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(57) Abstract: Automated quantitative analysis of microcirculation, such as density of blood vessels and red blood cell velocity, is
implemented using image processing and machine learning techniques. Detection and quantification of the microvaseulature is de-
termined from images obtained through intravital microscopy. The results of quantitatively monitoring and assessing the changes
that occur in microcirculation during resuscitation period assist physicians in making diagnostic-ally and therapeutically important
decisions such as determination of the degree of illness as well as the effectiveness of the resuscitation process. Advanced digital
image processing methods are applied to provide quantitative assessment of video signals for detection and characterization of the
microvasculature (capillaries, venules, and arterioles). The microvasculature is segmented, the presence and velocity of Red Blood
Cells (RBCs) is estimated, and the distribution of Wood tlow in capillaries is identified for a variety of normal and abnormal cas-
es.
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IMAGE PROCESSING AND MACHINE LEARNING FOR
DIAGNOSTIC ANALYSIS OF MICROCIRCULATION

DESCRIPTION

BACKGROUND OF THE INVENTION

Field of the Ivention

The present mvention generally relates to the detection of capillaries and small
blood vessels 1n videos recorded from Hssue surfaces, such as the lingual surface and,
muore partivalarly, to a systenvand process for quantitative assessment of viden signals
for detection and characterization of capillsries i order to montior and assess changes
that nceur In microcirenlation to assist physicians in making diagaostically and
therapeutically important decisions such as determination of the effectiveness of the

resuscitation provess,

Bachground Desoription

Kunowledge of healthy distribution and circulation of blood in capillaries has

been considerad as & key factor (o assess tissue oxygenation {see, for example, V. Cemy,

Z. Turek, and R, Parizkovd, “Orthogonal polarization spectral imaging: a review,”
Physiol. Res. 36, 2007}, Study of microcirenlation has shown potential diagnostic value
in discases such as sepsis (see, for example, R, M, Bateman, M. I Sharpe, and C. G

Ellis, “Bench-to-bedside review: microvasenlar dysfimction in sepsis: hemodynamics,
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axygen transport and aitric oxide”, Crif Care Med 7: 359373, 2003}, chronic ulcers,
digbetes mellitus, and hyperiension {see, for example, B. L Levy, G. Ambrosio, A. R.
Pries, and H. A. Struijker-Boudier, “Microcireulation in hypertension: a new target for
treatment? Cirendation 104:735-740, 2001, and €. Verdatt and D. De Backer, “How
montioring of the microcireudation may help us at the bedside™, Curr Opin Crit Care
2008, 1H{33240-244). The alieration in microcireulation measures during resuscitation
i also of interest of numerous physicians (see, for example, Sakr Y, Dubeis M. 1, 13,
Die Backer, J. Creteur, and 1. L. Vincent, "Persistent mivrocirculalory allerstions are
asspetated with organ failure and death 1n patients with sepsis shoek™, Ot Care Med
2004, 32:1825-1831, P E. Spronk, C. Ince, M. I Gardien, K. R. Mathora, H. M.
Oudemans~van Steagten, and I, F. Zandsira, “Nitroglvesrin in sepsis shock after
intravascalar vohune resuscitation”, Lancet 2002, 360:1395-1396, and Michae! Fries,
MD; Weail, Max Harry, MD, PhD, FCOM; Yun-Te Chang, MDY, Carlos Castitlo, MSEE;
Wanchun Tang, MD, FOCM “Microeirenlation during cardiac arvest and resuscitation”,
Crit Care Med 34 (2008), pp. 4544371 A technology that can quantitatively detect and
monitor the changes m microcirenlation can lead to early detection of these pathological
conditions, and therefore better chance of trestiment {see, for example, Orsolya
Genzel-Boroviczeny, Julia Strotgen, Anthony G. Haris, Konrad Messmer, and Frank
Christ, “Orthogonal polarization spectral imaging {OPS) A novel method to measure
the microcirerlation in fenn and pretorm infants {ranscutaneousty”™, Pediarr Res
S1:3R6-381, 2002}, In particnlar, in trauma, it 1s highly desirable to automalically
monitor microcirculation during resuscitation and decide when to start and/or stop
resuscitation according to real-time guantitative analysis of microeirculation.

Recently developed hurdware systerms have provided the means to capture vidgo
recordings of capillaries in lngual surface. In particular, the two major xoaging
methods, Qrthogonal Polarization Spectral (OFS) maging {sce Gerpel-Boroziczeny gt
al., ibid.) and Side-stream Dark Field (SDF) imaging {see Ince €, “The microcircalation
is the motor of sepsis™, Critical Care 2005, 9(suppl 41813-819) are being widely
employed in the feld of clintcal micracircnlatory research. In thus research stady, video
recordings with high resolution captured by Microscan system were acquired. Despite
the advances in the hardware, the lack of effective computational methads o analyze

