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Carry out a Fourier transformation over time of the
sequence of cardiac MR images of the subject to obtain‘a
plurality of harmonic images
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Determine, at an identified observation location in the
plurality of harmonic images, a spatial concentration of
- brightness for establishing a cardiac health of the subject
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FIG. 1A

(57) Abstract: According to embodiments of the present invention, a method for analyzing a sequence of cardiac magnetic reson -
ance (MR) images of a subject is provided. The method includes carrying out a Fourier transformation over time of the sequence of
cardiac MR images of the subject to obtain a plurality of harmonic images, and determining, at an identified observation location in
the plurality of harmonic images, a spatial concentration of brightness for establishing a cardiac health of the subject. According to
further embodiments of the present invention, a device for analyzing a sequence of cardiac magnetic resonance (MR) images of a
subject is also provided.
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METHOD AND DEVICE FOR ANALYZING A SEQUENCE OF CARDIAC
MAGNETIC RESONANCE (MR) IMAGES o

Cross—Reference To Related Abplication

[0001] This application claims the benefit of priority of Singapore patent application
No. 10201401423Y, filed 10 April 2014, the content of it being hereby 1n001p01ated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to a method for analyzing a sequence of cardiac
magnetic resonance (MR) images of a subject, a device for analyzing a sequence of

cardiac magnetic resonance (MR) images of a subject and a computer readable medium.

Background

[0003] Cardiovascular Disease (CVD) is currently the leading cause of death, killing

about -17.3 million people worldwide each year. This figure represents one-third of total

‘death, a proportion that is increasing. By 2030, it may be expected that CVD may kill

about 23.6 million people annually.

[0004] Magnetic resonance (MR) imaging technique enables physicians or medical
professionals to examine the anatomy and function of the heart honsinvasively. To
diagnose a certain disease from the cardiac MR images, the physicians or medical
profess1onals need to acquire a number of measurements such as the Ventucular volumes -
over the ca1d1ac cycle, ven’mcular gjection fraction, cardiac output, peak e_]ect1on rate,

filling rate, myocardial wall thickening, and so on. All these measurements typically
reciuire a dynamic cardiac model. The prerequisite of the cardiac model construction is
chamber segmentation.’ o ', | | 7

[0005] The segmentation task. has been traditionally performed manually via software

assistance, which is time-consuming and tedious. For example, a trained clinician may
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delineate one image in half a minute and it may take him/her more than one hour to
complete the whole data set of typically I1 slices by 25 frames. Furthermore, the results
may often be subject to a high intra/inter clinician variability. Over the past decade,
automation of this tedious yet significant procedure has received a lot .of attention from
not only the medical imaging but also the computer.vision community. Studies have been
carried out but there is j/et to have an algorithm or'a method to robustly aﬁd precisely
segment the chambers. There remains the difficulty of precise and robust automatic
segmentation.

[0006] Cardiac cine MR images are acquired from the various cardiac phases throughout

~-the whole cardiac cycle. The varying pixel intensity represents the dynamic cardiac

motion. The stationary regions possess a nearly identical pixel intensity for the whole
image sequence. Based on this knowledge, several studies-have been proposéd to exploit - -
the temporal information among the image sequence, which includes using the variation
image of the cine images to localize the left ventricle, or-using the first order harmonic
image of the cine images to localize the left ventricle. These two localization methods
may be considered to be similar since the variation image is the sum of the all order
harmonic images. \

[0007] More may be exploited from the ha_u'monic images. High order harmonic images
may also convey informatibn concerning the cardiac dynamic, which is related to the -
patient’s heart function. ‘ 7

[0008] Thus, there is a need to provide a framework for harmonic iniages assisting

diagnosis to address at least the problems above.

Summary

[0009] According to an embodiment, a method for analyzing a sequence of cardiac
magnetic resonance (MR) images of a subject’ is provided. The method may include

carrying out a Fourier transformation over time of the sequence of cardiac MR images of

~ the subject to obtain a'plu.rality'of harmonic images, and determining, at an identified
- observation location in the plurality of harmonic images, a spatial concentration of

~ brightness for estéblishing a cardiac health of the subject. -
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[0010] According to an embodiment, a device for analyzing a sequence of cardiac

'magnetic resonance (MR) images of a subject is provided. The device méy include a

transformation module configured to carry out a Fourier transformation over time of the
sequence of cardiac MR i images of the subject to obtain a plurality of harmonlc images,
and a processing module conﬁgul ed to determine, at an identified observation location of -
the plurality of harmomc images, a spatial concentration of bmghtness for establishing a
cardiac health of the subject. |

[0011] According to an embodiment, a computer readable medium is provided. The
computer readable medium may have a program recorded thereon, wherein the program,
when ‘executeci, cduses a computer to analyze a sequence of cardiac magnetic resonance
(MR) images of a subject. The computer readable medium may include instructions for
carrying out a Fourier transformation over timé of the sequence of cardiac MR images of
the subject to obtain a plurality of harmonic images, and instructions for determining, at
an identified observation - location of the plurality of hérmdnic iimages, a spatial

concentration of brightness for establishing a cardiac health of the subject.

