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Abstract

This paper descri bes a cali brati on procedure t o re-

duce t he error of raw aut omat i cal l y produced l ef t ven-

t ri cl e boundary del i neat i ons f romvent ri cul argrams. On

a dat a set of 377 pat i ent st udi es, t he al gori t hmwas abl e

t o del i neat e t he boundary f or t he l ef t vent ri cl e wi t h an

average error just over 2. 4 mmrel at i ve t o t he gol d st an-

dard of cardi ol ogi st hand t raced boundari es.

1. Ventriculography

Contrast ventriculography is a procedure routinely
performed in clinical practice during cardiac catheter-
ization. Catheters are intravascularly inserted into the
heart to inject a contrast dye so that the left ventricle
maybe more clearly images withX-Rays. The time se-
quence of suchimage frames is calledaventriculogram.
Theyconstitute a projection image sequence of the en-
docardial surface of the left ventricle chamber. These
images are used to determine the endocardial bound-
aryat the enddiastole, whenthe heart is �lledupwith
blood, andat the end systole, when the heart is at the
end of the contractionphase during the cardiac cycle.

We have reported inanother paper[2 ] an automatic
approachtodeterminingthe boundaries of the left ven-
tricle. We noticed that this automated approach pro-
ducedboundaries inwhichthe errors inthe inferior wall
delineation and apical zone delineation were system-
atic. In this paper we describe the approach we took
tocalibratingout the systematic shape errors produced
by the automatic boundary delineation algorithmus-
ingphysicianspeci�ed points for the aortic valve plane
and the apex.

2. Cal ibrati onmethodology

The input rawandground truthboundaries are ini-
tially in an irregularly spaced vertex polygon format
with 100 vertices and unit dimensions in mill imeters.
The polygons are resampledand interpolated into into
an appropriate number of equally spaced vertices be-
fore it undergoes the calibration procedure discussed
below.

Fig. 1 shows a typical rawclassi�cation boundary
for the end diastole and end systole frames of the car-
diac cycle. The systematic boundaryerror cancellation
methodologyis, ine�ect, acalibrationprocedure which
calibrates out all systematic position, orientation, and
shape errors of the rawclassi�ed boundaries l ike those
seen in Fig 1. The calibration transformation is esti-
matedusing a database consisting of the ground truth
boundaries andthe corresponding rawboundaries gen-
erated by the classi�er.

The cross-validationprotocol for estimating the ac-
curacy of the boundary error cancellation procedure
takes a database of N patient studies and partitions
it intoK equal sized subsets. Then for all K choose

L combinations, the transformationusing L subsets is
estimated. Nowusing the estimatedtransformationon
the remaining K � L subsets, the mean error of the
transformedboundary is estimated.

3. Performanceanddata analysi s scheme

The error between a computed boundary and the
ground truth boundary is de�ned as the average dis-
tance between each vertex of the computed boundary
and the polygon of the ground truth boundary and
the distance between each vertex of the ground truth
boundary and the polygonof the computedboundary.

For each vertex of the boundary, the calibrated
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Figure 1. Results of the pi xel cl assi �cati on
al gori thm over ED and ES f rames of the
cardi ac cycl e. Top : End Systol e (ES)
f rame showing very l i ttl e dye i n the apex
zone of the l ef t ventri cl e and the pi xel
cl assi �cati onboundary (the thi nboundary
l i ne) f al l s short i n the api cal zone. Al so
seen i s the over estimati on of the i nf eri or
wal l s. Thi cker boundari es are the bound-
ari es drawnby the cardi ol ogi st. row: End-
Di astol e (ED) f rame showing very l i ttl e
dye i n the apex zone of the l ef t ventri cl e
and the pi xel cl assi �cati on boundary (the
thi n boundary l i ne) i s under-estimated i n
the apex zone of the l ef t ventri cl e. The
thi ck boundary l i nes represent the bound-
aryof the l ef t ventri cl e as del i neatedbythe
cardi ol ogi st.

