjacent area, a layer of

one voxel width bordering the FAUPA was generated. This resulted in a
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representative adjacent area. To examine whether the signal time course
(S(t)) in this adjacent area is significantly different from that of the FAUPA, the
temporal correlation of a voxel’s signal time course with the FAUPA’s signal
time course was computed for each voxel, and then the Pearson correlation
coefficient values of the adjacent area are compared with those of the
FAUPA. The corresponding P value is then used to determine the separation

of the FAUPA from its adjacent area.

[0051] The FAUPA is considered to be significantly separated from its
adjacent area when P is less than 0.05. Figure 6B shows the histograms of
the expected group-mean P values for the resting-state and task studies. For
the task study, more than 99.95% of the expected P values were less than
0.05, thus showing that more than 99.95% of the identified FAUPAs are
significantly separated from their adjacent areas. Similar expected results are
obtained for the resting-state study. Specifically, more than 98.7% of the P
values are expected to be less than 0.05, showing that more than 98.7% of
the identified FAUPAs are expected to be significantly separated from their
adjacent areas. Overall, more than 98.7% of the identified FAUPAs are
expected to be significantly separated from their adjacent areas for both the

resting-state and task studies.

[0052] Using the FAUPA and the signal change time course, one or more
FAUPAs can be determined to be associated with a task. For example, for the
finger-tapping task of the task study, a FAUPA in the left motor cortex with a
signal time course that appears during the time that the finger-tapping task
was being performed is associated with the task based on the assumption
that the temporal variation was caused only by the finger-tapping task. This
finger-tapping-associated FAUPA was identified for each subject and was
located in the similar area of the left motor cortex across all nine subjects. All
FAUPAs determined to be associated with a task compose a functional

network that is specific to the task, i.e., a task-specific network.

[0053] Figures 7A-7B illustrate the expected results of subject 3 for the
resting-state study and the task study. The left image in FIG. 7A illustrates the
identified FAUPA in the left motor cortex for subject 3, indicated by the solid
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cluster, and this FAUPA contains a total of 6 voxels. The signal change time
course was defined as AS,(r)=S,(r)-S:, where §; is the mean value of §,()

over the 12-minute time period. The solid black line in the graph of Figure 7A
shows the FAUPA’s AS(r), and the dotted lines show AS,(z) for the 6 voxels.
All AS,(¢) are almost perfectly correlated with B(t), reflected in the FAUPA’s

mean R value MEo = 0.968£0.009, thus showing the unitary pooled activity of
the FAUPA. The first bar along the x-axis includes four tick marks. Each bar
with four tick marks represents the onset of the reading words task and the
duration of the task is 6 seconds. The second bar along the x-axis includes
three tick marks. Each bar with three tick marks represents the onset of the
viewing patterns task. The third bar along the x-axis is a solid tick mark. Each
bar that is a solid tick mark represents the onset of the tapping right-hand
fingers task. With the solid tick marks representing the onset of the finger-
tapping task, a task-induced large signal change is present for each of the
eight tasks.

[0054] Identifying a FAUPA located in a specific cortical area, such as the
finger-tapping task associated FAUPA located in the finger representation
area at the motor cortex (Figure 7A), and using the FAUPA’s AS(1), the brain
activity detection device 104 may be configured to determine one or more
FAUPAs to be associated with this selected FAUPA. All FAUPAs determined
to be associated with the selected FAUPA compose a FAUPA-based
functional network. Analyzing the signal change of AS(t) for each FAUPA
within the network as a function of each task trial produces an activation
change of the network from trial to trial. Computing the Pearson correlation
coefficient of AS(r) for all paired FAUPAs within the network as a function of
each task trial produces a functional connectivity change of the network from
trial to trial. Collating these two results produces a dynamic activity change of

the network from trial to trial.

[0055] Identifying a new FAUPA that is not involved in the above described
FAUPA-based functional network, and using this new FAUPA’s AS(1), the

brain activity detection device 104 may be configured to determine one or
more FAUPAs to be associated with this new FAUPA. All FAUPAs
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determined to be associated with this new FAUPA compose a new FAUPA-
based functional network. Analyzing the signal change of AS(r) for each
FAUPA within this new network as a function of each task trial produces an
activation change of the network from trial to trial. Computing the Pearson
correlation coefficient of E(r) for all paired FAUPAs within the network as a
function of each task trial produces a functional connectivity change of the
network from trial to trial. Collating these two results produces a dynamic
activity change of the new network from trial to trial. Repeating this procedure
to determine all FAUPA-based functional networks and their associated

dynamic network activity from trial to trial.