aned interpret these tmages 18 still the main challenge,
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Dobhe et al, proposed g method based on image stabilization, centerline
detection and space Hime diagram (3. G. G. Dobbe, G. I, Streekstra, B. Atasever, R, van
Fijderveld and €. Ince, “The measwrement of functional microcivewdatory density and
veloeity distributions using antomated image analysis”™, Med Biol Eng Compur. 2008
Jaly, 46(7): H38-670), Patiern recognition techmiques were used by Joes Staal etal. to
extract ridges (Joes Staal, Michas! D. Abrimoft, Meindert Nicmeijer, Max A,
Viergever, and Bram van Ginneken, “Ridge-Based vessel segmentation in volor images
of the teting”, IEEE Transactions on Medieal Imaging, vol. 23, no. 4, pp. 501508,
2004}, Hoover and Goldbaum {Adam Hoover and Michael Goldbaum, “Locating the
optic nerve in ¢ retinal ivage using the fuzzy convergence of the blood vessels™, JEEE
Tran. on Medical Imaging, Vol 22, No. 8, Aug. 2003, p. 951-938) utilized fuzzy
convergence to extract the optic nerve in images of the ocular fundus. Vermeer e al. (K.
A, Vermeer, F. M. Vos, H G Lemij, A M. Vossepoed, “A model based method for
retinal blood vessel detection™, Comput. Bivd, Med., in press. DOL:
10.1016/80010-4 8230330005 5-6, 2003) proposed 8 model baged approach. Arntificial
intelligence-based approaches were applied by Rosi of al. (U, Rost, H Munkel, and
(.-E. Liedtke, “A knowledge based system for the configuration of image processing

algovithms”, Fachiagung Tnformations wnd Mikrosystem Technik, March, 199§),
SUMMARY OF THE INVENTION

An embodiment of the invention detoets the presence and density of active
capillaries in SDF video recordings, quantitatively monitor and assess the flow of red
blood cells in the detected capillaries and quantitatively monitor and assess the changes
that ocour in microcireniation during treatment of some disases as well as resuseitation
period.

According to an embodiment of the invention, image processing techmquss are
used to automatically detect capillaries and small blood vessels in order {o dertve more
dizgnostically useful information to assist physicians and medical rescarchers. The
system applies advanced digital image processing methods 1o provide quantitative
assessmuent of video signals for detection and charscterization of capillaries, The

objective is to segment capillaries, estimate the presence of Red Blood Cells (RBCs),

ik
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and identify the distribution of blood flow in capillaries for a variety of nommal and
abnonmal cases. Active capillavies are identified. Then, using Functional Capillary
Diensity (FCD), subjects are classified as normal or hemaorrhagic stage. A decision-
support system aids physicians in diagnosing discases nung calenlated quantitative
parameters of microcirenlation. The invention alms 1o reduce the human interaction as
wadl as the computation time.

The systeny is fully-automated and 1s capable of performing the entire analysis
without buman intervention; however, it allows for hwunan expert imtervention if needed.
The technigue calculates the indices of Functional Capillary Density (FUD) and

*roportion of Perfused Vessels (PPV) to assist physicians and medical researchers in

diagnose and lreatment of diseases that affect the strugture of microctreulation.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and sdvantages will be better
understood from the following detailod description of a preferred embodiment of the
invention with reference to the drawings, in which:

Figure | is 2 block diagram showing a system which implements an embodiment
of the foventioty;

Figure 2 shows an original video frame of hload vessels from a video of the
tongue surface;

Figure 3 shows the result of the stabilization step on the video frame of Figure 2
as tmplemented by an emboditnent of the invention;

Figure 4 shows another original video frame of blood vessels from a viden of the
tongue surface;

Figure § shows the final result of segmentation on the video frame of Figare 4 as
implemented by an embodiment of the invention;

Figure 6 is a flowehart illustrating the logie of the tmage provessing and maching
learning for diagnostic analysis of microcireulation implemented sccording to an
embodiment of the mvention,

Figure 7 is a flowchart llustrating in more detail the logic of the stabilization

performad by the process shown i Figure 6

¥
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Figure 8 is a flowchart Hustrating in more detail the logic of the pre-processing
performed by the process shown in Figure 6;

Figure 9 is a graphical represemtation of the segmentation process performed by
the provess shown in Figure 6;

Figure 10 1s a flowchart showing in more detail the togic of the segmentation
process Hlustrated in Figure 9 and performed by the process shown i Figure &,

Figure 11 is a flowchart showing in more detatl the logic of the uniton of results
performed by the process shown in Figure 6;

Figore 12 is a flowchart showing in more detail the logic of the identification of
active capillaries perforined by the process shown in Figure 6)

Figure 13 is & flowchart showing in mere detail the logic of caloulating
parameters performed by the process shown in Figure 6; and

Figure 14 1s a flowchart showing in more detail the logic of making diagnostic

decisions performed by the process shown in Figure 6.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

The embodiment of the invention is described in terms of a system on-which the
methods of the invention may be implomented, The systent is composed of various
unaging components, databases and computational witerfices that one of ordinary skill
in the computational arts will be familiar with. The methods of the tnvention are
described with reference to flowcharts which iHustrate the logic of the processes
implemented. The flowcharts and the accompanying descriptions are sufficient for one
of ordinary skill in the compuier programming and tmage processing arts {o prepare the
necessary code to implement the smbodiment of the invention.

