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Abstracl : Blood measuiemenl of the inslantancous mitial eftective regurgitant orifice (EROY has become feasible wilh use of
the proximal 1sovelocily surface arvea (PISA} mcethod This method 15 based on conservation ol mass, where Lhe low rate
through the orifice 18 calculated as the poduct of the 1sctach swrface zica and the apeed acrosz the 1sclach Tn a
hemispheiical o1 a non-hemispherical model of PISA flow model the flow 1ate 1s caleunlaled assuming Lhat the swface of the
isotachs have a hemispherical o1 a non-hemispherical shape. In this 1sotach modelling, the height and Lhe width of isotach aie
impomiant parameters which can determine the flow 1ale. In this paper. to cstimate the swface arca of Lhe PISA envelope, we
proposed the region based contow extraclion Lechmque m the non-hemizpherical flew model wilh in—vitio colar Doppler 1mages.
To validalc the proposed melhod, we Lested with the lotal 180 color Doppler imases. and evaluated that the proposed melhod
haz no missed frame, whoieas the edge based scheme has 19 mussed fiames 1n the Lotal 180 framcs

Key words . Milial 1egurgitalion Bloed [low 1alc esiimate, Echecardicaraphy

INTRODUCTION

Mitral regurgitation 13 most often caused by rheumatic
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AE T 7EY W7D TA heart chisease, a Lvpe of degeneration of the wvalve, or
Tel (0531930-6571. Fax (053)950-6327 dyslunction of the muoscles that control the closing of the
E-mail jke@streknuackr valve, Moreover, a hearl altack may resull in mitral
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insufficiency f a portion of the heart that supports the
posilion of the valve 15 disrupted

To decide the timing of surgery appropriately, the
accurate  quantification of  mmtral  regurgitation  is
necessary. Although several quantitative methods exist
involving angiography, echocardiography, and magnetic
data, echocardigraphy remains still primarily a subjective
assessment of the clinician

Mele et @l [1] has suggested that imaging the jet
width and area n mitral regurgitation may be the mosl
appropriate Tegion to apply color flow mapping, however,
this zone can only be imaged completely in the short axis
view, which 18 difficult lo measure, and requires several
measurements to fully describe the area. As well, like
other measurements of jet morphology, this method only
provides an index of the seventy of milral regurgitation
rather ithan a true quantitative measure of regurgitant
volume or flow rate.

The quantitative Doppler methed, which consists of
measuring the forward flow through the regurgitant valve
and subtracting it [rom the nel [orward ouiput of the
heart, has been validated chrucally by Ascah et af. [2]
and is often used as the gold slandard for evaluating
mutral regurgitation This method has heen found to be a
more accurate way of quantifying regurgitation. but is
rarely applied clinically since several measurernents in
multiple imaging wmdows must be made. Additionally,
evaluaticns made using this method can be time-consu-
ming since significant care must be taken 1 the
measurements as there are many sources of etror that
can propagate through the calculation.

A newer approach based on PISA measurements has
been validated in-vitro and clinfcally [34]. The PISA
method has the advantage of heing independent of
machine sethings and it examines the relatively crderly
flow upstream of a regurgitant orifice In this method.
flow rate is calculated from conservation of mass by
multiplying the swrface area ol an 1sotach by the speed of
the llow passing through it. The primary difficulty of the
current approach using the PISA concept relates to the
model required t desecribe the local and global geometry
of the isotach from the isovelocity contour. In the model
of PISA, the flow rate is calculated assuming that the
surface of the isotachs has a hemispherical [5] or a
non-hemisgpherical shape [6]. [n two [low models, the
non-hemispherical flow model can produce the more exact
result in flow rate estimation. In these modelling, the
width and the height of PISA are important parameters,
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which can determine the regurgiant flow rate

Once color Doppler mnage has been acquired, several
processing are required (o Tacllitale the swrface estimation
of PISA model The cdge based contour exlraction,
proposed by Mcleod [7], can estimate simply the edge of
FISA envelope, bul that may lead to wrong PISA contour
since the pixels of mage tend to link to allow for
problems such as gaps almg the PISA contour.