Brief Description of the Drawings

[0012] In the drawings, like reference characters generally refer to like parts »throughout
the different views. The drawings are not necessarily to scale, emphasis ihstead genel'aily'
being placed upon illustrating the principles of the invention. In the following
description, various emBodiments of the invention are described with referenée to the
following drawings, in which: 7 | ‘ 7
[0013] FIG. 1A shows a flow chart illustrating a méthod for analyzing a sequence of
cardiac magnetic resonance (MR) images of a subject, accordiné to various embodiments.
[0014] FIG. 1B shows a schematic view of a device for analyzing a sequence of cardiac .
magnetic resonance (MR) iinages of a subject, according fo various embodiments.

[0015] FIG. 1C shows a schematic view of a computer readable medium, according to
various embodlments |

[0016] FIG. 2 shows a ﬂOWChal't 111ust1atmg the procedures of a method acc01dmg to

various embodiments. = -
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[0017] FIG. 3A shows harmonic images at the basal section of a normal subject, where
the harmonic images are obtéine_d by a method according to one embodiment.

[0018] FIG. 3B shows corresponding colour harmonic images of FIG. 3A.

[0019] FIGS. 4A and 4B show harmonic images. of four pairs of normal subjects and
patients where the harmonic images are obtained by a method according to one
embodiment. | " |

[0020] FIG. 5A shows an exemplary image of high spatial concentration or higher spatial
concentration, according to various embodiments.

[0021] FIG. 5B shows an exemplary image of low spatial concentration or lower spatial

concentration, according to various embodiments.’

Detailed Description

[OOiZj The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other ‘embodiments .may be utilized and
structural, logical, and electrical changes may be made without dépal“[ing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more-other embodiments to form new
embodiments. ‘ | |

[0023] Embodiments described in the context of one of the methods or devices are
analogously valid for the other methods or devices. Similarly, embodiments described in

the context of a method are analogously valid for a device, and vice versa.

: t0024]' Féatures that are described in the context of an embodiment may correspondingly

| be applicable to the same or similar features in the other embodiments. Features that are

I

described in the context of an embodiment may correspondingly be applicable to the -
other embodiments, even if not explicitly described in these other embodiments.

Furthermore, additions and/or combinations and/or alternatives as described for a feature

_ in the context of an embodiment may correspondihgly‘ be applicable to the same or

similar feature in the other embodiments.
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66,93 (8

[0025] In the context of various embodiments, the articles “a”, “an” and ‘“the” as used
with regard to a feature or element include a reference to one or more of the features or
elements.

[0026] In the context of various embodiments, the phrase “at least substantially” may

- include “exactly” and a reasonable variance.

[0027] In the context of various embodiments,- the term “about” or “approximately” as

applied to a numeric value encompalsées the exact value and a reasonable vartance.

[0028] As used herein, the term “and/or” includes any and all combinatioﬁs of one or
more of the associated listed items. )

[0029] As used herein, the phrase of the form of “at least one of A or B” may include A
or B or both A and B. Correspondingly, the phrase of the form of “at least one of A or B
or C”, or including further listed items, may include any and all combinations of one or
more of the associated listed items.

[0030] Various embodiments may provide a system and methods to analyze harmonic
images for heart function assessment. |

[0031] Various embodiments may provide a method or a éomputer-aid diagnosis tool for
heart function assessment.

[0032] Various embodiments may provide an approach to assess a patient’s medical

“condition directly from the magnetic resonance (MR) images (e.g., cardiac MR images),

free of the nondeterministic segmentation step, at least in part motivated by the difficulty

" of precise and robust automatic chamber segmentation of conventional approaches.

[0033] Various embodiments may provide a framework for the diagnosis of heart

-function in patients with diverse cardiovascular diseases.

[0034] Various embodiments may provide or unveil the relationship between cine MR

images and cardiac function. In the current clinical practice, cardiologists and rad’idlogists

neéd_ to playback the cine imagé repeatedly to determine the regularity of the cardiac
motion, strongly relying on their experiences. More quantitative assessment such as
ejection fraction (EF) is only obtainable aftér the cardiac structure is constructed, which
is tedious and time-consuming. The pr.ocedure is also subject to high intra/inter-clinician

variability. In contrast, various embodiments may enable inspection of the cine MR



10

15

20

25 -

30

WO 2015/156735 . PCT/SG2015/000115

images from the spectrum aspect. The procedure. of various embodiments is highly
automated, detenninis"t‘ic,‘ and efficient. '
[0035] Possible applications of the approach of various embodiments may include but not

limited to the following: (i) a facilitation for some cardiac MR images processing tasks

such as chamber segmentation, image registration; and/or (ii) automatic computer-aided

diagnosis method from or based on cine MR images for specific cardiovascular diseases

such as cardiac dyssynchrony in heart failure.