[0056] In Figure 7B, the solid cluster in the left image indicates the location
of the FAUPA identified during the resting-state study in the same area as that
of the finger-tapping-associated FAUPA. The graphs illustrate the FAUPA’s
AS(t) and AS,(t) of the first 8 listed voxels from the 22 voxels contained in

the FAUPA.

[0057] Finger-tapping task associated FAUPA in the left motor cortex is
detected for each of the nine subjects. To test the association of these nine
FAUPAs with the finger-tapping task, an ideal response signal time course is
generated based on the temporal paradigm of the finger-tapping task alone,
using the 3dDeconvolve program in AFNI with the convolution kernel SPMG3.

The signal change time course is first generated by subtracting the signal time
course with its mean value and then comparing it with AS(1) for the nine

FAUPAs. The temporal correlation of AS(t) with this ideal response signal
change time course is computed for each FAUPA, and the R value ranged
from 0.5414 (P=4.01x10-20) to 0.7694 (P=6.32x10-39) with pxo =
0.6951+0.0690 (R=0.6951, P=4.08x10-32). The expected group-mean AS(1)
is almost perfectly correlated with the ideal response signal change time
course, showing a statistically highly significant association of the expected
FAUPAs with the finger-tapping task (R=0.9064, P=2.14x10-53).

[0058] Using the ideal response signal time course for a specific task, the
brain activity detection device may be configured to determine one or more
FAUPAs to be associated with the task. All FAUPAs determined to be
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associated with the task compose a task-specific network. Analyzing the
signal change of AS(r) for each FAUPA within this network as a function of

each task trial produces an activation change of the network from trial to trial.
Computing the Pearson correlation coefficient of AS(r) for all paired FAUPAs
within the network as a function of each task trial produces a functional
connectivity change of the network from ftrial to trial. Collating these two

results produces a dynamic activity change of the network from trial to trial.

[0059] Figures 8A and 8B illustrate a graphical representation of the signal
change over time for multiple test subjects. In Figure 8A, the nine dotted lines
represent the finger-tapping-associated FAUPAs’ AS(t)and the black solid
line represents the finger-tapping-induced ideal response signal change time
course. Each dotted line represents a different test subject. For example,
FAUPA1 is a first test subject, FAUPA2 is a second test subject, FAUPAS is a
third test subject, FAUPA4 is a fourth test subject, FAUPAS is a fifth test
subject, FAUPAG is a sixth test subject, FAUPAY is a seventh test subject,
FAUPAS is an eighth test subject, and FAUPAQ is a ninth test subject.

[0060] In Figure 8B, the dotted line represents the group mean of the nine
FAUPAs’ AS(r) of Figure 8A and the solid line represents the ideal response
signal change time course. The expected temporal correlation of these two
lines is almost perfect. The first bar along the x-axis includes three equally
spaced tick marks. Each bar with three equally spaced tick marks represents
the onset of the reading words task. The second bar along the x-axis includes
three tick marks where the middle tick mark is smaller than the surrounding
two tick marks, which represents the onset of the viewing patterns task. The
third bar along the x-axis is a solid tick mark. Each bar that is a solid tick mark
represents the onset of the tapping right-hand fingers task. The error bar

indicates the standard error of the mean.

[0061] To further demonstrate the association of FAUPA with a task, four
FAUPAs were selected from subject 9. One FAUPA is associated with the
word-reading task, one FAUPA is associated with the pattern-viewing task,
one FAUPA is associated with the finger-tapping task, and the last FAUPA is

associated with all three of the tasks.
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[0062] Figures 9A-9C illustrate the FAUPAs for all three tasks during the
task study for Subject 9. Figure 9A illustrates results for the word-reading
associated FAUPA that contains 5 voxels. The right plot shows the 6 signal
change time courses, where the black solid line represents the mean
FAUPA's AS(r) and the other 5 dotted lines for the 5 voxels. Figure 9B
illustrates the pattern-viewing-associated FAUPA that contained a total of 5
voxels. The solid cluster in the left image indicates the expected location of
this FAUPA. The right plot shows the expected 6 signal change time courses,
where the black solid line represents the expected FAUPA’s AS(1) and the
other 5 dotted lines for the 5 voxels. Figure 9C illustrates all three task-
associated FAUPA that contained a total of 7 voxels. The solid cluster in the
left image indicates the expected location of this FAUPA. The right plot shows

the 8 signal change time courses, where the black solid line represents the
expected FAUPA’s E(r) and the other 7 dotted lines for the 7 voxels.

