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METHODS, SYSTEMS, AND MEDIA FOR
DETERMINING CAROTID INTIMA-MEDIA THICKNESS

Cross Reference to Related Applications

[6601] This application claims the benefit of Unnted States Provisionad Patent
Apphication No. 61/442 169, filed February 11, 2011, which is hereby incorporated by

reference herein i its entirety.

(6002} A portion of the disclosure of this patent document contains nwaterial which is
subject o copyright protection. The copyright owner has no objection to the facsimile
reproduction by anvone of the patent document or the patent disclosure, as it appears in the
Patent and Trademark Office patent file or records, but otherwise reserves all copyright rights

whatsoever.

Technical Field

{0003} The disclosed subject matter relates to methods, systems, and media for
deternuning carotid intima-media thickness. Move particularly, the disclosed subject matier
relates to determining carotid intima-media thickness, where active contowr models can be

used to detect inner borders of the carotid artery.

Backeround
{0004} Given the high morbidity, monality, and the large societal burden associated

with cardiovascular diseases, there are numerous approaches fov gssessing cwrdiovascular
health. One of these approaches determines whether a patient has atherosclerosis by
measaring carotd intima-media thickness (CIMT). Atherosclerosis is a condition where [at,
cholesterol, and other substances build up in the walls of artertes and form hard structures
caled plaques. Over time, these plaques can block arteries and cause symptoms and

probiems through the body, such as aneurysms, plague ruptures, blood clots, hearl attacks,
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and strokes. Corrent studies have shown that carotid intima-media thickness can be used as
an independent predictor of future mortality, myocardial infarction, and stroke risk.

[0005] The carotid intima-media thickness {CIMT) can be measured using B-mode
uffrasound sonography. Such measurement provides a non-mnvasive, sensitive, and highly
reproducible techimque for cardiovascular risk stratification. However, measuring the carotid
intma~-media thickness with B-mode altrasound sonography requires a precise measurement
of the thickness of the mtimal and medial lavers of the carotid artery that can be tedious, time
consunng, and demands specialized sxpertise and experience. For example, a sonographer
uses a high-resohution B-mode ultrasound transducer to obtain image data of the carotid
artery. The sonographer then manually draws a region of interest in the obtained image data
that includes the walls of the carotid artery. Using this image data, the sonographer can
determine the carotid intima-media thickness by measuring the distance between the lumen-
wntima terface and the medin~-adventitia interface. Performing this measurement requires
significant time for interpreting the image data and considerable experience to achieve
accurate and reproducible measurements using current approaches. This is particularly
troublesome with the high demand and increasing volume of CIMT examinations.

j0606] Accordingly, 1t is desirable to provide methods, systems, and media for
detenmining carotid mtima-media thickness that overcome these and other deficiencigs of the

priov art.

Summary
6607} Mechanisms for determining carotid intima-media thickness are provided.
{6608} These mechanisns include, for example, recerving one or more altrasound

images of a carotid artery and setting a region of intevest i an ultrasound 1mage that containg
a portion of the carotid artery. These mechanisiis can then use gotive contour models to
detect the lumen-intima mterface and the media-adventitia interface of the carotd artery
within the region of interest. This altows users to accurately andfor adaptively detect the
tamen-intima nterface and the medig-adventitia interface of the carotid artery within the
region of interest.

{6609} Lipon detecting the lamen~intima interface and the media-adventiia tterface
of the carotid artery within the region of interest, the wechanisms can calculate, among other
things, the mean carotid intima-media thickness, the niaxumum caroid infima-media
thickness, and the vascular age of a carotid artery.

[ao10} it should be noted that these mecharisms can be used n a vanety of

[



WO 2012/109676 PCT/US2012/024925

applications. For example, these mechanisms can be ased in a clinical environment to
interpret image data recetved from an ultrasound fmaging device. T another example, these
mechanisms can be used by novice readers to perform vartous measurements and interpret
image data received from an imaging device. i yvet another example, these mechanisims can
he used by medical professional to alert the professional that a patient has atherosclarosis
based on the measured carotid inbima~-media thickness,

[6611} in accordance with various emboediments of the disclosed subject matier, a
method for determining carotid inttma-media thickness of a carotid artery 1s provided. The
method comprises: receiving a frame from a plarality of images, wherein each of the plurality
of images meludes a portion of the carotid artery; receiving # user selection of a location with
the frame; setting a region of interest based on the received user selection; detecting a first
border and a second border within the region of interest; applying one or more active contoay
models 1o the first border and the second border to generate a smoothed first border and a
smoothed second border; and calculating the intima-media thickness based at least in part on
the smoothed first border and the second smoothed border.

(66121 In some embodiments, the method further comprises receiving a hard
coustraint on gt least one of the smoothed first border and the smoothed second border,
wherein the one or more active contour models are applied such that the smwcothed first
border or the smoothed second border are divected through the hard constraind.

j0013} in some embodiments, the method further comprises sutomatically updating
the smoothed first border or the second smoothed border i response to modifying the hard
constraint. In some embodiments, the method further comprises automatically updating the
smoothed first border or the second smoothed border using the one or more active contowr
nmodels in response (o receiving a plurality of hard constramts.

jOa14] In some embodiments, the region of interest includes a plurality of horizontal
pixels. In some embodiments, for calculating the intima~-media thickness, the method fwrther
comprises determining a plurahity of carotid intima-media length values, where each of the
plurality of carotid intima-ntedia fength values 1s a length of a line orthogona! from the
smoothed first border to the smoothed second border for each horizontal pixel within the
region of interest.

j0615] In some embodiments, the method comprises determining at feast one oft a
mean carotid intima-media thickness from the plorality of carotid mtima-niedia length values,
a maximun carodid intima-media thickness from the plorality of cavotid intims-media length

values, and a mean of the maximuoam carotid ttima-media thickness Fom the plarality of

“«3 -
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carotid mtima-nredia length valuex over a plaratity of regions of interest along the carotid
avtery.