[0036] Various embodimenfs may have some challenges or limitations, for example, in
the reliance on a high temporal resolution and a fair image resolution. Spectral analysis
and the resulting harmonic image precision are related to both the time interval and the -
pixel spacing. As such, the approach of various embodiments may be applied to magnetic
resonance imaging (MRI). The relatively low temporal resolution of computerized
tomography (CT) images and poor echocardiography images are not able to facilitate the
computer-aided tool or method of various embodiments. ‘ .
[0037] Various embodiments may provide a method of distinguishing a patient with a
heart disease from a normal subject (e.g., a person that does not a heart disease or a
healthy person), the method including computirig‘all harmonic of a Fourier transform
over time for each slide or slice of a three-dimensional (3D) image of a heart (or part
thereof) of a subject to generate harmonic images to determine scattering and brightness
intensity of pixels. | |

[0038] In various embodiments, more scattering and noisy brightness may indicate that
the subject or patient is suffering frofn a heart diséase. For example, the patient may Ba’vé
a heart disease such as myocardial infarction, repaired tetralogy of fallot, or hypertrophic
cardiomyopathy. | B 7 ' .
[0039] In various embodiments, a lﬁore concenirated brightness may indicate a normal
subject (e.g., free-of or without suffering from a heart disease).

[0040] Various embodiments méy provide a method of diagnosing a patient with types of |
heart disease, the method including computing all harmonic of a Fourier transform over
time for each slide or slice of a three-dimensional (3D) imége of a(heart' (or part thereof)
of a subject to generate harmonic images to determine scattering and blig'htnc‘sé‘ intensity

of pixels.
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[0041] Various embodiments may relate to a computer-aided technique and method for
analyzing harmonic images and assessing ventricular deformation from magnetic
resonance imaging (MRI). Various' embodiments may involve Digital Imaging and
Communications in Medicine (DICOM) reader, discrete Fourier transform (DFT), and
harmeonic i images analy31s to target one or more reglons having-abnormal deformation.

From the cardiac. MRI Discrete Fourier Transform may be conducted pixel-wise on the

image sequence. Harmonic images of all frequencies (e.g., the entire frequency range) |
may be analyzed visually and quantitatively to determine different patterns of the left and
right ventricles of the heart on the spectrum. The first order harmonic images of the

normal controls (e.g., normal subjects who may not be suffering from a heart disease)

" may present a more concentrated brightness around the myocardium of the heart

-compared to patients suffering from a heart disease. In other words, the patients’ first

order harmonic images may show more outliers and noises (e.g., irregular scattering of
brightness) out of the epicardium regions. The higher order harmonic images may also '
present this difference between the normal controls and patients to some extent.

[0042] Various embodiments may use harmonic images and such an approach may serve

‘as an automated computer—aided tool for clinicians. Different from the classic diagnosis

routine requiring the chamber segmentation and reconstruction, the various embodiments

~ may directly provide a more efficient approach to analyze and assess cardiac function.

[0043] Harmonic image analysis is a valuable clinical indicator for heart function
assessment in patients with diverse heart diseases (e.'g.; myocardial infarction; repaired
tetralogy of fallot, hypertrophic cardiomyopathy, and ‘other cardiovascular diseases),
including (but not limited to) monitoring ventricular remodeling in patients after heart
attack, and/or evaluating the effectiveness of medical/surgical therapy in patients.

[0044] FIG. 1A shows a flow chart 100 illustrating a method for analyzing a sequence of
cardiac magnetlc resonance (MR) images of a subJ ect according to various embodlments
[0045] At 102, a Fourier transformation is camed out over time of the sequence of
cardiac MR images of the subj ect to obtain a plurality of harmonic images. .

[0046] At 104, at an identified observation location in the plurality of harmonic images, a

- spatial concentration of brightness is determined for establishing a cardiac health of the



10

15

20

25

30

WO 2015/156735 PCT/SG2015/000115

subject. This may mean -that the spaﬁal concentration of brightness at the identified
observation location may be'deternlinedl | '

[0047] In various embodiments, a method for or of analyzing a sequence of cardiac
magnetic resonance (MR) images of a subject as described above may be provided.
[0048] In various embodiments, the Fourier tra_nsfoﬁnati’on may include discrete Fourier
transformation. - |

[0049] In the context of various embodiments, the sequence of cardiac MR images may
mean images at different slices or planes of a 3D image of a heart of the subject and/or
images at the same slice or plane of a 3D image of a heart of the subject at different
times, '

[0050] In various embodiments, a respective harmonic imagé of the plurality of harmonic
images may correspond to a respective cardiac MR image of the sequence of cardiac MR
images. V

[0051] In various embodiments, at 104, determining,‘ at an identified obser\?ation location
of the plurality of harmonic images, a spatial concentration of brightnes's may mean
determining, at an identified observation location of each harmonic image of the plurality -

of harmonic images, a spatial concentration of brightness.