The following describes the methodelogy of the algorithim implemenied by an
embodiment of the invention. The methodology containg two stages: Video stabilization
and Segmentation. Referring to Figure 1, video of capillaries are captured by a handheld
microsvan device 10, As tHlustrated, the device is prossed against the patient’s tongue to

obtain video images of the capillaries and small blood vessels in the lingual surface.

While the lngual surface is the preferred surfiace to obtain these video images because



WO 2010/117576 PCT/US2010/027605

of the profusion of capillaries and small blood vessels in the tongue, other body surfuces
could also be used to generate these video tmages, nchuding but vot lndted 1o the ear
lobe and whites of the eye. These video images are converted to digital inages by
analog-to-digital {A/D) converter 11, which ate then input to a computer or data
processing system, here Hlustrated as a desk top computer 12, The compater 12 could be
connectad to & server and other computers through a netwotk (not shewn), The
computer 12 is provided with a user interface, including a display 13 and keyvboard and
mouse 14, and i3 connected to a database 15 for storing patient data. The computer 12 s
programumed to first stabilize the digital video tmages and then o segment the stabilized
video images, as will be desoribed in more detail below. The resulls of the
microcirculation analysis which follows stabilization and segmentation are displayed on
the display 13, with an indication of diagnostic decisions,

I the waining phase, a prior dataset stored in database 15 is used to train the
predictive model generated by the computer 12, Machine leaming methods are applied
to the prior dataset in the deciston-support system. More particularly, machine learning
techmiques, inchuding creating decision troes and extracting rules, are applied to the
dataset to generate predictive models of paticat condition and/or discases. These madels
are used to provide diagnosis and treatment to physicians, agsisting them in making
rapid and sccurate troatment choices for new patients. Whet the generated model i3 later
used to make diagnostic decisions for a new patient, the same information is collected
and psed as input. The diagnostic decisions are displayed on display 13, and computer
12 correlates the diagnostic decisions and actions taken by the physician, as input on
user interface, with the patient’s records, which are stored in the patient”s record m
databasa 15.

The imaging technigue vsed by the embodiment of the invention allows
observing capillaries only if Red Blood Cells (RBCs) exist. The hemoglobin protein
carried by RBCs absorbs the incident wavelength used by SDF syston: {see
Genel-Boroviczemy et al., ibid)), Therefore, RBUs bounded with vessel walls are
considered as vessels. Two main problems need 1o be addressed. First, the video files
captuwred from the surface of the tongue have very low contrast, and therefore need to be
improved inquality at the image processing level. Secondly, videns are nol stable due to

the movements of the camera andVor the subject. To deal with the movements, digital
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stabilization algorithm and image registration techniques are apphied. Because of low
contrast, it is not a trivial task to identify which pixel iy & background pixel and which
ong belongs to a capillary.

To illustrate the processes implemented by an emnbodiment of the invention, an
original video frame of 2 capillary image can be seen at Figure 2. Figure 3 illustrates the
result of the stabilization, as implemented by an embodiment of the invention. The dots
indicate selected control points. Siabilization and registration are done by using these
control poinds.

The resulls of segmentation indicate that the algorithm extraets the negonity of
the capillaries and thin blood vessels in a microcirculation image. The segmentation
process also extracts many the capillaries that cannot be easily observed by human eye.
Figure 4 shows another original video frame of a capillary image. The result of
automatic segmentation as implemented by an embodiment of the invention is shown in
Figure 5,

Figure & tllustrates o the image processing and machine learning for diagnostic
analysts of pyicrocircnlation as implemented in an embodiment of the invention. The
first process 61 is video stabilization. This has two main components, pre-processing o
enbance vessels, and calewlating correlation to register adiacent frames. The next
process 62 is another pre-processing step which first creates averaged frames over ien-
frame windows and then uses contrast Himtted adaptive histogram equalization, Next, in
segmentation process 63, the first step is to create multiple binary versions of each
averaged frame. Next, candidate vessel pixels are identified. Then, a pixal is assigned as
g vessel i1t meets three criteria, described in more detail horelnafter. In process 64, the
enion results of all threshold fovels ts computed, This is followed in process 63 by
identification of active capillaries. This process has as the first step the caleulation of
threshold for determining flow, Next, the pixels assigned as vessels in all frames ave
identified and their activity caloulated. Then, the vossels are labeled by activity tevel. In
process 86, quantitative measures of mulcrovireulation are calenlated for classification,
Finally, in process 67, diagnostic decisions are made. This is done by first classifying
subjects as normal or hemorrhagic, followed by dagnosing diseases using tissue
oxygenation fevel. The resulls are displayed on display 14, shown i Figure 1oas g

deciston~support system for the physician,
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Fach of the foregoing processes broadly deseribed with reference to Figure 6 will
now be described in more detail. Considering first the process 61 of stabilization shown
in Figure 6, reference is made to Figure 7. The microcirculation video is input to the pre-
processing stage 71, In this stage, Gaussian gradient filtering is used to enhance the
conirast of the blood vessels in each video frame, making them easter 1o identify. Fust, o
two dimensional (3D) Gaussian smoothing kernel is convolved with the stabilized video
framé to reduce notse, The 2D Gaussian function is given by;

Y 1 AN
Oix, v, 0) = . o
2ng”

The kernel's degree of smoothing is determined by the standard deviation 0. In the
embodiment of the invention, ¢ =2 1s used for this step.