To estimate PISA cnvelope more exaclly, we proposed
the region based scheme [88] usmg mean  shift
procedureMSP), reaction diffusion(RD) smoothing and
elliptic [ourier descriptor{EFD) estimaton This exlraction
method is based on the contour curvature, Finally, we
evaluated s method could extract the PISA envelope
more exactly then the edge based scheme.

EDGE BASED SCHEME

To eslimale the edge as the PISA envelope. Mcleod
proposed the automatc PISA envelope exiraclion uvsing
the edge based scheme The scheme needs several
mmagmng  procedures which are edge branching, gaps
connecling occwring along the PISA  contour, edge
trimmmg and mulliple houndaries identilication.

In the edpe branchmg, the branching occurs when an
edge forks In (wo direclions, since the linking algorithm
can choose only one path 1o follow. This results in a Y
shaped contour being recorded as two distinct edges
mnstead of cne. To avoid errors resulling from  this
problem, the endpoints of each edge are examined to
determine whether any of their joined into a new edge,
and the data arrays of the two original edges are
removed

When nose is nol entirely removed from the image,
gaps may appear along lhe PISA contour The presence
of these edges means thal the PISA envelope 1is
represented by two or more separate edges rather than a
single continuous edge, In these cases, the height and the
width of the envelope can no longer be determined
exactly. To obtain a single edge that corresponds fo the
true size and shape of the PISA contour, the endpoints of
each edge record which are compared to the endpoints is
less than the specified original edges are removed. To
achieve optimal results, a technigque which is called
recursively with an increasing threshold was used. In
some cases, the edge surrounding the PISA envelope may
extend into the regurgitant jet, or into other argas of the
image such as sector markings, The presence of these
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exlended contours results in errors when reading the
height and the width of the PISA envelope. When this
oceurs, edges must be trimmed accordimg to an algornthm
based on a knowledge of the general mushroom shape of
the PISA envelope. More than one edges in an image will
meet the threshold requrements chosen for identifying the
PISA envelope. When this cccurs,
selected using secondary identification methods based on

the correct edge 1s

the four locator points of cach edge.

PROPOSED REGION BASED SCHEME

This method 15 based on the contour curvature and
shape uproperty. During MSP, the PISA envelope
extracted, in RD smocthing, the envelope 15 smoothed and
EFD 15 able to estimate the PISA envelope. From the
exiracled PISA envelope, the flow rate can he estimated

1S

by conservation law. The mamn flowchart is shown
Figure 1,

Color Doppler images

.

PISA envelope extraction

.

PISA envelope smoothing

!

PISA envelope estimation

Fig. 1. The flowchart of PISA envelope determination
hassd on region based scheme
1. MSP envelope extraction

In color Doppler image region, the umage featurs spaces
derived from real flow image most have a complex

structure  and is  sensilive to noise  The significant
leatures whose rvecovery is necessary [or PISA region
detection, correspond to clusters in this space. The

number of clusters, their shape and tules of assignment
have 1o be discerned solely [rom the color Doppler mage
data.

model. such as

Whereas the paramectric gaussian

mixture, introduces severe artifacts since then the shape

of the delineated clusters is predefined, the mon-
parametric  cluster analvsis uses the modes of the
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underlying probability density to define the cluster centers
and the valleys in the density to defline the boundaries
separating the clusters To estunate the probahility
density for low 1o medium dala sizes, kemel estimation is
a good practical choice, 1t iz simple, and flor kemels
obeying mild conditions the cstimate is asymptotically
unbiased, consistent in a mean-square and
We used
estimation based clustering as density gradient estumation
which 15 detected with the hill climbing MSP [10].