- [0052] In various embodiments, at 104, determining, at an identified observation location

of the plurality of harmonic images, a spatial concentration of brightness may mean
determining a spatial concentration of brightness of pixels at the identified observation
location in the plurality of harmonic images or in each harmonic image of the plurality of
harmonic images. | , ‘
[0053] In various embodiments, the identified observation location may bé the same in
each or all of the plurality of harmomc images. B S

[0054] In' various embodlments ‘the method may further include determmlng, at the -
identified observatlon location in the plurality of harmonic - 1mages, an intensity of
brightness for esfablishing the cardiac health of the éubject. This may mean determining a
Spatial concentration or distribution of brightness of pixels at the identified observation
location in the plurality of harmonic images or in each harmonic image of the plurality of

harmonic images.
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[0055] In various embodiments at 104, the method may include determining scattering
and brightness intensity of pixels of the plurality of hannomc images at the identified
obsewatlon locatlon

[0056] In vanous embodiments of the method, the identified observation location may

. correspond to a region of a heart of the subject, the region including a myocardium of the

heart, and at 104, determining a spatial ‘concentration of bn'ghtness" may inciude
determining the spatial concentration of brightness around the myocardium. )

[0057] In various embod,ifnents, at 104, the method may include determining a status of
the cardiac health of the subject based on the determined spatial concentration of
brightness. '

[0058] In various embodiments, a high spatial concentration of brightness at the
identified observation location may indicate a normal status of the cardiac health of the °

subject.

[0059] In various embodiments, the normal status of the cardiac health of the subject may

. include or Vmay be a regular motion of a myocardium of a heart of the subject.

[0060] In various embodiments, a low spatial concentration of brightness at the identified
observation loéation may indicate that the subject suffers from a heart disease. For
example, there may be scattered and/or noisy brightness. The heart diséase may include
any one of a myocardial infarction, a '1'epaired tetralogy of a fallot, or hypertrophic
car dlomyopathy Other card1ovascular diseases may also be possible.

[0061] A level or degree of spatial concentration may be exemphﬁed based on two
synthesized examples as shown in images 500, 502 of FIGs. 5A and 5B. FIG. 5A shows a
“high spatial 'conéentrdtion” image or a “higher spatial concentration” imagé as compared

to FIG. 5B, which shows a “low spatial concentration” image or a “lower spatial

) con.centra_tion” image as. C6mpa1'¢d ‘to FIG. 5A. In’ FIG. 5B, the “lower spatial

concentration” image 502 displays scattered and noisy brightness.u;To quantify the spatial
concept, exemplary math tools may be provided as follow.

[0062] The image 500 may be defined as I such that the pixel (x,y) has brightness

- intensity /(x,y). The visible pixels may be defined as pixels owning the brightness

intensity higher than a significant level L. The visible pixels may form a binary image ;.

The number of connect components in I;, may be |[|. By changing the significant level L,
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the corresponding || may be obtained.” For the above synthesized image / 500 in FIG.
5A, |I;| may be considered always 1" for all Signiﬁcant level L. In contrast, for
synthesized image J 502 in FIG. 5B, |/, | may be a variety of lal;gel' values for different
significant level L. The mean of all |I,| for a significant level interval L € (L4,L,) may
quantify an extent of spatial concentration as follow: | )

SpatialConcen = il ~ Equation [A]

[0063] A lower mean of all |1 L[ may indicate a higher spatial concentration in image /;.
The computation of such spatial concentration index may be done in the following
exemplary Maﬂab code. ’
[0064] Program Segment A

function conlndex = spatzalConcenInde\( I [L] L2])
- conlndex = 0;
for L=L1:L2
binaryIM = (I>L); .
% label and count the connected component in bmaryIM
[Label NUM] = bwlabeln(binaryIM);
conlndex = conlndex + NUM;
end
conlndex =-conindex / round(L2-L1+1),;

[0065] In various embodiments, the method may further include carrying out Fourier
transformations to obtain the plurality of harmonic images for a plurality of harmonic
frequencies. The Fourier transformations rﬁay be carried out over time of the sequence of
cardiac MR ‘ima)ges of the subject. |

[0066] In various embodiments, the method may further include carrying out Fourier
transformations to obtain the plurality of harmonic images for all harmonic frequencies.
The Fourier transformations may be carried out over time of the sequence of cardiac MR
images of the subject. » | | | .'
[0067] Iﬁ various embodiments, the method may further include extreiéting harmonic.
images of a particular (or predetermined) harmonic order from the plurality of harmonic
images in determining the spatial concentration of brightness. ' y

[0068] In various embodlments the method may further 1nclude extracting the first order
harmonlc images from the plur. ahty of harmomc images in determmmg the “spatial

concentration of brightness.

10
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[0069] In various embodiments, the method may further include extracting harmonic
images of a higher order from the plurality of harmonic images in determining the spatial
concentration of brightness. For example, second order, third order, fourth order or any
higher order harmonic image may be extracted. '

[0070] In &arious embodiments, the method may further include analyzing the plurality -
of harmonic images to determine observation location patterns in identifying one or more
observation locations. |

[0071] While the method described above is illustrated and described as a series of steps

~or events, it will be appreciated that any ordering of such steps or events are not to be

interpreted in a limiting sense. For example, some steps may occur in different orders
and/or concurrently with other steps or events apart from those illustrated and/or
described herein. In addition, not all illustrated steps may be required to implement one |
or mox;e aspects or embodiments described herein. Also, one or more of the steps depicted
herein may be carried out in one or more separate acts and/or phases. o
[0072] FIG. 1B shows a schematic view of a device 110 for analyzing a sequence of
cardiac magnetic resonance (MR) images of a subject, according to various embodiments.
The device 110 includes a transformation module 112 configured to carry out a Fourier
transformation over time of the sequence of cardiac MR images of the subject to obtain a
plurality of harmonic images, and a processing module 114 configured to determine, at an
identified observation location of the plurality of harmonic images, a spatial
concentration of brightness for establishing a cardiac health of the subject. The line
indicated as 120 represents the coupling between the transformation module 112 and the
prdcessing quuie 114, which may include mechanical and/or electrical coupling.