[0063] For each FAUPA, the expected temporal correlation of AS(r) with its

corresponding ideal response signal change time course is statistically highly
significant (the minimum R=0.5414, the maximum P=4.01x10-20), showing a
strong association of the FAUPA with the task. Figures 10A-10D compare the
temporal correlation of task-associated signal change time course with the
task-induced ideal response signal change time course for four tasks. In
Figure 10A, the dotted line represents the word-reading-associated FAUPA’s
AS(1) (see also Figure 9A), and the solid line represents the word-reading-

induced ideal response signal change time course. In Figure 10B, the dotted
line represents the pattern-viewing-associated FAUPA's E(t) (see also
Figure 9B), and the solid line represents the pattern-viewing-induced ideal
response signal change time course. In Figure 10C, the dotted line represents
the finger-tapping-associated FAUPA’s AS(t), and the solid line represents

the finger-tapping-induced ideal response signal change time course. In
Figure 10D, the dotted line represents the FAUPA's E(r) that was

associated with all three tasks (see also Figure 9C), and the solid line
represents the corresponding ideal response signal change time course. The

first bar along the x-axis includes three equally spaced tick marks. Each bar
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with three equally spaced tick marks represents the onset of the reading
words task. The second bar along the x-axis includes three tick marks where
the middle tick mark is smaller than the surrounding two tick marks, which
represents the onset of the viewing patterns task. The third bar along the x-
axis is a solid tick mark. Each bar that is a solid tick mark represents the onset

of the tapping right-hand fingers task.

[0064] For the IMRI scans taken during the resting-state study, an expected
FAUPA was identified that overlapped with the finger-tapping-associated
FAUPA for each subject. For example, Figure 7B illustrates such a FAUPA in
the similar area of the left motor cortex for subject 3, and this FAUPA contains

a total of 22 voxels. The solid black line in the right plot shows the FAUPA’s
AS(t), and the dotted lines show AS,(z) of the first 8 listed voxels from the 22

voxels, respectively. All expected AS,(z) are also almost perfectly correlated

with E(t), reflected in the FAUPA’s mean R value Mx0o = 0.963+0.014, thus

demonstrating the unitary pooled activity of the FAUPA. For these nine
resting-state fMRI-identified FAUPAs, the R value of the temporal correlation
of AS(r) with the finger-tapping-induced ideal response signal change time
course ranged from -0.1388 to 0.0795 with pxo = -0.0457+0.0809 (R=-
0.0457, P=0.44), reflecting the resting-state in which the subjects did not
perform the finger-tapping task, though these FAUPAs overlapped with those
finger-tapping-associated FAUPAs. Thus, further demonstrating the
dependence of FAUPA on the brain functional state. This shows that different
FAUPAs can be formed in the same cortical area for different brain functional

states.

[0065] Using an area’s mean signal time course (seed function) to compute
its correlation coefficient with each voxel’'s signal time course for the whole
brain, and then thresholding R, with a chosen threshold value yields a
functional connectivity map that shows those other brain areas that are
functionally connected with the area. For the resting-state study, the fMRI-
identified FAUPA’s AS(r) and each voxel's AS,(t) are used to generate a
motor-cortex-associated functional connectivity map during the resting-state,
with an arbitrarily selected threshold R=0.5 (P=3.6x10-17). A motor cortex
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associated functional connectivity map can illustrate clusters. The clusters can
be colored or bright and show the areas functionally connected with the motor
cortex during the resting state at the chosen significance level. These
functional connectivity maps demonstrate a large inter-subject variation,
showing a subject-dependent motor-cortex-associated functional connectivity

map during the resting state.

[0066] An expected functional connectivity map was generated for the finger-
tapping-associated FAUPA in the same motor cortex. This functional
connectivity map is specifically associated with the right-hand five-finger
representation area in the left motor cortex. The map shows dramatically less
and more concentrated clusters across the whole brain in comparison to that
of the resting-state, and these clusters were involved in the performance of
the finger-tapping task. Similar expected results were observed for the other
eight subjects. The fact that more clusters appeared in the functional
connectivity maps for the resting state, such as that in the visual cortex,
suggests that more functional networks were involved in the resting state than

in the state when performing the finger-tapping task.