The blood vessels in the video frames are nmuuch darker than thetr background and
can be characterized by a large and sudden change in grey-level mtensity of the pixels;
int nther words, a large and sudden change m the gradient. Treating the image 7 as 8 2D
function, the algorithmm calealates the partial first-order derivatives of J in the x and
directions. These approximate derivatives are conbined to form the gradicnt magnitude:

S . . -\,2 3 FP , . 2
Kr, ) = \J { d{"‘@‘:ﬁ:’ﬁ)) + (W}

%

The gradient magaitude values for each pixel in Lare used to generate a gradient filtered
version of the original image. The Mlooed vessels will appear very bright against a dark
background.

After the pre-processing stage 71, the nexi stage 72 involves assigning regions
for correlation. Movement wtifacts in the video cansed by the subject or imaging devige
can lead to imags instability, making vessel detection difficult. To avoid this, the video
sequence musi be stabilized, This is done by identifying control points on capillaries and
tracking them through adjacent frames, starting with-the first frame of the video, then
performing registration. The {ransform between two adjacent frames can be caleulated
using these control points, which are sutomatically selected by applying a Laplacian of
Gaussian filier to the tmage. This uses Gaussign smeothing to reduce noise {as deseribed

ghove) then calonlates the Laplacian of the result. Formally, the Laplacian £ of an image
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Fig given by

: & &
Lx, v} = SR R

o 2] e
des dv®

In other words, the Laplacian is the 2 order devivative of the image. Oue control point
is selected from cach of seven predefined regions in L, covering separate arcas of the
tmage.

To align two adjacent frames F|, and F, the algorithm first defines seven 253 x 35
pixel windows 1, in frame F), each centered on one of the controel points C, (=1, ., 7}
in frame F,, seven 63 X 63 windows W, are created, cach centered on one of the 25 = 25
sub-windows D in frame &,

The next stage 73 cialeulates the correlation between frames F, and F, for gach
region using a sliding window. By sliding a 25 # 25 sub-window D, around cach
window 7 in turn and calculating the correlation coefficient with the corresponding
sub-window £, frame F, at each point, the algorithnt finds the maximum corvélation
coefficient for each region. The correlation coefficients are calculsted according to the

formula:

whare € 1s the covariance matniy, caleulated as;
GG’V{XP XZ_) = Effx ¥ Q{Xém 5'12)1

Here, £ is the expectation operator and p, = &x)).

Each diggonal element R{E, 1) in the mateix R has valae 1. The maxtmum
correlation coctiicient is recorded for each of the seven regions. The amount of
translation between frames I, and F, is then taken as the maximum of these seven
coefficients, and Bsed to register the two frames. This process of matching adjacent
frames continues throughout the video,

The next stage of the image processing shown in Figure 6 is pro-processing 62,
This is shown in more detail in Figare 8. Hore, stabilized presprocessed video frames are
input. The raw microcirculation videos are captured at 8 rate of 30 frames/second, After
stabilization, the video i sphit into windows of ten consecative frames, To reduce noise

and assist in identifying capillaries as contuous structures, each window is used fo

3
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create a new averaged frame F, where each pixel in Fis valonlated g5 the avithmetic
average of the same location’s Intensity value across the etire ten-frame window.

Next, in step R2, Confrast Limited Adaptive Histegram Egualization (CLAHE) 18
performed on each averaged frame lo increase the visibility of blood vessels and
capillaries, CLAHE partitions an image info contextual regions and apphes histogram
¢qualization to cach region in order o even out the overall gray level distribution, This
is widely used in imaging software and the full mathematical details of the algorithm
can be found in “Cosntrast Limited Adaptive Hiztogram Equalization” (Karel Zuiderveld,
Academic Press Graphics Gems Series, Graphics Gems IV, pp. 474-485 1994). The
output is 8 sequence of pre-processed averaged frames, cach covering & window of ten
consevutive frames in the micreeirculation video which are input o the segmentation
stage 63 of the imaging processing shown in Figure 6.

Figure @ graphically illusteates the geometric parameters used in the provess of
segmentation. Segmentation is applicd to cach averaged frame. Pixel p is the vessel
candidate, The nearest background pixel to p is shown by b, The diameter of the vessel
is the maximum value of the distance between b, aud the backgrotnd pixels ef 5 x §
neighborhood, Ny, The angle of the vessel is caleulated as the angle betwean bp and N

With this backeground, reference is now made to Figure 10 which shows in more
detail the segmentation process, The input is the sequence of equalized averaged
grayscale frames, n the first stage 101, # range of threshold lovels 1s selected, creating
ong binary image per level for each average frame A, The threshold levels are sef by
defaull, but the system allows manual selection as well. These binary images contain
candidate vessel pixeds. To filter those candidates, the following steps 102 to 107 are
then applied o gach binary image.