[0073] In various embodiments, the processing module 114 may be further configured to,
determine, at the identified observation location in the plurality of harmonic images, an

intensity of brightness for establishing the cardiac health of the subject.

'[0074] In' various cmbodiments, the device 110 may further include a determining

module 116 configured to determine a status of the cardiac health of the subject based on

the determined spatial concentration of brightness.

- [0075] In various embodiments, the device 110 may further include at least one

module 118 to can'y‘s,’out a method or a method step as described herein. While shown

11
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separately in FIG. 1B, in various embodiments, it should be appreciated that the module
118 may be or may form p’én_of at least one.of the transformation module 11‘2, the
proceesing module 114 or the determining module 116. ‘
[0076] In FIG. 1B, the line 120 may also represent the coupling among the '
transformation module 112, the processing module 114, the detelminin_g mod_ule 116
and/or the at least one mo_dule 118; which rﬁay include mechanical and/or electrical
coupling |

[0077] FIG. 1C shows a schematic view of a computer readable medium 130, accordihg_
to various embodiments. Thé ‘computer readable mediuin 130 may have a program
recorded theréon, wherein the program, when execﬁted; causes a computer to analyze a
sequence of cardiac magnetic resonance (MR) images of a subject. The cdmﬁuter

readable medium 130 may include instructions for carrying out a Fourier transformation

"~ over time of the sequence of cardiac MR images of the subject to obtain a plurality of

harmonic images, and instructions for determining, at an identified observation location
of the plurality of harmonic images, a spatiai concentration of brightness for establishing
a cardiac health of the subject. |

[0078] In various embodiments, the computer readable medium 130 may further include
instmctions for determining, at the identified observation location in the plurality of
harmonic images, an intensity of brightness for establishing the cardiac health of the
'suiject., j
[0079] In various embodiments, the computer readable medium 130 may further include
instructions for determining a status of the cardiac health of the subject based on the -
determined spatial concentration of brightness. |

[0080] In various embodiments, the compﬁter readable medium 130 ‘may further include
instructions to caﬁ’y out a method or a method step as described herein.

[0081] In the context of various embodiments, the identified observation location may
include at least one of a basal poiﬁon of a heart, a mid-ventricle portion of a heart, a

portion between a basal portion and a mid-ventricle portion of a heart, a left ventricle

_portion of a heart, a right ventricle portion of a heart, a myocardium portion of a heart or

a epicardium portion of a heart.

12
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[0082] Examples of a method for analyzing a sequehce of cardiac magnetic‘resonanc‘e '
(MR) images of a subject may be described as follow. o

[0083] A method for analyzing a se(iuence of cardiac magnetic resonance (MR) images

of a subjecf may include three main steps ‘of image acquisition and processing; discrete -
Fourier transform and specfral analysis; and interpretation._Fof example, FIG. 2 shows a

flowchart 250 illustrating the procedures of the method where an image (MR image) is

firstly obtained at image acquisition 252, and then processed at image processing 254.

The image processing 254 may involve image metadata reading 255a and image

classification 255b. Following that, discrete Fourier transform 256 may be applied to the

processed image and spectral analysis 258 may be applied to the transformed information

- The spectral analysis 258 may include frequency separation 259a and harmonic image

generation 259b. The analyzed information may then be subject to human interpretation
260 and/or computer-aided interpretation 262.

[0084] The above procedures may be implemehted by advanced programming languages
including but not limited to Matlab, C/C++, and Python. ‘Several exemplary module
implementations in Matlab are described below.

[0085] At the image acquisition 252 and image processing 254, the MR images may be
obtained in a clinical practice, which may conform to the Digital Imaging and
Communications in Medicine (DICOM) protocol. Meta information of all imagevs may be

inspected and recorded. According to the ‘SeriesDescription’ in the DICOM attribute, the

-short axis images-may be grouped. The short axis images may be images of cross-

sections of the left_' and right ventricles of ~a subject’s heart. - Usually, the
‘SeriesDescription’ field of the short-axis images inay contain the text such as “sax”

depending on the institution conventions. This classiﬁcation may, for example, be

~ implemented by the following program segments. -

' ‘[0086] Program Segment 1

13



10

WO 2015/156735 PCT/SG2015/000115

list=dir([folderPath,"*.dcm']);

ind=(}; : |

slicel = [];

5eriesD.¥ e -

for i=1:sizé(list,1) o
info=dicominfo({folderPath,list(i).name));
seriesD(i) = {info.SeriesDescription};

end

[seriesD,ia,ic] = unique(seriesD};

[0087] As seen in Program Segment 1, variable “Jist” is initialized with a dir function

which lists the contents of all DICOM image files in the folder denoted as folderPath.