[0067] In the studies performed, the total number of voxels contained in a
FAUPA varied from 3 to 29, and there were about 35% of the FAUPAs
containing five voxels each, followed by ~15% containing six voxels, etc. (Fig.
BA). In this study, the isotropic voxel had a size of 3.5 mm. For an isotropic
FAUPA with eight voxels, its size would be 7 mm. Accordingly, the size of
FAUPA is at a length scale of several millimeters for most FAUPAs.

[0068] The separation of an expected FAUPA from its adjacent area is
verified by testing the temporal correlation of the signal time courses between
the FAUPA and its adjacent area. More than 99% of the identified FAUPAs
showed a significant difference from their adjacent areas for both the resting-

state study and the task study.

[0069] The association of FAUPA with a task is first verified by testing the
temporal correlation of the finger-tapping-associated FAUPA’s AS(1) with the

finger-tapping-induced ideal response signal change time course at both the

individual level and the group level (Figures 8A and 8B). At the individual
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level, each of the eight finger-tapping tasks induces a large signal change that
is significantly correlated with the task for each individual subject (the
minimum R=0.5414, the maximum P=4.01x10-20) (Figure 8A). At the group
level, the group-mean E(t) is almost perfectly correlated with the finger-
tapping-induced ideal response signal change time course for each of the
eight finger-tapping tasks (R=0.9064, P=2.14x10-53) (Figure 8B). These
expected results suggest a potential of using FAUPA'’s AS() to investigate
the FAUPA’s response to each trial (i.e., a trial-level study for each individual
subject). For example, if a subject missed a task (e.g., the subject did not tap
fingers during the trial), the FAUPA'’s AS(r) would show the lack of a finger-
tapping-induced large signal change for that trial without having a priori
knowledge whether the subject missed the trial and which trial the subject

missed.

[0070] The association of expected FAUPAs with tasks is further verified with
three additional FAUPAs that are associated with three different tasks: (1)
word-reading alone (Figure 10A); (2) pattern-viewing alone (Figure 10B); and
(3) word-reading, pattern-viewing, and finger-tapping (Figure 10D),
respectively. Again, for each task, the task-associated FAUPA’s AS(r) shows
a significant correlation with the task-induced ideal response signal change
time course (the minimum R=0.5442, the maximum P=2.57x10-20). The plots
in Figures 10A—-10D provide further expected evidence to support the
suggestion that it might be possible to use FAUPA’s AS(r) to investigate the

FAUPA'’s response to each trial for each individual subject.

[0071] Performing any functional task requires dynamically mediated
activities of many brain areas, and the investigation of functional connectivity
maps may play a key role in understanding the brain functional network for a
specific task. Using FAUPA’s AS(t) generates an objective functional
connectivity map that is associated with the FAUPA. With the locations of
these resting-state fMRI-identified FAUPA being in a similar area of the left
motor cortex and the FAUPA being objectively identified, the large variations
in these functional connectivity maps demonstrate a subject-dependent

functional connectivity map. These subject-dependent functional connectivity
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maps might reflect different brain activities during the resting state, though all
the subjects were asked to perform the same task. It should be noted that the
resting state is not a well-controlled task state because it is very difficult for
the subjects to concentrate on that one task for that long of a period of time

(e.g., 12 min.). This result suggests a potential of using FAUPA’s AS(r) to

investigate functional connectivity map at the individual subject level.

[0072] Task-associated functional connectivity maps clearly illustrate that
different functional connectivity maps are associated with different tasks.
These maps may be used to investigate functional networks associated with

specific tasks.

[0073] The FAUPA has the following characteristics: (1) it is a dynamic
neural activity-associated functional area that is separated from its adjacent
area; (2) the underlying pooled activity is a dynamically unitary activity across
the entire area; (3) this unitary activity is characterized by a generic time
function G(r) that relates to the FAUPA’s S(r) via S()=C-G(r)+5(t); (4)
FAUPA is brain functional state dependent; (5) different FAUPA can be
formed in the same cortical area for different functional states; and (6) the size

of FAUPA is at a spatial scale of several millimeters.