Al step 102, ¢ Buchidean distance matrix 4 is caleulated. This matrix represents
the spacing of a set of n points in Buclidean space, where the eloments are defined as:

] P
O <ijan

The element at A4 /] is the square of the distance between the  and / poinis in the set.
A Buclidesn distance matrix K is ereated for the binary image B, currently being
anatvzed, This records the distance between each foreground pixel and the nearest

background pixel. Note that after the preprocessing step, the foreground pixels in cach
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binary image are the potential vessel pixels. The matrix £ is the same size as B, with

E{i /| being the distance of the tmage pixel at Bl7 j] to the neavest background pixel in &,
The coordinates of this neavest background pixel are recorded in a second mateix C,
constructed sinmaltancously, Detatled information on the Euclidean Distance Matrix can
he found in “Fast Raster Scan Distance Propagation on the Discrete Rectangular Lattice™
{F. Leymarie and M. D. Levine, CVGIP: Image Understanding, vol. 5§, issue 1, January
1992}

Reference is made again 1o Figure 9 and to slep 103 where the nearest
background pixels of the S = 5 neighborhood N, is found for each non-background
pixel p. Here, p iy the current pixel, b, is the neavest background pixel to p, and Ny
contains the nearest backeround pixels to pixel p's 5 # § neighborhood. Based on these
parameters, the following three vissel parameters are caloulated in steps 104 1o 106
s The contrast ratio between pixel pr and the pixels in neighborhood Ny, vecording

the maximum value of pixel p.

. The distance befween b, and the pixels in Ny, (e, the vessel diameter),

recording the maximum value of pixel p,.

’ The angle between b, and the pixels in neighborhood Ny, (Le., the angle of the
vessel), recording the maximum value pg.
In step 107, a pixel is verified as a vessel if the maximum measues caleulated in steps

104 to 106 meet g set of pre-defined eritenia;

¥ I'}(t - }}C-
Sy 2

S RS
v J 3

’ Pa > Py

where p,, 1, énd pg represent the centrast ratio, the vessel dianeter and the vessel angle,
rospeetively. In the embodiment of the invention, the pre~-defined values are : £, = 1,25,
P, = 18, Py= 120, This test is apphied to each candidate vessel pixel in tum, the result
being a label map of identificd vessel pixels returned in the form of a binary image. The
output is L segmenied binary frames for cach averaged frame set.

The next stage 64 in the image processing shown in Figure 6 ts the union resulis
of all threshold fevels, This is deseribed in more detail with reference to Figwre 11, the
tnput to this stage are multiple vessel label maps (as binary images) for each mentber in

a set of gveraged frames. The previous stage extracted aset of binary images from a

ke
ot
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single averaged frame by applying multiple thresholds, and detected vessel pixels in
cach. The resulting vessel binary images ave now combined via a pixel-wise OR {union)
operation across all threshold levels. The final segmentation result SF is given by

i
S = U g

£
where 7, is the nunsber of threshold levels (Lo, the number of segmented binary images
returned by the segmentation step for each averaged frame). If a pixel is assigned &
vessel label in any of the images S, it will be assigned a vessel label in §y. The final
result of this stage 18 a single binary image for each averaged frame showing the
Jocations of the vessel pixels.

The next stage 65 in the image processing shown i Figure 6 is the identification
of active capillaries. This process is shows o more detail in Figure 12, The tnput is the
raw microcirculaiSion video and a seb of binary images showing identified vessel pixels,
In steps 121 and 122, intensity diffevences are caloulated and sunumed across consecutive
frames. LUising the raw microcireulation videe, an intonsity variation matrix is
constructed which records how much the intensity value for each pixel location varies
throughout the video, For example, consider location {4, 71, The difference in pixel
intensity at this Jocation will be calculaied over consecutive frames of the video, This
results in @ three dimensional 3D matrix of sive (Frame width » frame height X mgmber
of frames in vides), which is then summed to ereate a 3D intensity variation nratrix of
size (frame width X frame height), This seeond matrix records mach the iotensity value
varies throughout the videe for gach pixel.

At step 123, a threshold is applied to the intensity variation malrix to identily
vessels without bload-Hlow. As blood moves through a vessel, the vessel pixcls show
intensity variation across video frames, A low dugree of variation ndicates a tack of
flow, so pixel locations with variation below the specified threshold are recorded as
non-active. The threshold level is astomatically caleulated using the gray level
information of the video, though the svstem also allows the user 1o define their own.

At step 124, the binary segmentation images croated for each averaged frame are
collected into a sef covering the entire video. Pixels which are labeled as vessel across

thi entire sot are recorded as true vessel pixels. This followed in step 125 wheve a weight

i2
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functipn is applied to the resulis of the last two steps to identify active vessels, and
generates an oufpul inage F showing ondy the active vessels. Pixel {7, /) of Fis defined
by

M, H= &S{fs ho= ﬁ(R{I, 3 )
where « and | are weight variables, 8(/, /) is pixel’s valug in the thresholded imtensity
variation mairix, and R({, 7} 1s bmary ™17 if the pixel was identified ax vessel in step 124,
and binary “07 otherwise,

The final step 126 classifies the capillaries into fwo groups (active or passive)
based on thew level of blood-flow. However, the user may choose to use four groups
instead {no flow, sluggish, intermittent, and normal). In this case, multiple threshold
levels are applied to the intensity variation matrix in step 123,

The next stage K6 10 the image provessing shown in Figure 6 is the caloulation of
parameters, and this is shown in miore detail in Figure 13, The inpat is an image with
blood vessels labeled by flow type {e.g., active and passive or no flow, shuggish,
intermittent, and normal). Tnsteps 131 to 133, Functional Capillary Density (FUDY is
caleulated by Area, FOD is calenlated by Length, and Proportion of Perfused Vessels
{PEV) is calculated. FOD is the primary measure used {o cvalugte microctrenlation. It
can be calenlated via a manual appreach or by using computer software. The manual
method wvoelves applying # grid to the video frame and counting the nomber of vessels
which cross the Hnes of the grid, while the seftware method caleulstes the ratio of
perfused vessels to the total surface.