bl th]

Other variables “ind”, “slicel” and “seriesD” may also be initialized. The dicominfo
function may be used to read the metadata from each of the DICOM image files into
variable “info”, and the SeriesDescription of info may be eonsolidated into a location i of
an array seriesD. This may be repeated for the entire content in “/ist”. Thereafter, a
unique function may be applied on the dataset seriesD to return the same values as in
seriesD but with no repetitions, along with index vectors ia and ic. |

[0088] Pregram Segment 2

list=dir({folderPath,'*.dcm']);
flag=1;
for i=1:sizeflist,1)
info=dicominfo({folderPath,list(i).name]);
seriesD(i) = {info.SeriesDescriptien);
if{ stremp( info.SeriesDescription , 'tf2d_sax_Ventricular Volume’))
- flag = [flag;il; ' '
end
end

list = list{flag);

[0089] As seen in Pfogram Segment 2, variable “/is¢” is initialized with a dir function
which lists the contents of all DICOM image files in the folder denoted as folderPath.

Variable ‘:‘ﬂaé” may also be initialized. The dicominfo function may be used to read the
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metadata from each of the DICOM image files into variable “info”, and the
SeriesDescription of info may be consolidated into a location i of an array seriesD. A

string comparison may be made between info.SeriesDescription and the phrase

_‘Q‘Zd_sax_Véntricular Volume’. If a match for the string comparison is found, an array

flag may rc,ci;ord the location 1}' This may be repeated for the entire content in “list”.
Thereafter, variable “Jist” may be updated with the contents of DICOM .image'ﬁles that
contain the phrasé ‘tf?d_‘sax’Ventricular Volume’. As such, the classification of short
axis images containing the text ‘tj?d_sax_VentriCular Volume’ may be perfmmed.

[0090] The “ImagePositionPatient” and “InstanceNumber” attributes may be inspected
for all short axis images. All short axis images may be re-organized as image-time
sequences at multiple slice locations. A typical image sequence at the same slice location
may contain about 20 to about 25 images covering a cardiac cycle. A cine MR study may

contain about 12 to about 15 slice locations. This data re-organization procedure may, for

~ example, be implemented by the foﬂowing program segment.

[0091] Program Segment 3
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loc = {I;
frameNum = f]:
for i=l:sizellist, 1) _
info=dicominfo([folderPath,fist(i).nomej);
{oc = floc.info.Slicelocation]:
' ffamei\'lum = LfromeNum;info.Instan_ceNumbcr];,
end '
loc = uniquefioc);
[M.N] = size(dicomread(tfolderPath, fist(1).name])); .
L=sizefloc1);
T = max{frameNum};
fullData - repmot(0,fMNLTH;
posDota = repmat({0 0 OLIL, 1]);
for ii=1:sizefloc, 1)
for i=1:size(list, 1}
temps=listfi).name;
info=dicominfo{{folderPath,temp]j; . : D
ifl {info.Slicelocation } == joc{ii))
c=dicomread({folderPath.temp]);
frame = info.InstanceNumber-1;
fullDatot:, . ii, frame+1) = ¢;
sNofii,frome+1) = i;
posDatafii,:] = info.ImagePosirﬁnPotient‘;
continue; '
end
end
end

[0092] As seen in Program Segment 3, variables “loc” and “frameNum” may be
initialized. The a’i'cominfo function may be used to read the metadéta from' each of the
classified DiC_OM image files (for example, as d_eéqribed in Prqgféin Segment 2).into
variable “info”, and the SliceLocation of info may be stored in the array loc, while the
InstanceNumber of info may be stored in the array firameNum. This may be‘repeated for
the entire éontent in the updated “list” (of Program Segmeﬁt 2). Thereafter, a unique
function may be applied on the dataset /oc to return the same values as in Joc but with rio

repetitions. The spatial sizes M and N may be obtained, and the size of the dataset loc
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may be denoted as L. The maximum frameNum may be denoted as T. A M-by-N-by-L- |
by-T matrix fi/lData' may be created and initialized as “0”. A L-by-3 matrix posData niay

be created and initialized as "0". For the entire content in the updated list and for the

dataset loc, the dicominfo function may be used to read the metadata from each of the

relevant DICOM image files into variable “info” and then, a comparison may be made -
between the SliceLocation of info and a particular data in the dataset oc. If the values are
the same, the respective elements in the matrices fi/[Data and posData may be updated.

As such, the above steps may be repeated for the entire content in the updated list and for

the dataset /oc to form image-time sequences at multiple slice locations.

[0093] At the discrete Fourier transformation 256 and the spectral analysis 258, a spatio-
temporal (2D+t) cine Magnetic Resonance (MR) image u with the resolution of

M x N xT may be given. In other words, the (2D+t) cine MR image may refer to a 2-

‘dimensional image which changes over time, e.g., like a movie. Each pixel position over

time " presents a discrete ~ time series, (ie.
u(m,n,t), 0<m<M-1, 0<n<N-1, t=0)..,7-1 ). For the rest of the
discussion in this section, the spétial coordinates m,n are omitted and are not described
for simplicity purposes (e.g., u(¢),t=0,1,...,T —1).