x-coordinate is computed as the linear combination
of rawx - and rawy-coordinates of the left ventricle
boundary andthe x andy coordinate of the three user
entered points in all possible combinations up to 2nd
order terms: this constitutes 1 zero order term, 6 �rst
order terms, and 21 second order terms. The coe�-
cients associated with the linear combination change
for each vertex. And the values of the coe�cients
are estimated by a least squares regression. The cali-
brated x and y -coordinate of that vertex is computed
with a di �erent l inear combination of rawx - and y -
coordinates and the 2ndorder terms of the three user-
entered points. Let g

0

n
andh

0

n
be the rowvectors of x -

and y -coordinates for any patient n. Let r
0

n
and s

0

n
be

the rowvectors of x - andy -coordinates of the classi�er
boundary. For the calibrated boundary estimation in
ventriculograms we are:

� Gi ven: Corresponding ground truth boundaries
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where, t
0

1 are the 1 6 21 augmente terms coming

fromthe 3 user in ut oints of the rst stu an t
0

N

is the 1 6 21 augmente terms coming fromthe 3

user in ut oints of the th stu .

� Le t A[ ( 2P + 28) �2P ] be unknown r e gr e s s i on
c o e�c i e nt mat r i x.

� The pr obl emi s t o e s t i mat e t he c o e�c i e nt mat r i x
A and t o mi ni mi z e R�QA2. The n f or any
c l as s i �e r boundar y mat r i x Q, t he c a l i br at e d ve r -
t i c e s o f t he boundar y ar e g i ve n by QÂ, whe r êA
i s t he e s t i mat e d c o e�c i e nt s .

Thi s pr obl e m i s s o l ve d by t he s t andar d l e as t s quar e s
s o l ut i on.

ue t o t he �ni t e numbe r o f our pat i e nt s t udi e s , ,
and t he l ar ge numbe r o f c o e�c i e nt s be i ng e s t i mat e d,
t he r e i s a r e l at i ons hi p be t we e n t he numbe r o f ve r t i c
we s ampl e t he po l ygon and t he r e s ul t i ng me an and
s t andar d de vi at i on of t he boundar y e r r or on t he t e s t
s e t . I f we s ampl e t oo many poi nt s , we i n e �e c t mem-
or i z e t he t r a i ni ng dat a and pe r f or manc e on t he t e s t
s e t wi l l be poor . I f we s ampl e t o f e w poi nt s , we do
we l l i n t e r ms of ge ne r a l i z i ng but we i nc ur a l ar ge e r
r or due t o t he c oar s e s ampl i ng . The r e f or e we opt i mi z e
f or t he numbe r o f ve r t i c e s . At t he opt i mal va l ue s t he
me an boundar y e r r or i s j us t mor e t han 2. mi l l i me t e r s .



Fi gur e 2 s hows t he r aw c l as s i �e r boundar y and t he c a l -
i br at e d boundar y f or an e nd di as t o l e f r ame . Fi gur e
s hows t he s ame f or an e nd s ys t o l e f r ame . The ave r age
boundar y e r r or f or t he i l l us t r at e d e xampl e s o f Fi gur e
2 and i s 2mm.

( a1) Fr ame : T and Cl as s i �e r

( a2) Fr ame : T and s t i mat e d

Fi g u r e . l a s s i � e r v s . Es t i ma t e d b o u n d -
a r y o n En d Di a s t o l e f r a me . Th i c k
c o n t o u r - Gr o u n d Tr u t h , Th i n c o n t o u r -
l a s s i � e r , a n d Es t i ma t e d

. uture or

We ar e c ur r e nt l y e xami ni ng t he e r r or s pr oduc e d by
t he a l gor i t hmi n an at t empt t o r e �ne i t t o r e duc e t he
ave r age e r r or t o l e s s t han 2mm. The n we wi l l gat he r
s t at i s t i c s on t he e j e c t i on f r ac t i on e s t i mat e s t hat ar e
bas e d on t he aut omat i c boundar y de l i ne at i on a l go-
r i t hm.
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