The previous stage created an image with blood vessels labeled by group. In this

e

tage, active vessels are counted as those that are normal, intermittent or sluggish, Three
measures are obtaned: FOD by Area, FUD by Length, and the Proportion of Perfused

Vessels (PPV). These arecaloulated as follows:

" A 2y ; I’m’ ’NW
FCD By Area = —=  FCD By Length = —= PPV = =
L <4 £ "’

where:

* A, 1s the total area coversd by the active vessels
° A is the total area covered by all vessels

* L, 18 the total length of the active vessels

=
Yu¥
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. L, is the total length of all vessels
* N, is the total munber of active vessels
e N, 1z the total nwnber of all vessels.

The final quantitative measure, Perfused Vessel Denstly (PVD), s caleulated in step 154
as;
}:3 p‘z:} E }J{:‘I} ¥ }}P pv

The next stage 67 in the image processing of Figure 6 is making diagnostic
decisions, This process is shown i more detail in Figure 14, The input is the level of
fissuc oxygenation for a patient (based on quantitative messures extracted from
microcirculation video). Three general areas of application are considered at step 141
» Classifying subjects as normal or hemorchagic, Hemorrhaging subjeets can be

identified by their Functional Capillary Density (FCD) values; subjocts with FCD

below a certain threshold level are cousidered to be hemorrhaging.

» Deciding the level of resuscitation required for a patient, Patients with certain
injurics and conditions tend to require itravenous fluid resuscitation; for
example, hemorrhagic subjects requiring blood fusion, or bum victims. The
level of resuscitation can have considerable impact on patient outcome, with both
aver and under resuseitation being harmiul. Determining the corvect fevel and
maintainimg it over me can be challenging. However, the level of tissue
oxveenation provides valuable information on in this task. Therefore, our
systeny's ability to avtomatically analyze videos and ealeulate FCD values in
real-time can assist physicians in deciding when to start and stop resuscitation.

» Diagnosis and treatment of discases, For example, varions diseases affect the
hody's level of tissue oxyrenation level, including sepsis, chronic aleers,
diarrhes, diabetes mellitus, sickls cell, and hypertension. Via machine leaming
techniques, measwees extracted from a new patient’s microcirculation video can
be used to assist physteians n diaguosis.

Oxyeenation level threshold variss for differont diseases such as sepsis, chronie uleers,

dtarrhes, dinbetes mellitus, sickle coll, and hyvpertension. By training the system with a

certain nuniber of samples, & docision-support systens can be implemented for each

digease,

Whils the invention has been described in tenms of 2 single preferred

)
1
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embodiment, those skilled in the art will recognize that the invention can be practiced

with modification within the spivit and scope of the appended claims.

Yok
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CLAIMS

Having thas described our invention, what we claim as now and desire to secure

by Letiers Patent is as follows:

1. A computer implemented process for the diagnostic analysis of nticrocirculation,
comprising the steps off

obtaining video images of microvasculature from tissue surface videos;

stabilizing by computer the obtained video fmages to eliminate motion artificts;

segmenting by computer blood vessels from sach video frame of stabilized video
nnages to provide quantitetive and qualitative measure of microcireulation;

identifving by computer active capillavies in stabilized and segmented images and
labeling blood vesssls as to guality of flow:

catenlating by computer Functional Capillary Density (FCIY) and Proportion of
Perfused Vessels (PPV) in identified active capillaries: and

based on valeulated FUD and PPV, classifyving by computer subjects as normal or

hemorrhagic,

1. The eamputer implemented process for the diagnostic analysis of microcironiation
acearding to claim 1, wherein the step of stabilizing comprises the steps oft
identifying video frames which are in transition; and
using block matching and correlation methods to mateh blocks in video frames

that include only objects of inferest,

3. The computer imiplemented process for the diggnostic analvsis of mierocireutation
according to claim 1, wherein the step of dentifving active capillaries labels blood

vessels as normal, intermittent, sluggish and zero flow,

4. The computer inplemented process for the dlagnostic analvsis of microciveulation
gecording to claim 1, wherein the step of identifying active capillaries uses original

video frames and sopmentation of averaged frames to automatically detect blood vessels

withowt flow,
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5. The computer mnplemeted process for dingnostic analysis of microctreulation
according to claim 1, further comprising the step of diagnosing by compuater diseases

using calculated quanittative parameters of mivrocirculation.