j6016} in some embodiments, the method comprises transiitting the carond mtima-
media thickness to a database that relates age to carotid mtima-media thickness values. A
vascular age corrgsponding to the carotid artery can then be received from the database,
[8017} in some embodiments, the method comprises inibalizing the one or more
active contour models by awtomatically detecting a first rough border and a second rough
border within the region of interest and providing the first rough bovder and the second rough
border to the one or more active contoar models.

j6018] In some embodiments, the method comprises further simultaneously
displaving the first smoothed border, the second smoothed border, and an orthogonal line
connpecting the first smoothed border and the second smoothed border identifying a location
of a maximum carotid intima~-media thickness, wheretn a color indicator is assigned to each
of the first smoothed border and the second smoothed border 1o indicate the detected borders.
{8619} in some embodiments, the method comprises assigning a color mdicator to a
portion of the carotid artery within the region of interest to indicate a range of the carotid
inttma-nmedia thickaess for the portion,

{6620} in accordance with some embodiments, a system for determining carotid
mitma-media thickness of a carotid artery 13 provided, the svstem comprising: an wlirasound
itaging device that captures a plarality of vltrasound images, wherein each of the plarahty of
ultrasound images includes a portion of the carotid artery; and a provessor comiected @ the
ultrasound imaging device. The processor is configured to: receive a frame from a plurality
of images; receive a user selection of a location with the frame: set a vegion of interest based
on the received user selection; detect a first border and a second bovder within the region of
interest; apply one or more active contour models to the first border and the second border to
senerale a smoothed fust border and a smoothed second border; and calculate the mitima-
media thickness based at least in part on the smoothed first border and the second smoothed
border.

[6621} in accordance with some embodiments, a non-transitory computer-readable
medium containing computer-execatable mstructions that, when executed by a processor,
cause the processor o perform a method for determining carotid mtimg-media thickaess is
provided, the method comprising: recetving a frame from a plarahty of mapes, wherein each
of the plarality of images includes a portion of the carotid artery; receiving a user selection of

a location with the frame; setting a region of mnterest based on the received user selection;

o
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detecting a irst bordey and a second border within the region of interest; applying one or
more active contour models to the first border and the second border to generate a smoothed
first border and a smoothed second border; and calculating the intima-media thickness based

at least in part on the smoothed first border and the second smoothed border.

Brief Descrintion of the Drawings

{6622} The above and other objects and advantages of the invention will be apparent
upon consideration of the following detalled description, taken in conjunction with the
accompanying drawings. in which like reference chavacters refer to like parts throughout, and
in which:

|90231 FIG. 1is an illustrative example of a process for deternuning carotid intima-
media thickness and other suaiable measurements asing active contour modeis in accordance
with some embodiments of the disclosed subject matter;

[6824] FIG. 2 15 an illustrative display screen for selecting an image from a sequence
of acquired sltrasoand images of a carotid artery and determinmy the carotid intima~-media
thickness and other measprements in accordance with some embodiments of the disclosed
subject matter;

{0825} FIG. 3 s an ihustrative example of a process for detecting the edges of the
carotid artery (the lumen-intima interface and the media-adventitia interface) along with
Hustrative images with the application of various tools to detect the edges of the carotid
artery in accordance with some embodiments of the disclosed subject matier;

6626} FI1G. 4 15 an tBustrative display showing the detection of rough edges of the
carotrd artery in accordance with sone embodiments of the disclosed subject matter;

{60271 FIG. S is an iHustrative display showing the detection of smooth edges of the
carotid artery with the application of active contour models in accordance with some

embodiments of the disclosed subject matier;

{0028} FIG, 6 1s an enlarged version of the region of interest shown in FIG. 2;
(0029} FIG. 715 an endarged version of the window showing the detected edges of the

carotid arterv shown in FIG. 2;

|0630} FIG. 8 is an ilhustrative display screen for recetving user input of constraints
along a detecied edge line n accordance with some embodunents of the disclosed subject
maigter;

{0a31} FIG. 9 shows the detection of the lumen-intima interiace {the apper border)

and the media-adventitia interface (lower border) using other detection approaches;
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(683231 FIG. 1) shows the detection of the hunen-inifma interface {the upper border)
and the medis-adventitia interface (Jower border) in accordance with some embodiments of
the disclosed subject matter;

#0331 FIG. 11 1s an dlustrative display showing the detection of snwooth edges of the
carotid antery i accordance with some embodiments of the disclosed subject matter;

0034} FIG. 12 15 an illustrative display showing the display of FIG. 11 with an
inddicator that corresponds to the maximum carotid infima-media thickness i accordance with
some embodiments of the disclosed subject matier:

{8635} FIG. 13 s an lustrative display showing the display of FIG. 11 with color
indicators that indicate the varying carotid intima-media thickness along the carotid artery in

accordance with some embodiments of the diselosed subject matter; and

jon36} FIG. 14 shows an iHlustrative system for implementing the image
interpretation application in accordance with some embodiments of the disclosed subject
matier.

Detailed Description

160371 In accordance with some embodiments of the disclosed subject matter, an
image interpretation application for determining carctul muima-media thickness {sometimes
veferred to herein as “the application”™) 1s provided. The mage interpretation application can
recetve an ultrasound image of a carotid antery, set a regon of interest in the ultrasound
tmage that contains a pertion of the carotid artery, and detect the borders of the carotid artery.
Active contour models or snake models and, in some embodiments, user-inputied consiraints,
can then be applied 10 the detected borders. The tmage interpretation apphication provides
users with an accurate, adaptive, and user-fhiendly approach for detecting borders of the
carotid artery.

0838} Using these detected borders, the image interpretation application can perform
a varigty of measurements. For example, the image interpretation application can determine
the carotid intima-media thickness. In another example, the image interpretation application
can determine the vascular age of a cavotid artery.