Let {XiH=1l.n be an arbitrary set of » points n the

sense,

mnilormly consmstent wn probability the kernel

d-cdimensional Euclidean space Hg The mullivariate kemel
density estimate obtamed with kermel A(x) and window
radius h, computed 1 the pomt x is defined as

_ ]4 K x—X,
nht o h

For Epanechmkov kernel, the density gradient estimate

(1)

becomes
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where the region Sh(x) is a hyperspherc of radis f
having the volume #ce, centered on x, and containing n.

data points The last term in equalion (2)
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is called the sample mean shilt. Equation (3) shows that
an estimate of the normalzed gradient can be obtained by
compuiing the sample mean shift in a uniform kemel
centered on x. The mean shilt vector has the direction of
the gradient density estimate at x when this estimate is
obtained with the Epanechniltov kernel. Since the mean
shift vector always points toward the direchion of the
maxmmum increase In the density, it can define a path
leading Lo a local density masximum.

2. RD envelope smoothing

We considered a shape represented by the curve Cas)
(aw(s). vo(s)) undergoing a deformation, where s is the
parameter along the curve, xp and vy are the cartesian
coordinales and the subscnpl ¢ denoles the nihal curve
prior to delormation. Let each point of this curve move
by some arbitrary amount in arbitrary directions. This

J Biomed. Eng. Res  Vol. 21, No. 5, 2000
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evolution [11] 1s then described as

O sV + BN

Cis5,0)=C,(5)

where 7 1s the tangent, N 15 the outward normal,
is the parametnzation, { 15 the tmme durauon of the
delormation and .8 are arbitrary [unctions,

To interpret the morphological operations like smoothi—
ng FISA shape, we considered the [vllowing delormation,
as shown in equation (3) which 15 based on the RD, 1s
the general propagation rule for a closed curve m lime

along its normal direction

- _
o= By~ AR
C(s,0)=C,(5)

whare Ao describes a deformabion thal is a constunt
mobion along the normal. or constant deformation, 51
describes  a  deformation that 15 proporbonal to  the
curvature along the normal or curvawure deformation and

% means gaussian curvature.
3. EFD envelope estimation

The analysis of the PISA shapc 1s bascd on lourier
descriptors  which are made invariamt o changes 1n
location, orientation and scale. Several representations arc
possible using an arc length S parameterization of the
chain—encoded contour. We followed the approach of Kual
et . [12] and expanded the lunciion x(s) and yis)
separatelv (o obtain the EFD. The EFD corresponding 1o

the m-th harmonic of a contour composed K poinls are

given by
§ A 2nms 2nas | |
a,=——» —=|cos L —cos =
T g As, | |
S LA, 2am |, 2nms
= » | sin L —sin il (6)
ntaT T As | S
§ A 2nam 2nms, |
¢, =———= 3 —|cos —¢03
Inm A3 As L § 5 ]
S EAp| . 2nzas . Mnmy
o =— TZi sin L —sin -l
2rmt o As, hY 5
where

s, =2m, , S=Y As,
5=
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As, = JIAY ) 4 (Ay Y

Av, =(x, —x), Av =(r -y

In equation (8), Ax and Ay, represent the changes m
the x and v projections of the chain code as the :-th
contour point 15 {raversed. By contrast to the use of Lhe
cumulative angular lunclion where the truncauon of the
lourier sercs can vield open curves, (he curve reconstru-
cted from the EFD is alwayvs closed And the larger the
number of ellipses wvolved, (the more accurale the repre-
sentatlon becomes.

HEMISPHERICAL AND
NON-HEMISPHERICAL FLOW MODEL

When flows are visualized using color Doppler imaging,
only the axial component ol velocity is measured and the
envelopes  visualized are actually sovelocity  contours.
These isovelocily contours are easily identilied as there is
a distinct blue red color shift once the ahasing velocity
has been exceeded. By changing the aliasing velocity.
multiple 1sovelocity contours can be measured.