6. The computer implemented process for diagnostic analysis of microcirculation
aceording to claim §; wherein the step of pre-processing the video iimages io stabilize
ymages comprises the stepsoft
caleudating by consputer a gradient using first order devivative of Gaussian; and
applying by compuier digital two dimensional (2D} wavelet transform to the

video images.

7. The computer implenenied process for diagnostic analysis of microcirendation
according o clatm 1, wherain the step of stabilization comprises the steps of

enhancing by computer vessels in each frame using Gaussian gradient filtering,

assigning by computer regions for correlation by applying a Laplacian filter to the
pre-provessed imags;

caloulating by compuier the maximum filtered image i a plarality of different
blocks of the framsg

drawing by computer & plarality of s » s veciangles whose conters are the
maximums in a frst frame;

drawing by computer a plurality of » X » rectangles as windows, 7> m, aroand
the o X oz rectangles in a next consecutive frame;

calenlating correlation cocfficients by computer between a region selected from
the first frame m X nt rectangle from an » X 2 window selected in the next consecutive
framey

stiding by computer the e X rectangle from the second region by one pixel in
the whole # % » window to find the masimum correlation coefficient;

repeating the steps of calenlating conrelation coefficients and shiding for all
blocks;

averaging by computer the wanslation of all regions in x and ¥ directions

separately; and

=1
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registering by computer the frames according {0 a calculated translation amount

to prodoce a stabilized microcireulation video,

&, The computer implemented process for diagnostic analysis of microcirenlation
according to claim 1, wherein the siep of pre-processing comprises the steps oft
applying by computer time-averaging to each of a plurality of consecutive
frames; and
applving by computer Contrast Limited Adaptive Histogram Bgualization

{CLAHE) to produce greysesie pre-processed frames..

&, The computer implemented process Tor diagoostic analysis of microcirculation
according o claim & wherein the step of segmenting comprises the steps of!

inputiing the presprocessed grayseale frames;

applying by computer multiple threshold levels to the pre-processed grayscale
fFames;

eutering a computer processing loop so that each binary image s processed in
furm;

caleulating by computer the BEuclidean distance matrix, resulting o two A ® N
matrices, the first of these two matrices having a distance value o the nearest
bhackground for each pixel, and the second mairix having cotrdinates of the nearest
background;

finditig by compuier the nearest background pixels of' a & X k neighborhood N, for
sach non-backgroumd pixel p;

calentating by computer the contrast ratio of pixel p and neighbarhood N

comparing by computer the maxinium of the vontrast ratio with & pradefined
valug £

calenlating by computer a distance from the nearest background pixel of p and
neighborhood N

companing by computer a maximum of the distance which is the diameter of the
vessed to the maximum value with a predefined value B

calculating by computer an angle between the nearest backgronnd pixel of pand

neighborhood N
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companug by conpuier the maximum value of the angle with a predefined value
Pg

for sach vessel candidate pixel p, the pixel is verified as a vessel if (1) the
contrast ratio is greater than P, {2} the dlameter is less than P and (3) the angle is
greater than Pg; and

determinating by computer whether all binary images have been processed and, if
so, then for cach averaged frame, there will be L number of segmented binary images,
where the number of thresheld evels 1s £, and the final cutput is the segmented binary

frames.

10. The computer unplemented process for diagnostic analysis of microcirculation
accarding to claim 9, wherein the step of identification of active capillaries comprise the
steps of!

calculating by computer a pixel by pixel difference of imtensity values for
consecutive frames, resulting in a three dimensional (3D) matrix, width » heighs =
manber of fiumes,

adding by computer the difference of intensity valugs al each pixel coordinate,
resplting in & two dimensional (2D) matrix; width % heighs,

finding by computer the pixels segmented as @ vessel for all averaged frames;

finding by computer and marking tha coordinates of pixels whose summation of
the difference of their intensity values are below a defined threshold level;

adding by computer 2 weight function to the steps of finding 1o determine vessels
without How; and

using by compuier different threshold values to determine the vessels with
normal flow, inferonitient fow, stuggish Jow, and no Sow 1o cutpit an image with blood

vessels abeled as normal, intermittont, shuggish and zero flow.

11, The computer implemented process for disgnostic analvsis of microcireulation
according to claim 1, wherein the vided images of microvasenlature are oblained from

the lingual surface.

§~1
L



SN PR

]

6

WO 2010/117576 PCT/US2010/027605

12, A computer implemented decision support system for the diagnostic analysis of
microctrculation, comprising:

video means for obtaining video images of microvasculature from tissne surface
videos;

analog-to~digital converter means for converiing the video images obtained by
said video meauns to digital video images;

a compater receiving the digital video images, said computer being progranimed
to pre-process the digital video fmages to stabilize images bolween consecutive frames
of the tissue surface video, segient each video frame of stabilized video tmages to
provide quantitative and qualifative measure of blood vessels, wdentify active capitlaries
in stabilized and segmented images and labeling blood vessels as noimal, intermittent,
sluggish and zero flow, caleulate Functional Capiliary Density (FCD) and Proportion of
Perfused Vessels (PPVY in wdentified active capillarics, based on caleulated FCD and
PPV, classify subjects as normal or hemorrhagic stage, and diagnose diseases using
caleulated quantitative parameters of microciveudation; aud

dizsplay means for displaving a classification of a subject gs normal or

hemorthagic stage and, i hemorrhagic stage, displaving & diagnosis of disease,
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4 ‘ STARILIZATION h
* Pre-processing to enhancs vessels L 861