{6839} Turming to FIG. 1, FIG. 1 shows an iftustrative flow diagram 100 for detecting
carotid mtima-media thickness and other sustable measurements using active contour models
in accordance with some embodiments of the disclosed subject matter,

{0040} A{ 110, the umage inferpretabion apphication can recetve multiple images of the

carotid artery from an ultrasound imaging device. The ultrasound fmaging device can be

.
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comnected to a processor that is executing the image interpretation application. For example,
the caronid artery of & patient can be imaged asing a high resolttion B-mode wltrasound
imaging device with an 814 MHz Hoear array transducer utilizing fundamental frequency.
The transducer fransmits ultrasound signals into a portion of the patient underneath the
ransduces and receives echo signals reflecied from that portion. In a more particudar
example, a carotid artery plaque screen can be performed i the transverse and longitudinal
axis, revealing the common carotid artery (CCA), the carotid bully, the carotid bifurcation,
and the inlernal and externad carotid arteries. Afler obtaiming longitudinal two-dimensionad
images of the distal conumon carotid artery, far wall lumen~-intbna and medis-adventitia
interface at the level of the common carotid artery can be adjusted by modifying overall gain,
time gain compensation, and focus posiion,

jond1} in some embodiments, the image interpretation apphication can cause the
recetved fmages 1o be displayed o the user. Forexanple, the image interpretation
application can access 3 storage location to retiieve the multiple images for display. In
another example, the image interpretation application can update and display the muliiple
images as the images are being captured uwsing the altrasound maging device. In yet another
example, the image interpretation application can receive the multiple images of the caroud
artery in response to establishing a connection with the ultrasound imaging device {e.g.. a
wirved connection or a wireless connection). More particudarly, m some embodiments, the
ultrasound imaging device can transmit the images to the buage interpretation application.
[0042} From the received images, the image huerpretation application can recetve
user seleciion of an image or a frame at 120. For example, as shown m display screen 200 of
FIG. 2, the image interpretation application presents the user with display screen 200 that
includes nwltiple ultrasound images 210 (e.g.. cach image is labeled by a file name, such as
DIRWO006, DIRWIKIT and DIRWOOOB), Display screen 200 shows that additional images
can be displayved in response to the user selecting one of the navigational icons 220,
(Pressing an arrow key on a user mput device may affect display screen 200 in a similar
mgner as selecting navigational icon 220.) As also shown in FIG. 2, the user has selected or
identified a single, end-diastolic still frame for intima-media measurement analysis (which is
indicated as frame mmber 3 out of 82 frames or images). In response to receiving a user
selection of an 1image at 120, the image interpretation application can cause the selecied
image to be displaved in image window 234

jon43] Referring back to FIG. 1, the unage interpretation application can receive a

user selection of a pont within the selected image at 130, For example, a user using a user

S |
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input device (e.g., a mouse, a trackball, a kevboard, gic.} can pavigate 3 cursor or pointer (o a
location withiy the selected fmage and select that location. In vesponse to receiving the user
selection at 130, the image interpretation application can set a region of interest within the
user-selecied image at 140, As shown i FIG. 2, in response to recetving a mouse chick on
mage 230, the image inlerpretation application sals a region of miterest 233 within image 230
for detecting the borders of the carotid artery and calculating carotd intima-medisa thickness
measurements and vascular age. In this particular examaple, the region of interest 233 is about
one centimeter m length and about 0.63 centimeters m height, However, it should be noted
that any swilable region of inferest can be provided by the image wnterpretation application.
j6a441 It should also be noted that, in some embodiments, the user selection of a
portion of the slirasound image 15 the only user selection received prior (o automatically
measuring the carotid ntima~-media thickness from the image. For example, in response {o
recetving a pser selection within the image, the image interpretation apphcation can
aomatically set a region of interest, detect edge lines or other image information from the
region of mterest {e.g.. initialize by detecting rough edges and smooth those rough edges with
one oy more active coptowr models), and calcalate a number of parameters, such as a mean
caroiid intima-media thickness valoe, a maimum carotid intima-media thickness value, a
mean of the maximum carotid intima-media thickness values, andfor a vascular age. As
Hustrated w region 240 of FIG. 2, in response {o receiving the user selection within stil
frame manber 3, the image interpretation application places the regron of interest 235, detects
the edge lines comesponding to the lumen-intima iterface and the media~adventitia interface,
andd deterniines that the carotid artery in the selected image bas a mean carotid intima-media
thickness of 1.67371 millimeters, a maximum carotid intima~-media thickness of 0.80821
nullimeters, and a vascular age of 43.62.

j0045] Additionally or alternatively, the image interpretation application can provide
the user with the opportunity to modify or adjast the region of miterest. For example, the
image interpretation apphication can allow the user o move the region of terest 1o a
different area within the ultrasound image. I another example, the image interpretation
application can allow the user to change the dimenstons of the region of interest (e.g., the
height, the length, the aspect ratio, etc.}. In vet another example, the image mterpretation
application can allow the user to modity the shape of the region of interest (e.g., froma
rectangular region of mterest to a crvcular region of interesty.

jond6] Upon seiting the repion of interest, the Image interpretation application can

detect the edges or borders of the carotid artery within the region of fiterest at 150, In some

K-
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embodiments, the ynage interpretation apphcation begins by obtamning rough or preliminary
borders of the carotid artery. That ix, the image interpretation apphication performs an
imtialization that includes obtaming rough or preliminary borders of the carond artery.
instead of recelving an inttial curve or shape drawn or imputied by a user, such as 3 medical
professional, the image interpretation application performs an accurate mitialization that
includes a preliminary detection of the borders of the carotid artery within the region of
mnterast,

(6847} FIG. 3 shows an dlustrateve How diagram 306 for detecting praliminary
borders within a region of interest in accordance with some embodiments of the disclosed
subject matter. At 310, the image interpretation application begins by calculating the
gradient of the image at each point of the user selected image within the region of mierest
315 to form a gradient image. The deternunation of the gradient of the image can provide,
for example, an mdication of the change 1n the intensity or color it the fmage such that
information {such as a border) can be derived.