[0074] The determination of FAUPA is objective and automatic with no
requirement of a priori knowledge of the activity-induced ideal response signal
time course. This determination is based on the following assumption: the
temporal variation of the underlying pooled activity is the same across the
entire area (i.e., the pooled activity is a dynamically unitary activity). This
assumption implies a near perfect temporal correlation everywhere (i.e., R
=1). The assumption was verified by the observed R values of the identified
FAUPA. For the resting state, the range of the mean R values was from
0.949 to 0.959 with a group pxo = 0.955+0.003 for the nine subjects (Table
1). For the task state, the range was from 0.949 to 0.954 with a group uto =
0.952+0.002, which is similar to that of the resting state. This almost perfect
temporal correlation across the entire area shows that the underlying pooled
activity is indeed a dynamically unitary activity, and the FAUPA’s signal time

course measures this pooled activity.
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[0075] Based on the foregoing, the brain detection device not only identifies
FAUPAs within the brain, but also determines different networks and dynamic
activity. For example, the brain activity detection device may be configured to
identify FAUPA based functional network in a brain of a living object.
Specifically, the device may be configured to: select a FAUPA from among a
plurality of identified FAUPA; compute Pearson correlation coefficient of the
selected FAUPA based on the signal time course of the selected FAUPA with
signal time course of all other identified FAUPAs; determine that one or more
FAUPAs are associated with the selected FAUPA in response to the Pearson
correlation coefficient of the one or more FAUPAs being greater than a first
threshold; and identity the selected FAUPA and the associated FAUPAs as a
FAUPA-based functional network.

[0076] The brain activity detection device may also be configured to identify
all FAUPA-based functional networks in a brain of a living object. Specifically,
the device 104 may classify the identified FAUPAs in multiple groups, such
that the FAUPAs of a given group have a Pearson correlation coefficient that
satisfies a predetermined condition. For example, a first group of FAUPAs
may have a Pearson correlation coefficient within a first range (e.g., R<ThA),
a second group of FAUPAs may have a Pearson correlation coefficient
between a second range (ThA<R<ThB), a third group of FAUPAs may have
Pearson correlation coefficient between a third range (ThB<R<ThC), and so
on and so forth. ThA, ThB, and ThC may be the same or not. Each group may
then be identified as a FAUPA-based functional network. The brain activity
detection device may store each range, and the thresholds of the range may

be adjusted by the operator via a user interface.

[0077] The brain activity detection device may also be configured to
determine dynamic activity of FAUPA-based functional networks in a brain of
a living object. Specifically, the device may be configured to: identify a
FAUPA-based functional network responsible; evaluate the cortical activation
and functional connectivity of the signal time courses of all FAUPAs within this

FAUPA-based functional network as a function of time; and identify these
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changes in the cortical activation and functional connectivity as the dynamic

activity of the FAUPA-based functional network.

[0078] The brain activity detection device may also be configured to identify
task-associated FAUPAs in a brain of a living object. Specifically, the brain
activity detection may be configured to: generate a task-induced ideal
response signal time course; identify FAUPAs associated with the task
satisfying a predetermined condition, where the Pearson correlation
coefficient of the task-induced ideal response signal time course with the
FAUPA’s signal time course satisfy a predetermined condition; and identify

these FAUPAs as task-associated FAUPAs in response to the task.

[0079] The brain activity detection device may also be configured to identify
a task-specific network in a brain of a living object. Specifically, the device
may be configured to identify one or more FAUPAs associated with a specific
task; and identify these FAUPAs as the task-specific network responsible for
the task.

[0080] The brain activity detection device may also be configured to
determine dynamic activity of task-specific networks in a brain of a living
object. Specifically, the device may be configured to: identify a task-specific
network responsible for a specific task; evaluate the cortical activation and
functional connectivity of the signal time courses of all FAUPAs within the
task-specific network as a function of task trial; and identify these changes in
the cortical activation and functional connectivity as the dynamic activity of the

task-specific network when performing the task from trial to trial.

[0081] The foregoing description of the embodiments has been provided for
purposes of illustration and description. It is not intended to be exhaustive or
to limit the disclosure. For example, the brain activity detection device may
include programs other than AFNI programs to refine the images from the
MRI scanner. Individual elements or features of a particular embodiment are
generally not limited to that particular embodiment, but, where applicable, are
interchangeable and can be used in a selected embodiment, even if not
specifically shown or described. The same may also be varied in many ways.