To calculate the surface area of an isotach from the
PISA envelope. a model describing the [low geometry is
required since e Imaged width of the PISA envelope 12
less than the widih ol Lhe 1sotach, as seen in Figure 2

The hemuspherical model aveids this problem by assu-
ming that the swlace ol the isotach have a hemispherical
shape, Swrface area can then be calculated by taking a
gingle meuasurement along the centerline, 4 10 Figure Z,
where speed  and  wvelocity  coineide. The hemispherical
model can lead 1o significant underestimation of flow rate
since 1sotach geomelry 15 henmuspherical onlv in regions
far from the orlice, and tends Lo (atten ocut near the
orifice as shown in [Figure 2(h).

Recently, I'wanachlo et @/ proposed the non-hemisphe—
rical flow model using the hall-helght and hualf-width of
PISA envelope. Using this modecl, they showed thal the
accuracy of the calculated {low rate was significantly
mproved compared Lo the results {rom usmg the hemis—
pherical model,

As seen In Figure 2ta), 1sotachs radiate oul [rom the
orifice forming hemispherical shells and the surface area

[or these 1sotachs 15 simply represented by

A=2xR (7

where Ra is the axial radius of the isotach. Thus. the
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Fig. 2. Axial companents of velocity for an infinitasimally
small arifice (a), and for a finite sized orifice (b}

fiow rate can then be calculated as the product ol the
surface area and the velocily at lhe aliasing boundary,

The sclution lor potential (low through an onfice with
the [mitc size, rather than flow inle a poinl sink, shows
thal isotachs are hemuspherical only at distances far from
the omfice Near the orilice the 1sotachs tend to flatten
the axial direction so lhat the half-widih of the isotach is
much larger than the hall-height in Figure 2(b}

A non-hemispherical model of the shape supgested hy
Iwanochko et @, assumes thal the cross seclion of the
1sotach 18 {formed by laking a pawr of circular arcs joined
by a straight line, shown in Figure 3. The isotach surface
is then formed by rotabmg this cross section about the
axis Verv close Lo the onfice, these arcs are centered
near Lhe edges ot the oniice, while far away they will he
centered about the origin The surface area of this isotach

is

A=mi+ E‘”‘zz(m)da

(%)
r=rtasind, r,=b-a
which, when intcgrated and simplified,
A=mh* + (7" =2m)ab+ (37 -7 )a* (9

The dimension ¢ may be measured Trom the Doppler
imape, however, the dimension & is not directly available
since the instrument is sensibive only to the axal
componenl of velocity, Iwanochko ef @l used 0.62 as the
conversion ratiw between the measwed half-width and the
real half-width

For flow mto a point sk, the fow is radially inward,
with a velocity mversely proportional to the distance [rom
the sink that can he represented hy  which  when
multiphed by the aliasing velocily ol the instrumentation
gives the flow rate

P el 7]z
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O=(3.14d" +5.97da+1.37a" WV, 10

where V. is the aliasmg velocity Equation (10} provides
a simple means of calculating flow rate. using the Imaged
hall-height snd the half-widlh of the PISA envelope, that
accounts [or the [lattening of 1sotachs thal takes place
near the orifice.

Alasing velscmy
e

----—--- Isotach HH‘I"‘}

——— Tsowveloctty comtour

s,
o ch
g N
1

p .
\

|
#

Fig 3 Nen-hemispherical modsl suggested by Iwanochke
et al,

EXPERIMENT AND RESULTS

A clinical trial could not be performed o evaluate the
proposed method due to a lack ol suitable patients avala-
ble and the difficully of implementation in blood flow
system, but an mntroductory examinauon was done 1o
determune the elfectiveness of the region based PISA
envelope and to estmate the flow rate m the m-vilro
flow images.

To compare he edge based scheme and region based
scheme in color Doppler umages, we acquired the color
Doppler pulsatile images [rom Meleod's research al Queen’s
mmversity, He designed in-vitro [low  smmulator  that
provides vanable flow rates through onfices of varying
diameter. In the simulator, the fow Is presswre-driven
from the proximal chamber, which is padded with
acoustic foam through an orihee plate mto the distal
chamber To get the pulsatile image, the pulsatile flow
were produced with a sclenoid valve placed upstream of
the receiving chamber. The [low rale was varied [rom 20
to 35 L/min (30 to 60 cmi/sec) through oritices and the
mesn [low rate was measured continuously  throughout
the acqusition period. The period was 6 seconds and
Ltotal frame number was 180.