[0094] Discrete Fourier transform (DFT) of #(¢) may be as follows:

s k\, ~ ‘
U(k) =XrI8 u‘(t)e—ﬂ"(?)t, k=0,.,T—1 Equation [1]
[0095] U(k),k =0,1,...,T —1 presents the decomposition of the time sequence u(i) in

“term of frequency. The k -th harmonic series of u may be defined as inverse discrete

Fourier transform (IDFT) to the k -th frequency component separately as follows:

' (K : ) ,
w(t) = %U(k)eﬂ"(?)t,t =0,..,T—1,k=0,..,T —1 Equation[2]

.[0096] The & -th harmorﬁc image may be defined as the I2-norm of the k -th harmbnic

series.

W = 7 X153 e (OF | Equation [3]
[0097].This spectral transform and harmonic image generation may, for example, be
implemented by the following program segment. |

[0098] Program Segment 4
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[MN,L,T] = sizeffullData);
F= fft{fullDoto,{],4);
H = zeros(M,N,L,T);
forjj=1.T »
_temp = éeros(M,N, LT);
temp(:5jj) = (-l
tempH = ifft{temp,[],4);
H{:, e nji) = /T/T*sum{ (tempH).22,4);
end

[0099] As seen in Program Segment 4, a fast Fourier transformation using a fff function
may be applied on fullData to perform the calculations of Equation [1]. An inverse fast
Fourier treiilsfonn.ation using a ifft function may then be applied to pérform the
calculations of Equation [2]. An array H may be updated with the I’ -norm of the k -th
harmonic series of Eqﬁation t3], which contains harmonic images of all orders.

[0100] Exdmples of several harmonic images at the basal section of a normal volunteer
subject are shown in the gray images 350a, 352a, 354a, 356a of FIG. 3A and the
corresponding colour images 350b, 352b, 354b, 356b of FIG. 3B. The harmonic images
350a, 352a, 354a, 356a are of the same size. A scale baf in arbitrary units is provided for
respective FIGs. 3A and 3B, indicating the intensities of brightness. As observed in FIG.
3A, the spatial concentrations of brightneés in each of the harmonic images 350a, 352a,

354a, 356a are cdnsi_derably similar to one another but the intensities of brightness may

 differ. For example, the harmonic image 350a may be seen to have the highest intensity

of bri.ghtness as compared to the harmonic images 3 52a, 354a, 356a. The harmonic image
350a may be a low order harmonic image (e.g., the first harmonic image), while the
harmonic images 352a, 354a, 356a may be of higher orders. | N

[0101] To determine a health status, more specifically, a cardiac health status of a patient,
interpretation of harmonic ima;ges of the patient’s heart may be carried out in comparison
to the harmonic images of a normal subject’s heart. | .

[0102] FIGS. 4A an& 4B pf_esent a side-by-side. comparison between the same order

harmonic images of four pairs of normal subjects versus patients at the multiple slice

locations (the locations being selected between basal and mid-ventricle). In other words,
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for example, the harmonic images 450a, 450b,.450c, 45(5d of Normal Subject A may be
correspondingly compared againét the same order harmonic images 460a, 460b, 460c,
460d of Patient A. The harmonic images 452a, 452b, 452c, 452d of Normal Subject B.
may be correspondingly cémpared against the same order harmonic images 462av, 462b,
462c, 462d of Patient B. The harmonic images 454a, 454b, 454c, 454d of Normal Subj ect
C may be coﬁespondingly compared agéinst' the same order han'nonic ‘images 464a,
464b, 464c¢, 464d df Patienf C. The haﬁnonic images 456a, 456b,'456c, 456d of Normal
Subject D may be correspondingly compafed against the saine order harmonic images
466a, 466b, 466¢, 466d of Patient D. The harmonic images of each of the ndrmal subjects
and each of the patients are of the same size. A scale bar in arbitrary units is provided for =
respective FIGs. 4A and 4B, indicating the intensities of brightness.

[0103] It may be observed that the harmonic images of the normal subjects present a.
more concentrated brightness (spatially) around the myocardium. In the contrast, the
patient’s harmonic images have more scattered and noisy bi{ghtneés. :

[0104] These differences between normal subjects and patients may be used for diagnosis
purpose. The more noisy.and scafteréd brightness on the harmonic images may imply a
more irregular motion of the myocardium. The interpretation of a harmonic image‘ may
be performed by either human interpretation or computer-aided interpretation or both.
[0105] Various embodiments may be used or employed in at least one of the following
applications: (i) image registration to minimize the patient’s motion; (ii) (heart) chamber
segmentation; (iii) three-dimensional (3D) (heart) chamber reconstructions; (iv) cardiac
surface geometric analysis; or (v) classification of normal subjects' and patients (e.g.,
subjects with a heart disease). 7 |

[0106] While the invention has been particularly shown and described with reference to
specific embodiments, it should be\understood‘by those skilled in the art that various
changes in form and-detail may be made therein without depal'ting from ‘the spirit and

scope of the invention as defined by the appended claims. The scope of the invention is

‘thus indicated by the appended claims and all changes which come within-the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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CLAIMS

1. A method for analyzing a sequence of cardiac magnetic resonance (MR) images
of a subject, the method comprising: '
_carrying out a Fourier transforma_tion over time of the sequence of cardiac MR
ilhages of the subject to obtain a plurality of harmonic 'iméges; and
determining, at an identified observation location in the plurality of harmonic
imagés,- a spatial concentration of brightness for establishing a cardiac health of the

subject.