{8048} in some embodiments, the image interpretation application can apply one or
more thresholds 1o generate a binary gradient mask at 320. That is, the gradient image can be
calculated and a threshold can be applied to creste a bingry mask contpining the segmenied
edges. Ina more particular, the image interpretation application can use a Scbel operator or
agy other sutiable operator fo calculate the threshold value, where the threshold value is tuned
and used to obtain a binary mask that containg the segmented edges.

{0049} it should be noted that, in some embodiments, the binary gradient mask shown
in window 323 provides hines of high contrast in the image. However, the lines in the binary
gracient mask may not dehneate the outline of the object of interest. For example, due to the
abundance of noise in the ultrasound image andfor other technical or acoustic difficulties,
maltiple short Hnes and unconnectad fargeted edge imes {e.g.. gaps) were obtained within the
binary gradient mask 323, Accordingly, at 330, the image interpretation apphication can
dilate the binary gradient mask using linear structuring elements (o enhance the connectivity
of the edge hines in the horivontal direction. An exsople of g dilated gradient mask using
Iinear siructoring elements is shown in window 335,

{66504 In some embodiments, the smage interpretation application can remove at Jeast
a portion of the features (e.g., lines with small pixel sives} from the dilated binary gradient
mask to form an updated binary image. In a more particular example, a connect component
approach can be applied {o the dilated gradient mask shown in window 343 to exiract features

with small pixel sives. An example of the updated binary image with extracted features is

Z6 .
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shown in window 343,

{8651} Uising the updated binary image, the mage interpretation application can
determine a first border at 350 and, based on the first detected border, the image
inderpretation can determine a second border at 360, In a more particular example, the upper
border of the carotid lumen-intima mierface can be designed ay the first edge hine while
scanning from the top of the updated binary mage. An example of the detected upper border
of the carotid lumen-intima interface is shown m window 355, The lower border of the
carotid media-adventitia interface can then be detected based on the detected upper border of
the carotid fumen-~inting mterface. In some embodiments, to obtamn the prehiminary fower
gdge border of the carotid media-adventitia interface, the image interpretation application can
scan from the detected upper border edge and down each column of pixels (o obtain the pixel
having the smallest value 1n gradient unage. An ilustrative example of the prefiminary edge
detection performed by the image interpretation appheation is shown in FIG. 4. As shown,
the image nterpretation apphication has detected the border of the carotid lumen-intima
interface and a border of the carotid media-adventitia interface.

{8052} Referring back to FIG. 1, upon performing an nitialization that detects the
upper and lower preliminary edge lines, the image interpretation application can apply oune or
more active contour models to smoothen out the detected adge hines at 160, More
particulasly, the prelinunary edaes detected by the image interpratation application are used
as the initial contours for the active contour model.

{8633} An active contour model {sometinies referred to hervein as a “snake” or a

“snake model™} is a controlied continuity spline under the mfluence of internal forces and

external forces. The position of a snake can be represenied by:
v{s) = (s(s).y(s))

The energy fimction of the snake can then be represented by:
1

1
F snake = f Esnaie (v($)ds) = j Eine(v{8)) + Eppe(v(s)dls
g

g
The first term in the energy function is the nternal spline energy, which can be represented
by:

‘T‘()mifb (s ﬁ‘vzﬁnk 9 é‘gmzd
NERL Y “Ieisl P 5| o8

where a{s) controls the “tension” of the contowr and B(s) regulates the “rigidity” of the

-~ i) -
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constonr. The second term in the energy function i3 an external image energy function, which
can be represented as:

~ L

Py = ] ‘.Pl(_v)ds

§
This cant couple the snake (o the inage via a scalar potential fonction Fy(v), which is
generally calculated from I(x,y} through image processing. The Euler-Lagrange equations of

motion for a dvnamic snake can then be defined as:

32y dv ( aU) a2 ("821?
i i

FTERRAFTIF MG N el e Rl i
1t should be noted that the first two terms in the above-mentioned equation represent ertial
forces due to the mass density, p(s), and damping forces due 1o the dissipation density, (s},
respectively. The following two terms in the above-mentioned equation represent the internat
sireiching and bending deformation forces. The right hand side of the above-mentioned
gquation includes the external forces, where g{v) = —VA (1) + (s, £). The mmage forces
are (he nagative gradient of the image potential funclion.
[0054} it some embodiments, the image interpretation application can allow the user
to guide the dynanuc snake via time-varving interaction forces, s.t). These forces can be
applied to the snake through a user nput devics, such as a mouse, thereby driving the snake
out of one energy minimixing equilibrivm and into another,
{6085] In some embodiments, the image interpretation application can divide the
snake contour mio multiple snake elements. More particularly, the parametric domain can be
partitioned into finite subdomains. Each element, e, can be represented geometrically using
shape functions N{s} and nodal vanables u®(t). The nodal variables of the elements are
assembled mio the snake nodal variable vector u{i}. This leads to g discrete form of the
eguations of motion for a dynamic snake as a system of second-order ordimary differential
equations i uit):

Mua+Cu+Ku=g
where M 1s the mass matnix, C is the damping matrix, K is the stiffness matrix, and g is the
exiernal force vector, which are assembled from corresponding element suab-matrices that
depend on the shape functions N,
{6656} Accordingly, the image mterpretation application can apply an active contour

model 1o oblam smoothed edges or borders of the carolid artery. Tha active contour model
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causes the preliminary detected edge lines to be smouth and adherent to the gradient value of
the region of interest.

j60571 For example, while FIG. 4 illustrates the imtialization approach where the
image interpretation application detects prelinunary edges, FiG. 5 illustrates the smoothed
adge lines that result afier applying one or more active contour models to the preliminary
edge hines of FIG. 4

[60658] in another example, the display screen 200 of FIG. 2 ilustrates that, upon
setiing a region of interest, the image interpredation application obtains smooth edge lines of
the carotid artery. More particularty, the upper border of the humen-intima bterface and the
lower border of the media-adventitia interface are detected and shown within region of
interest 235 and enlarged in window 230, These portions of FIG. 2 have been enlarged and
are shown in FIGS. 6 and 7, respectively.