\_* Calculate corretation to register adjacent rames J
PREPROCESSING N

* Create averaged frames over 10-frame windows TG

\_* Apply Contrast Limited Adaptive Histogram Equalization J

4 ~ SEGMENTATION

* Create multiple bihary versions of gach averaged frame

= ideniify candidate vesse! pixels

= Assign candidates as vessel pixels using three ciiteria

¥

UNION ALL THRESHOLD LEVELS
* Combine labels acrass all segmented binary images

IDENTIFY ACTIVE CAPILLARIES
= Calculate thrashold for determining flow Vs
« [ddantify vessel pikels in all frames and caloulate activity
\ »Label vessels by activity level .
¢ X o ™

CALCULATE QUANTITATIVE MEASURES LGB
% Calculate quantitalive measures of microcirculation for ctassific:atim}/
] ¥
4 MAKE DHAGNOSTIC DECISIONS )
* Classify subjecis as narmal or hemorhagic 'l
% Diagnose diseases using tisse oxygenation level

R T

Figure 6
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Microcirouiation video

1. PRE-FROCESSING L 71
= Erthance vessels in sach frame using Gaussian gradient fllering

o ¥
2. ASSIGN REGIONS FOR REGISTRATION
= Apply Laplacian of Gaussian filter to de-noised frames
|« Choose maximum of seven different regions as conlrgl points TR
| =in frame F1: create 26%28 window centered on each confrol point
=in adjacent frame F2: create 8585 window centered on each
window greated in Fi

¥

4 3. CORRELATION COEFFICIENT h

= Calculate correlation between F1 amd F2 for each region using ‘
sliding window

= Find maximun correlation coeflicient and caluulate controf point L 73
wransiation

s Caloulate average transiation of seven regions inx and y
directions

= Hegister the frames according to average translation J

Stabilized pre-processed video frames

.

Figure 7
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Stabilized pre-processed frames

(Apply time-averaging i esch window of 18 consecutive frames |%

T

Apply Contrast Limited Adaplive Histogram Equalization 89
{CLAHE} to sach averaged frame T

Egquafized averaged frames

Figure 8

Nearest background pixels to p. by

i
Digmetsr of the vessel

- ! \
- \
’
» 3

\ 8. Angle of the vessel

et ) 7

Nearest background pixels to
58 neighborhood, Nay

Figure 9
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Equalized averaged frames

For each candidate pixel p, find nearest background pixels of 55 1 103

neighborhond Nog

v

Find maximum contrast ratio between p and all pixels in Ny ‘)f 104
* Find maximurn distance between nearsst background pixel to p and all 165
pixets of Ny (diameter of candidate vessel) '
Calculate angle between nearest bisckground pixel of p and all 108
pixels #1 Nay '

¥

Labet p as vessel if contrast ratio, diameter and angle excead "
o S e
specified thresholds

L Segmented bingry frames for each gveraged frame set

Figure 10

Apply mudtiple threshold levels to each frame o creale mulliple 101
: binary images. Process sach binary image as follows: F
Caloulate Euclidean Distance Matvix {0 find coordinates of nearast 102
background pixel to sach candidate vessed pixel ) 02
[

("‘"""'-.

A

TN Y T
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Mudtiple binary Images for each averaged frame

!

For each averaged frame, apply pixel-wise DR operation fo 114
binary segmentation results at all threshold levels

v

One Binary imagge for each averaged frame

Figure 11

Bifary image fiy sach
Ficrociroulation vidsg
averaged frane Microcir Ufif!uﬂ wideg

\/ﬁ

( Calculate intensity difference for each pixel batween consecutive frames }’“ 121

¥

(Add intensity difference values at each pixel coordinates across all t‘ram&&:lf 122
s

[ Mark pixels whose summed intensity differences < specified threshoid ]f 123

( {dentify vessel pixels using segmented binary images )f 124
v

{\ Usiy welght function to identify vesset bilood flow )f 128
.é,

Thresheld o identify vessels with vormal, intermittent, sluggish, and no ﬂaw}/‘ 126

Image with blood vessels labeled by flow fype

Figure 12
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Image with blood vessels labeled by fiviw type

Calculate Functional Capiltary Density (FCD) by Area /jf“ 131

Calculate Funclional Capillary Density {(FCD) by Length )f 132

Caleulate Proportion of Perfused Vessels (PPV) )f" 133
T

Caloulate Perfused Vessels Density (PVD) \’f 134

!

Quantiiative measurements of micmoiroutation

Figure 13

TN T

Caloriated FCD and image with binod vessels
PRy fabaled by flow fype
™~
. P e
\\A/f"
4 x
Lise guantitative measures for mudtiple tasks, e.g.
¥ Classify subjects as normat or hemorrhagic
« Devide the level of resuscitation required 141
= Biagnase and treat disease based on Hissue I
oxygenalion level threshold {e.q. sepsis, sickle ceofl, |
diabetes meflitus) _,J

Eagnastic decisions and classifications

Figure 14
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