2. The method as claimed in claim 1, further comprising, determining, at the

"identified observation location in the plurality of harmonic images, an intensity of

brightness for establishing the cardiac health of the subject.

3. The method as claimed in claim 1, wherein determining a spatial concentration of
brightness comprises determining scattering and brightness intensity of pixels of the

plurality of harmonic images at the identified observation location.

4. The method as claimed in any one of claims 1 to 3,

wherein the identified observation location corresponds to a region of a heart of
the subject, the region comprising a myocardlum of the heart, and

wherein determining a spat1al concentration of brightness comprises determmmg
the spatial concentration of brightness around the myocardium.

n -

5. ‘"The method as claimed in any one of claims 1 to 4, further ‘comprising

detelmihing a status of the cardiac health of the subject based on the determined spatial

concentration of brightness:

6. The method as claimed in claim 5, wherein a high spatial concentration of

» bughtness at the identified observation. locatlon mdlcates a nmmal status of the caxdlac

health of the subject
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7. The method as claimed in claim 5, wherein a low spatial concentration of
brightness at the identified observation location indicates that the subject suffers from a

heart disease.

8. The method as claimed in claim 7, wherein the heart disease is any one of a

myocardial infarction, a repaired tetralogy of .a'Fallot, or hypertrophic cardiomyopathy. -

9, The mgthod as claimed iﬁ claim 6, wherein the normal status of the cardiac health

of the subject is a regular motion of a myocardium of a heart of the subject. -

10.  The method as claimed in any one of claims 1 to 9, further comprising carrying
out Fourier transformations to obtain the plurality of harmonic images for a plurality of

harmonic frequencies.

11.  The method as claimed in any one of claims 1 to 10, further comprising carrying
out Fourier transformations to obtain the plurality of harmonic images for all harmonic

frequencies.

12.  The method as claimed in any one of claims 1to 11, further comprising extracting
harmonic images of a particular harmonic order from the plurality of harmonic images in

determining the spatial concentration of brightness.
13.  The method as claimed in any one of claims 1 to 12, further comprising extracting
the first order harmonic images from the plurality of harmonic images in determining the

spatial concentration of brightness.

14. The: method -as claimed ‘in claim 13, further comprising extracting harmonic

- images of a higher order from the plurality of harmonic images in determining the spatial

concentration of brightness.
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15. The method as claimed in any one of claims 1 to 14, wherein the identiﬁcd
observation location comprises 3at least one of a basal portion of a heart, a mid-ventricle
portion of a heart, a portion between a basal portion and a mid-ventricle portion of a
heart, a left ventricle portion of a heart, a right ventricle portion of a heart, a myocardium

portion of a heart or a epicardium portion of a heart.

16.  The method as claimed in any one of claims 1 to 15, further comprising analyzing
the plurality of harmonic images to determine observation location patterns in identifying

one or more observation locations.

17. A device for analyzing a sequence of cardiac magnetic _resonance (MR) images of
a subject, the device Comprising: ' | '

a transformation module configured to carry out a Fourier transformation over
time of fhe sequence of cardiac MR images of the subject to obtain a plurality of
harmonic images; and . |

a processing module conﬁgtired to determine, at an identified observation location
of the plurality of harmonic images, a spatial concentration of brightness for establishing

a cardiac health of the subject.

18. The device as claimed in clqim' 17, wherein the processing module is further
configured to, determine, at the identified observation location in the plurality of
harmonic images, an intensity of brightness for establishing the cardiac health of the

subject.

19. . The device as claimed in claim 17 or 18, further comprising a..dcf,ten'nining module

configired to determine a status of the cardiac ‘health of the subject based on the

determined spatial concentration of brightness.

20.  The device as claimed in claim 19, comprising at least one module to carry out a

method as claimed in any one of claims 2 to 16.
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21. A computer readable medium having a program recorded thereon, wherein the
program, when executed, causes a computer to analyze a sequence of cardiac magnefic
resonance (MR) images of a subject, the computer readable medium comprising:

instructions for carrying out a Fourier transformation over time of the sequence of
cardiac MR images of the subject to obtain a plurality of harmonic images; and

instructions for determining, at an identified observation location of the pIurality

of harmonic images, a spatial concentration of brightness for establishing a cardiac health

of the subject.

22.  The computer readable medium as claimed in claim-21, further comprising
instructions for determining, at the identified observation location in the plurality of
harmonic images, an intensity of brightness for establishing the cardiac health of the

subject.

23. " The computer readable medium as claimed in claim 21 or 22, further comprising

‘instructions for determining a status of the cardiac health of the subject based on the

determined spatial concentration of brightness.

24.  The computer readable medium as claimed in claim 23, further comprising

instructions to carry out a method as claimed in any one of claims 2 to 16.
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