{6039} n some embodiments, the image iiterpretation apphication can provide the
aser with the opportunity to modify a smoothed edge line, For example, apon the user
determining that the edge line detecied from the border edge detection 1s not satisfactory
{e.g . due to poise in the image or an image artifact, based on experience or judgment, eic.},
the image micrpretation application can allow the user o adjust the edge Hoe,

{0060} in some embodiments, the image mterpretation application can allow the user
1o modify a smoothed edge Hine with constraints or confrof points, In a move particular
example, FIG. 8 shows an Husirative display screen for modifying the detected edge lines of
the carotid artery. As shown, the image interprefation application has detected a first edge
line 810 and a second edge line 820 of the carotd artery. As also shown, the image
interpretation application provides the user with the opportunity to set hard constrainis or
control points for an edee hine such that the edge hne is directed to pass through the indicated
control points {e.z., control ponsts 830 and 840). Muove particularly, while calculating and
displaying the edge line, the placement of hard constraings 830 and 840 causes the image
mterpretation application and its active contour model to provide an edge line thut passes the
user-positioned constraints or control ponts.

[6861} it should alse be noted that, in some embodiments, the image nterpretation
application can update the edge line using the active contour model as the user moves a hard
coustraint, For example, as shown in FIG. &, the user using a user input device can drag hard
consiraint 830 causing the image interpretation application to update the edge hine with the
carrent position of moveable hard constrant 30 and fixed hard constraints 840, i should be

noted that the image interpretation application can altow the user 10 remove hard constraints,
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add any suitable number of hard constrainiy, ete.

[86862} It showdd further be noted that, in some embodiments, the image interpretation
application can place hurd constraints at the ends of the edge lines to inhibit them from
shrinking or expanding in the hotizontal divection.

863} it should be noled that constratmts andfor other suitable modifications to the
edge lines can be provided by mouse fnferaction or any other suttable interaction using a user
input device. In a more particular exanple, when the image interpratation application is
executed on a wireless communications device with a touch screen, the user may make
contact with the touch screen using any switable object or appendage. such as a stylus, finger,
ete. For example, instead of moving a cursor aver a pomnt on an edge line, the image
inigrpretation gpplication may respond o comtact with a touch screen, such as one or more
taps on the toach screen, maintaining continuous contact with the touch screen, movement of
the point of contact while nmimaiming continuous contact, a breaking of the contact, or any

combination thereof

{8064} For example, in some embodiments, the image interpretation application can
allow a user to insert control points on an edge Iine with the wse of a user nput device. As

shown in FIG, 8, the image mterpretation application altows the user to click on a portion of
gdpe line 810, In response 10 selecting a pomnt on edge line 810, the image inlerpretation
applieation can create controd point 830, When the user maintains confact wilh control pomd
830 (e.g., by holding the mouse button down, by maintaining continuous contact with a touch
screen, eic.), the image interpretation application can allow the user to move control point
%30 to a dilferent location, where one or more active contow models are used (o update the
edge line to pass throagh controf point 830 at its current posinion and other contrel points
K44,

j0oes] in another example, the image interpretation application can allow a user {o
remove comirol points from an edge line. As shown in FIG. B, in response to the aser
selecting an inserted control point {e.g., one of control points 830 or 840), the image
interpretation apphication can provide the nser with the option o remove the inserted control
point. [n response to removing an mserted controd point, the image interpretation application
can yse one or more active contour models to update the edge line to pass through the
remaining control points.

jO066] in vet another example, the tinage interpretation application can allow a yser
to correct or modify control points [rom an edge line. As shown in FIG. &, in response {o the

user selecting an inserted control point {e.g., one of control points 830 or 840), the image
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interpretation application cap provide the user with the option to modify the position of the
inserted control point. In response o moving an nseried control pont o another location,
the image mterpretation application can use one or move active contour models to update the
gdge line to pass through the control points, which includes the inserted control point af its
new loeation.

0067} Altematively or additionally, the image interpretation appheation can allow a
user o set particular designations for particular control points. For example, using & user
gt device, the image inderpretation apphication can allow the user {0 designale thal control
point 830 is a measurement point for determining the carotid intima-media thickness. In
respouse, the image interpretation application can deternune the orthogonal distance from
control point 830 on one edge tine to the opposing edge line and present the measurement o
the user.

jo068] Referring back to FIG. 1, the image interpretation apphication can then
determine one or more measurements relating to the carotid artery using the detected edge
lines at 180. For example, the image interpretation application can determine a mean intima~
media thickness value. In a more particular example, the image mterpretation application can
determine the length of @ lne orthagonal from the detected media-adventitia border o the
detected lumen-intima border for each of the points along the length of the region of interest
within the carotid artery. The mean carotid mtima-media thickness value can be the
arithmetic mean valoe of these deternuned lengths, Tn another example, the image
interpretation apphication can determine the maxinnan value of these lengths to derive the
maximun carotid intima-media thickness value. In yet another examyple, the inmage
interpretation application can deterntine 3 mean of the maximom carotid intima-media
thickness values.

jO069] In some embodiments, the image interpretation application can detenmine 3
vascular age of the carotid artery in the selected ultrasound 1mage. In particalar, the image
mterpretation application can transmit a query to a storage device (e.g., a database that velates
age lo carotid intima-media thickness values in a particular study population), In response io
ransmitling the query, the image interpretation application can recetve the associated
vascular age and cause the vascular age to be displaved to the user. For example, as shown in
region 240 of FIG. 2, the image mierpretation application has gueries a population database
and determined that the vascular age of the carotid artery shown m window 230 15 43.62
vears of age. In a more particular example, the image interprefation application accesses the

median value (50th percentile) in a Bogalusa study database of a given race and gender.
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{8676} it shoudd be understood that the above steps of the flow diagrams of FIG. 1
and 3 may be executed or performed in any ovder or seguence not hinvted to the order and
sequence shown and described in the figure. Also, some of the above steps of the flow
dagrams of FIGS. 1 and 3 may be executed or performed substantially smmulianeously whese
appropriaie or m parailel to reduce fatency and processing times.