Such variations are not to be regarded as a departure from the disclosure,
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and all such modifications are intended to be included within the scope of the

disclosure.

[0082] Example embodiments are provided so that this disclosure will be
thorough and will fully convey the scope to those who are skilled in the art.
Numerous specific details are set forth, such as examples of specific
components, devices, and methods, to provide a thorough understanding of
embodiments of the present disclosure. It will be apparent to those skilled in
the art that specific details need not be employed, that example embodiments
may be embodied in many different forms, and that neither should be
construed to limit the scope of the disclosure. In some example embodiments,
well-known processes, well-known device structures, and well-known

technologies are not described in detail.

[0083] The term “module” or the term “controller” may be replaced with the
term “circuit.” The term “module” may refer to, be part of, or include: an
Application Specific Integrated Circuit (ASIC); a digital, analog, or mixed
analog/digital discrete circuit; a digital, analog, or mixed analog/digital
integrated circuit; a combinational logic circuit; a field programmable gate
array (FPGA); a processor circuit (shared, dedicated, or group) that executes
code; a memory circuit (shared, dedicated, or group) that stores code
executed by the processor circuit; other suitable hardware components that
provide the described functionality; or a combination of some or all of the
above, such as in a system-on-chip. While various embodiments have been
disclosed, other variations may be employed. All of the components and
function may be interchanged in various combinations. It is intended by the
following claims to cover these and any other departures from the disclosed

embodiments which fall within the true spirit of this invention.
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CLAIMS

What is claimed is:

1. An imaging system for identifying a functional network in a brain of a
living object, the system comprising:

a scanner configured to scan a plurality of images of the brain over a
predetermined period;

a processor configured to analyze the plurality of images of the brain to
include blood oxygenation level dependent contrast;

a functional area of unitary pooled activity identifier configured to
identify functional areas of unitary pooled activity by analyzing the plurality of
images of the brain over the predetermined period, wherein the plurality of
images include a plurality of voxels, and wherein the functional area of unitary
pooled activity identifier analyzes each voxel of the plurality of voxels in
relation to one or more surrounding voxels of each voxel until each voxel of
the plurality of voxels is evaluated;

a brain network identification module configured to construct the
functional network based on the identified functional areas of unitary pooled
activity; and

a display module configured to display images of the brain depicting

functional areas of unitary pooled activity included in the functional network.

2. The system of claim 1 wherein the brain network identification module
is further configured to:
for each voxel of the plurality of voxels from the plurality of images:
select a voxel from the plurality of voxels;
determine a first region of interest and a second region of
interest based on the selected voxel,
in response to the first region of interest matching the second
region of interest, identify the first region of interest as a stable region of
interest;

calculate statistical criterion of the stable region of interest; and
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in response to the statistical criterion of the stable region of

interest being satisfied, identify the stable region of interest as the functional
area of unitary pooled activity; and

grouping each of the identified functional areas of unitary pooled

activity that are functionally connected as included in the functional network.

3. The system of claim 1 wherein the functional network indicates areas

of the brain that are functionally connected.

4. The system of claim 1 wherein the predetermined period represents a

period of time where a task is being performed by the living object.

5. The system of claim 4 wherein the task being performed for a
predetermined time includes (i) clearing a mind; (ii) reading; or (iii) finger-

tapping.

6. The system of claim 1 further comprising an image processing module

configured to refine the plurality of images of the brain.

7. The system of claim 6 wherein refining the plurality of images of the
brain includes analyzing the plurality of images of the brain by:

removing spikes from a signal intensity time course from voxel to voxel,;

executing slice-timing correction of an image acquisition time difference
from slice to slice of the plurality of images of the brain;

correcting motion of the plurality of images of the brain;

spatial filtering the plurality of images of the brain with a selected full-
width-half-maximum value;

computing & mean image of the plurality of images of the brain from
slice to slice;

band passing the signal intensity time course from voxel to voxel; and

computing a relative signal change of the band passed signal intensity

time course from voxel to voxel.
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8. The system of claim 1 wherein the display module is further configured
to display a graphical representation of a signal time course of an identified

functional area of unitary pooled activity over the predetermined period.