When an PISA cnvelope [ails to be idenhfied in a
frame, 1t 15 counted as a missed lrame, and lhe value of
the calculated flow rate at that point is sel egual to the
value of the previous [rame. In edge hased scheme, the
numbers of the missed frame are 19 of 180 lotal {rame

J. Biomed. Eng. Res Val. 21, No 5, 2000
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and in region hased [rame, ihe mussed [ramc was nol

found
1. Edge based scheme

The resull of the edge based scheme was shown in
Figure 4. The exuacted edges in IMigure 4, descrihe Lhe
PISA isovelocity TFigure dic} describes the tracking edge
error, but the hall-height and the half width may be
induced correctly. Figure 40} shows the (alse edge image
resulting lrom missed edge branching and gap determina-
ton, and good edge contowr {rom edge lrimming method
was shown as Figure 4(i). Smce this edge bhased scheme
18 sensilive to the neoise present m an image which can
make 1t difficult to Wentify a conlinuous contour m edpe
map, Mcleod perlormed the fAltering during the edge
detection hy Increasing the standard devianon of the gau-
ssian filter. However, over-fillering results m a systemic
underestimarion of the PISA envelope.

2 Region based scheme

During the region extraction procedure, the cluster
number, which means the segmenled number of region, is
fowr The exlracted region mage was shown i Figure
a(), ble) and 5(h). Tn candidate regions, the FISA region
was extracted from the largest red color m RGB region
The result of PISA conlour 15 shown as Figure S{c), 5(1)
and 3(i), was processed with RD smoothing and EFD
estimation. The trimming method is based on the contour
curvalure lor concave detection. For RD smoothing, RD
gaussian was 1.0 and diffusion parameter, g1, was 0 1.

3. Flow rate estimation

The euleulated flow rate using non-hermispherical model
lor in-vitro experument was [ound to be 1n agreement
with measured [low rates In Figure 6, the mean value of
[low rate calculated by edge based scheme was 469 and
standard dewiation from mean value was 11.2.

In region based scheme, the mean value was b0 and
the standard dewiation was 11.8. The mean value of edge
based scheme iz larger than the region based scheme
since the RD smoothing using curvature was used to
deterrune the PISA contour. If RD} smoothing is not used,
the mean value of region based scheme is spmlar to that

of edge based scheme.

CONCLUSIONS

T
o
o

Non-echocardiographics  assesmenl methods  are |

o] FEE A 217, A6E. 2000
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Fig. 4. Edge hased PISA envelops' original image (a),
{d), tg): the candidate sdge (b), (e}, {(h). and extractsd
PISA isovelocity contour (c), ), (1)

= -
(a) (b il
=
{d) tel (f)
- : O
P —ah N
(g) (h? (1

Fig. 5 Regicn based PISA envelope. ariginal image (a),
(d), (@) the candidate regicn b)), (&), {(h}, and extracted
PISA isovelocity contour (o), (T), (D

common largely because they are either nvasive or
require  dedicaled  laboratories  and  lechnicians, but
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Fig. 6. Calculated flow rate Using edge based schems
ta), and region based scheme (b}

comparison Lo lhese methods, echocardiography 1s much
less expensive and relatively mobile.

This paper presents an automarcd extraction of TPISA
envelope for quantifving valvular regurgitation. The novel
aspect o this method 18 the use of region based scheme
o detect PISA envilope [rom color Doppler images. This
regon based scheme is more effective method rather than
that this
methed could produce no missed frame. whereas the edge

the edge based scheme and we evaluated
based scheme has 19 imissed frames in total 180 [rames.
And this method also can be applied to any shape of

veloeity profile and estmate the flow rate ellectively.
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