[pa71} FIGS. 9 and 10 show an illustrative comparison of the detection of the borders
of a carotid artery using other detection approaches with the detection of the borders of the
carotid artery of the same patieni asing the image interpretation application 1 accordance
with some embodiments of the disclosed subject matter. As shown, the borders or edge lines
detected by the image interpretation application provide a move accurate fit of the lumen-
mitma wterface and the media-adventitia interface of the carotid artery.

jon72} In some embodiments, the image interpretation application can provide the
user with various color indicators corresponding to carond ntima-media thickness andfor
edge lines. For example, color indicators can overlay particular portions of the illustrative
displays {e.g., over an edge line, over sections of an artery, over particular measurements,
ete. ) or otherwise displayed to provide the user with a visual recognmtion of particular
counditions. More particularly, using the control indicators, the image interpretation
apphication can provide the user with a visual indication of the range of thicknesses along a
carotid anery — e.g., the region of the carotid artery with the maxiem carotid mitma-media
thickness, the region of the carotid artery with the nunimum carotid intima-media thckness,
etc. In addition. the image interpretation application can provide the wser with visaal color
cues for particular conditions, sach as blue (o indicate a thin intima media-thickness and red
to indicate a thick wima-media thickness.

6673 In a more particular embodiment, FIG. 11 shows two edge lines that have been
detected using the image inferprefation application. The image interpretation application can
use color cues to indicate the detection of particular edge lines. For example, the detection of
the lumen-intima interface can be shown by a green line 1110 and the detection of the media-~
adventitig interface can be shown by g red line 1120, Tt should be noted that any sustable
color can be used such that the user is provided with a visual indication of the detected
interfaces.

{0674 in another more particular embodiment, FIG, 12 nclodes a measurement hine
1214 The image interpretation apphication can display measurement Hane 1210 m vellow to
mdicate the orthogonal line that provides the maxinwun carotid mtima-media thickness within

the region of interest.
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{8675} in sopme embodiments, the image interpretation application can allow the aser
1o move measwrement {ine 1210, For example, using the arrow keys on a kevhoard or a
finger on a touch screen, the image interpretation application can allow the user to move
measurement fne 1214 t0 apother position within the region of interest. In response, the
mage mierpretation appheation can provide the user with the carotid intima-media thickness
value corresponding to the posttion of measurement line 1210, In another example, muluple
measurement lines can be provided on the illustrative display — e.g., one measurement kine
corresponding o the location having the maximum carotid inna-media thickness, one
measurement hine corresponding to the location having the mivinnum carobd intima-media
thickness, andfor one movable measuremet fine providing the caroud intima-media
thickness value corresponding to its position.

jon7e} in vet another more particular embodiment, FIG. 13 shows an ilhstrative
example of a color-coded scheme or color indicators along the carotid artery. For example,
the carotid artery within the region of interest can be divided nto sections 1310, 1320, 1330,
1340, 1356, 1360, 1370, and 1380, where each section 1s assigned a color or shading based
on the carotid mtima-media thickness value or vascular age value (e g, blue to indicate that
the section of the carotid artery is withun a normal carotid intimg-media thickness range and
red to indicate that the section of the carotid artery i1s within a signibicantly abnormal caretid
mitma-media thickness range). In another example, gradient shading or heat mapping can be
used to show that the carotid muma-media thickness of section 1310 s sigmficantly thicker
than the caroud intima-media thickness of section 1350, In vet another example, gradient
shading or heat mapping can be used 1o show changes i carotid intima-media thickness,
where the red color assigned to section 1319 (1o indicate 8 thick carotid mbima-media
thickness) transitions to the orange color assigned to neighboring section 1320, This can
indicate the change in thickness and the direction of the change in thickness {e.g., that the
carotid intima~-media thickness decreases from section 1310 to section 1324).

{00677} In some embodiments, the image interpretation application can provide a color
range indicator. For exanple, along with the color-coded sections of the carotd artery, the
image interpratation application can display a color range mdicator that provides a guide as to
which sections are m a pavticudar rammge of carotid tima-media thicknesses. In another
example, the image interpretation application can display a color range ndicator that
indicates which portions of the carotid artery are within a notmal carotid intima-nedia
thickness range (blue), @ moderately abnormal carctid intima-media thickness range {green),

and a significantly abnormal cavotid intima-media thickness range (ved).
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{8678} it should be noted that, although the embodiments described herein generally
relate to measuning cavotid intima-media thickness and vascunlar age, the bnage interpretation
application can be used for any suitable measurenents.

86791 For example, instead of recetving ultrasound mmages from an ultrasound
mmaging device, the image imterpretation application can receive x-ray computed tomouraphy
images. In a move particalar example, upon recetving x-ray computed tomography images of
a patient’s spine, the image interpretation application can analyze the mages and calculate
spinal dise measurements, such as the distance between particular discs and the amount a
particular disc is compressed. In another move particalar example, upon receiving x-ray
images of a pattent, the image terpretation application can detect the borders of a bone and
caloulale measurements based on the detected borders, such as the length of a bove, the
amowit of displacement,

{080} In another example, the image interpretation application can receive fetal
uHrasound images of a fetus, where the image interpretation application detects edge lines
cotresponding {0 the fetus and calculates measuresnents based on the detected edge hines,
such as the length of the fetus, sive of the baby’s head, etc.

jOa81] In vet another example, the image interpretation application ¢ determine the
garotid-intima media thickness of a patient’s carotid avtery and, in response 10 determining
that the patient has atheroselerosis, the image inferpretation apphication can fransmit a
message to a doctor.