9. A method for identifying a functional network in a brain of a living
object, the method comprising:
acquiring a plurality of images of the brain over a predetermined period
using an image processor, wherein during the predetermined period the living
object is performing a task, and wherein the plurality of images of the brain
include a plurality of voxels;
for each voxel of the plurality of voxels from the plurality of images:
selecting a voxel from the plurality of voxels from the plurality of
images;
determining a first region of interest and a second region of
interest based on the selected voxel,
in response to the first region of interest matching the second
region of interest, identifying the first region of interest as a stable region of
interest;
calculating statistical criterion of the stable region of interest;
and
in response to the statistical criterion of the stable region of
interest being satisfied, identifying the stable region of interest as a functional
area of unitary pooled activity;
identifying areas that are functionally connected to a selected
functional area of unitary pooled activity;
grouping the identified functionally connected areas as included in the
functional network; and

displaying the functional network.

10.  The method of claim 9 wherein determining the first region of interest
and the second region of interest includes:
determining the first region of interest based on the selected voxel;

calculating a first threshold based on the first region of interest;
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counting a number of voxels in the first region of interest;

selecting, based on the first region of interest, a group of voxels;

determining the second region of interest based on the group of voxels;

counting a number of voxels in the second region of interest; and

identifying the stable region of interest as the first region of interest in
response to the number of voxels in the first region of interest matching the

number of voxels in the second region of interest.

11.  The method of claim 10 further comprising:
identifying the first region of interest as the second region of interest in
response to the number of voxels in the second region of interest being
greater or less than the number of voxels in the first region of interest; and
identifying the second region of interest based on the first region of

interest.

12.  The method of claim 10 further comprising:
calculating a voxel threshold; and
selecting the second region of interest from the plurality of voxels in
response to:
(i) the number of voxels in the second region of interest being
greater or less than the number of voxels in the first region of interest; and
(i) the number of voxels in the second region of interest being

greater than the voxel threshold.

13.  The method of claim 10 further comprising:
maintaining a number of iterations count; and
selecting the second region of interest from the plurality of voxels in
response to:
(i) the number of voxels in the second region of interest being
greater or less than the number of voxels in the first region of interest; and
(i) the number of iterations count exceeding an iteration
threshold.
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14.  The method of claim 10 wherein the first threshold is calculated based
on the first region of interest, including: (i) @ mean signal time course, (ii) a
first region of interest Pearson correlation coefficient, (iii) a mean, and (iv) a

standard deviation.

15.  The method of claim 10 wherein determining the first region of interest
based on the selected voxel includes:

calculating a selected voxel value based on the selected voxel;

identifying one or more surrounding voxels of the selected voxel;

for each of the one or more surrounding voxels, calculating a
corresponding surrounding voxel value;

determining an original mean value based on the selected voxel value
and the corresponding surrounding voxel values of the one or more
surrounding voxels; and

in response to the original mean value being greater than an original
threshold, designating voxels used to calculate the original mean value as the

first region of interest.

16. The method of claim 15 wherein the one or more surrounding voxels

share at least one border with the selected voxel.

17.  The method of claim 15 wherein the selected voxel value and the one
or more surrounding voxel values correspond to a Pearson correlation

coefficient.

18.  The method of claim 15 wherein the original mean value is calculated
by:

selecting four highest values from (i) the selected voxel value and
(i) the corresponding surrounding voxel values; and

calculating the mean of the selected four highest values.
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19.  The method of claim 15 wherein the selected voxel value is calculated
based on a signal time course of the selected voxel and the corresponding
surrounding voxel values of each of the one or more surrounding voxels is
calculated based on the signal time course of each of the one or more

surrounding voxels.

20. A non-transitory computer-readable medium storing processor-
executable instructions, the instructions comprising:

acquiring a plurality of images over a predetermined period of time
using functional magnetic resonance imaging (fMRI) system;

evaluating a selected voxel in relation with one or more surrounding
voxels to identify a stable region of interest in which Pearson correlation
coefficient of the selected voxel and the one or more surrounding voxels
satisfies a first predetermined condition, wherein the Pearson correlation
coefficient is determined based on signal time course for each of the selected
voxel and the one or more surrounding voxels;

determining whether a boundary of the stable region of interest
satisfies a predetermined criteria, wherein the predetermined criteria is based
on Pearson correlation coefficient for voxels within the boundary of the stable
region of interest and a second predetermined condition;

identifying the stable region of interest as a functional area of unitary
pooled activity in response to the boundary of the stable region of interest
satisfying the predetermined criteria; and

displaying, via a display device, the functional area of unitary pooled

activity.
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