{0082} in a further example, it should be noted that the image miterpretation
application can detect borders and perform various measurements using an ulirasouxd
imaging device on any saitable artery, such as the brachual, radial, andfor femoral arterfes.
j6083] Turning to FIG. 14, FIG. 14 shows a generalized embodiment of an illustrative
system 1400 on which the tmage interpretation application can be implemented i accordance
with some embodiments of the disclosed subject matter. As shown, the Hustrative system
1400 includes a compating device 1410 and an ultrasound imaging device 1420, Compating
device {410 can be any suttable computing device for providing access to the bnage
inferpretation application, such as a processor, a computer, a data processing device, or a
combination of such devices. For example, the image interpretation application can be
distributed nto nwiltiple backend components and nwltiple frontend components or
interfaces. In a more particular example, backend components, such as data collection and
data distribution can be performed on ultrasound imaging device 1420, Sumilarly, the

graphical user interfaces displaved by the apphcation, such as an tnterface for displaying
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gltrasonnd intages and measuring carotid intuna-media thickness, can be distributed by one
or more compating devices 1410

j6084] Ultrasound imaging device 1420 can be any sultable imaging device, such as a
high resolution B-mode ulizasound imaging device with an 8-14 MHz Lingar array fransducer
wiliang fundamental frequency. Alternatively or addationally, any suitable imaging device
{e.g., x-ray tmaging device, magnetic resonance imaging device, etc.) can be connected to the
computing device 1410 that is execuling the finage interpretation application.

[6685] More partionlarly, for example, computing device 1410 can be any of g
general purpose device such as 8 computer or a special purpose device such as a client, a
server, etc. Anyv of these general or special purpose devices can mclude any suitable
components such as a processor {which can be 3 microprocessor, digiial signal processor, a
controfler, ele.), memory, communication interfaces, display controllers, input devices, eic.
For example, client 1410 can be inplemented as a personal computer, a tablet computing
device, a personal data assistant (PDA), a porigble emait device, 8 multimedia termmal, 3
mobile telephone, a gaming device, a set-top box, a television, etc.

68861 In some embodiments, any suitable computer readable media can be used for
storing instructions for performing the processes described heren, can be used to determine
garotid mtima-media thickness, etc. For example, in some embodiments, conyputer readable
media can be fransdory of non-iransitory. For example, non-ransifory computer readable
media can include media sach as magnetie media {such as hard disks, floppy disks, ete ),
optical media (such as compact discs, digital video discs, Bhu-ray discs, efe.), semiconductor
media (such as flash memory, electrically programmable read only memory (EPROM),
electrically erasable programmable read only memory (EEPROM), etc.}, any suitable media
that is not fleeting or devoid of any semblance of permanence during transnnssion, and/or
any suitable tangible media. As another example, transitory computer readable media can
mnclude signals on networks, w1 wires, conductors, optical fibers, circuits, any sustable media
that is Heeting and devoid of any semblance of permanence during transmission, anddor any
sutiable imtangible media.

[6687} Referring back to FIG. 14, communications link 1430 {and other links
described herein) may be any communications links suitable for commumceating data between
computing device 1410 and ultrasound imaging device 14246, such as network links, dial-up
hinks, wireless links, hard-wired links, any other syitable communications tinks, ora
combination of such hinks. Computing device 1410 enables a user o access features of the

intage interpretation appheation. Computing device 1410 may be personal computers, laptop
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conmputers, mainfrane computers, dumb termumals, data displays, Internet browsers, personal
digial assistants {"PDAST), two-way pagers, wireless terminals, portable telephones, any
other suitable access device, or any combination of such devices. Computing device 1410
and ulirasound imaging device 1420 may be located at any suitable location. lnone
smbodiment, computing device 1410 and ulirasound imaging device 1420 may be locaied
within an organization. Altematively, computing device 1410 and ulirasound imaging device
1420 may be distributed between multiple organizations.

[6688] it should also be noted that computing device 1410 can include

processor 1440, memory 1450, inpat device 1460, and display 1470, which may be
interconnected. In some embodiments, memory 1450 contaings a storage device for stonng a
computer program for controtling processor 1449,

[BO8% Processor 1440 uses the computer program to present on display 1470 the
umage interpretation appheation and the data received through commumications link 1430 and
conyumnands and valaes wansmitted by a user of computing device 1414 1t should also be
noted that data received throngh conunanications link 1430 or any other commanications
Iinks may be recetved from any saitable sowrce. Input device 1460 may be a computer
kevboard, a mouse, & cursor-controller, dial, switchbank, lever, or any other suitable inpuwy
device as would be used by a designer of input systens or process control systems.
Altermatively, input device 1460 may be a finger or stvius used on a touch screen display
1476,

{0090 i some embodiments, the image interpretation application may mclnde an
application program imterface {not shown}, or shternatively, the application may be resident in
the memory of computing device 1410, In another suttable embodiment, the only distribation
to computing device 1410 may be & graphical user interface (*GUI™) which allows a user to

inieract with the image interpretation application resident at, for example, another computing

device.
{0091} In one particular embodiment, the image interpretation application may

include chent-side software, bardware, or both, For exanple, the application may encompass
one or more Web-pages or Web-page portions {e.g.. via any suitable encoding, sach as
HyperText Markup Langaage CHTML™), Dynamie HyperText Markup Language
CDHTML™), Extensible Markup Language ("XML”), JavaServer Pages ("JISP™), Active
Server Pages ("ASP™), Cold Fusion, or any other sutable approaches).

jon92} Accordingly, methods, systenss, and media for determining carotid intima-

media thickness are provided.
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{8693} Although the invention hias been described and dlastrated in the forezoing
iustrative embodiments, it is undersiood that the present disclosure has been made only by
way of example, and that mumercus changes in the details of implementation of the invention
gan be made without departing from the spirit and scope of the invention, which is only
timtted by the claims which follow. Features of the disclosed embodiments can be combined

and rearranged in various ways.
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What is claimed is:

1. A method for determuning carvotid intima-media thickuess of a carotid artery,

the method comprising:

recetving a frame from a plurality of images, wherein each of the plarality of
images mchudes a portion of the carotid artery;

recelving a user selection of a lncation with the frame;

selting a region of miarest based on the received user selection:

detecting a8 first border and a second border within the region of interest;

applying one or more active contowr models to the first border and the second
border to generate 3 smoothed first border and a smoothed second border: and

calculating the intima-media thickness based at least iy part on the smoothed

first border and the second smoothed border.

2 The method of clatm 1, further comprising receiving a hard constraint on at
least one of the smoothed first border and the smoothed second border, wheremn the one or
more active contour madels ave applied such that the smoothed first border ov the smoothed

second berder are directed through the hard constraint.

3. The method of claim 2, further comprising antomancally updating the
smoothed first border or the second smoothed border in response to modifying the hard

constraint.

4. The method of claim 2, further comprising sutomatically updating the
smoothed fivst border or the second smoothed border using the one or more active comour
maodels m response {o recerving a plurality of bard constraints.

5. The method of ¢lginy 1, wherein the smoothed first border s & lumen-intimg
interface of the carotid artery and the smoothed second border 1s a media-adventitia interface

of the carotid artery.

6. ‘The method of ¢laim 1. wherein the region of mierest mncludes a plurality of
horieontal pixels, wherein calaudating the intima-meadia thicknass further comprises

deternuning & plurality of carotid intima~-media fength valoes, wherein each of the plurality of
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carotid itima-nredia length valuex is a length of a Hine orthogonal from the smoothed first

border to the smoothed second border for each horfzontal pixel within the region of interest.

7. The method of claim 6, further comprising determining at least one of! 2 mean
carotid mittma-media thickness from the phurality of carotid intima-media length values, a
maxinnm carotid intma-media thickness from the plurality of carotid intima-media length
values, and a mean of the maximum carotid intima-media thickness from the plurality of
carotid intima-media length values over a plurality of regions of interest along the carotid

artery.

8. The method of claim 1, further comprising:
transmitting the carotid intima~media thickness to a database that velates age o
carotid mtima-media thickness values, and

recelving a vascular age corresponding to the carotid artery from the database.

4, The method of claim 1, further comprising:
inttializing the one or move active contour wodels by antomatically detecting o
first rough border and a second rough border within the region of mierest; and
providing the first vough border and the second rough bosder {0 the one or

more active contowr models.

{h The method of claim 1, further comprising simulianeously displaying the {irst
smoothed border, the second smoothed border, and an orthogonal Tine connecting the first
smoothed border and the second smoothed horder identifying a location of a maximum
carotid intima-media thickness, wherein a color indicator is assigned to each of the first

stoothed border and the second smoothed border (0 mdicate the detected borders.

i1, The method of claim 1, further comprising assigoing a color indicator o a
portion of the carotid artery within the region of inferest to indicate a range of the carotid

intima~media thickness for the portion.

12, Asystem for determining carotid mtima-media thickness of a carvotid artery,
the svstem comprising:

an ultrasound imaging device that captures a phurality of ultrasound images,
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wherein each of the plurahity of ulirasound tmages includes a portien of the carotid artery;
annd
a processor connected to the ultrasound imaging device, wherein the processor

is configured to:

receive a frame from a phaality of images:

receive & user selection of a location with the frame;

set a region of interest based on the recerved user selection;

detect a first border and a second border within the region of interest;

apply one or more active contour models to the first border and the
second border to generate a smoothed first border snd g smoothed second border; and

calenlate the intima-media thickness based at least in part on the

smoothed first border and the second smoothed horder.

13, The system of claim 12, further comprising a user input device, wherein the
processor is further configured to
receive a hard constraint using the user input device on at least one of the
smoothed first border and the smoothed secoud border, wherein the one or more active
contour models are applied such that the smoothed first border or the smoothed second border

are dirgcted through the hard constraint.

{4 The system of clainy 13, wherein the processor is further configured to
automatically update the smoothed first border or the second smoothad border in response to

modifving the hard constraint.

15, The system of claim 12, wherein the region of tinterest inchudes a phurality of
horizontal pixels and wherein the processor 1s further confivured to:
determine a pharality of carotid intima~-media length values, wherein each of
the plurality of carotid mtimg-media length values is a tength of g Hue orthogonal from the
smoothed first border to the smoothed second border for each horizontal pixel within the

region of interest.

16, The system of claim 15, wherein the processor s further configured to
determine ai least one oft 8 mean carotid intima-media thickness from the plurality of carotid

intima-media length values, a maxdimum carotid intima-media thickness from the plurality of
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carotid intima-nredia length values, and a nrean of the maxinnam carotid mtima~-media
thickness from the phaabity of carond intimaemedia lenpth values over a phurality of regtons

of interest along the carotid artery.

17, The system of clatm 12, further comprising a storage device that relates age fo
carotid intima~media thickness values, wherem the processor is further configured to:
transnut the carotid intima-media thickness to the storage devics; and
receive and display a vascular age corresponding to the carotid arlery from the

storage device.

18, The system of claim 12, wherein the processor is further configured to:
imtiakize the one or more active contorr models by automatically detecting a
first rough border and a second rough border within the region of terest; and
provide the first rough border and the second rough border to the one or more

active contour models.

19, The system of claim 12, wherein the processor s further configured
sinnilianepusty display the first smoothed border, the second smoothed border,
and an orthogonal line connecting the first smoothed border and the second smoothad border
wentifying a location of a maximant carotid intima-media thickness; and
assign a color indicator to each of the first smoothed border and the second

smonthed border to indicate the detected borders.

20, The system of claim 12, wherein the processor is further configared 1o assign a
color indicator o a portion of the carotid artery within the region of mierest to mdicale a

range of the carotd intima-media thickness for the portion.

21, A non-transilory computer-readable wedium containing computer-executable
imstructions that, when executed by a processor, cause the processor to perform a method for
determinimg carotid intima-media thickness, the method comprising:

receiving a frame from a plurahity of images, wherein each of the plurahty of
images includes a portion of the carotid artery;
receiving a user selection of a location with the frame;

setting a region of interest based on the received user selection;
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detecting a first border and a second border within the vegion of interest;

applyving one or more active contowr models to the first border and the second
border to generate a smoothed first border and & smoothed second border; and

caleulating the intinme-media thickuess based at least in part on the smcothed

first border and the second smoothed border,

i

.
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