Geometrical accuracy and fusion of multimodal vascular images:
A phantom study

Nicolas Boussion
Laboratory of Biorheology and Medical Ultrasonics, Research Center, University of Montreal Hospital,
Queébec H2L 2W5, Canada

Gilles Soulez )
Department of Radiology, University of Montreal Hospital, Qee H2L 2W5, Canada

Jacques A. De Guise
Laboratory of Imaging and Orthopedics, Research Center, University of Montreal Hospital,
Québec H2L 2W5, Canada

Michel Daronat, Zhao Qin, and Guy Cloutier®
Laboratory of Biorheology and Medical Ultrasonics, Research Center, University of Montreal Hospital,
Québec H2L 2WS5, Canada

(Received 10 December 2003; revised 11 March 2004; accepted for publication 30 March 2004;
published 24 May 2004

The aim of this work was to compare the geometrical accuracy of x-ray angiography, magnetic
resonance imagingViRl), x-ray computed tomographyXCT), and ultrasound imagingB-mode

and IVUS, or intravascular ultrasountbr measuring the lumen diameters of blood vessels. An
image fusion method was also developed to improve these measurements. The images were ac-
quired from a phantom that mimic vessels of known diameters. After acquisition, the multimodal
images were coregistered by manual alignment of fiducial markers, and then by maximization of
mutual information. The fusion method was performed by means of a fuzzy logic modeling ap-
proach followed by a combination process based on a possibilistic theory. The results $hakhed
better geometrical accuracy of XCT and IVUS compared to the other modalitiesii ptite better
accuracy and smaller variability of fused images compared to single modalities, with respect to
most diameters investigated. For XCT, the error varied from 0.4% to 5.4%, depending on the vessel
diameter that ranged from 0.93 to 6.24 mm. For IVUS, the error ranged 6r8% to 1.7% but

the smallest vess&€D.93 mmn) could not be investigated because of the probe size. Compared to
others fusion schemes, the XCT-MRI fused images provided the best results for both accuracy
(from —1.6% to 0.2% for the three largest vessealsd robustnesgnean relative error of 1.9%To
conclude, this work underlined both the usefulness of the multimodality vascular phantom as a
validation tool and the utility of image fusion in the vascular context. 2@4 American Associa-

tion of Physicists in Medicine[DOI: 10.1118/1.1751124

Key words: vascular phantom, medical imaging, image fusion, geometrical accuracy,
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[. INTRODUCTION deterioration of an image induced by vascular calcifications

Several imaging modalities can be used clinically to investi-°an beé a major limitation in Doppler and B-mode ultrasound
gate the severity of vascular pathologies such as aneurysm&! computed tomography angiography whereas a metallic
stenosed,and malformationd.Functional and morphologic Stent induces more deterioration on images obtained with
imaging techniques provide data that can be complementar{yagnetic resonance angiography.

but a single modality alone may lead to a difficult decision N this clinical context of vascular investigation, the aim
about a potential abnormalifyActually, the physical process Of the study was first to assess the accuracy of various mo-
at the origin of each modality leads to specific advantage§alities for the measurement of lumen diameters. From the
but also to individual limitations:” The partial volume Ppostulate that x-ray computed tomograpP§CT) may pro-
effects, limited spatial resolution, artifacts, and signal-to-vide the best spatial resolutidrthe purpose was to compare
noise ratios are modality-dependent parameters that mutiie three-dimension&BD) geometric accuracy of XCT, digi-
be taken into account when investigating a given pathologytal subtraction angiograph§0SA), magnetic resonance im-

In a day-to-day clinical practice, a compromise must beaging(MRI), and ultrasoundUS) imaging (B-mode and in-
reached between the diagnostic value of each imagintravascular or IVUS To our knowledge, the comparison of
technique, patient security, and comféiength of acquisi- multimodal imaging obtained from a single realistic vascular
tion, invasiveness, radiation, etc.Furthermore, in some phantom has never been addressed, and this was made pos-
situations of presurgical exploration, it may be impossiblesible by the development of a multimodality phantom with
to perform an optimal set of examinations. For examplefiducial markers visible in DSA, XCT, MRI, and USFur-
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Cover used only for Tissue-mimicking agar gel
ultrasound scans

Vessel

Acoustic coupling with
water or gel in the bath

Fiducial Markers
Fic. 1. External view of the multimodality vascular flow phantom used. The
cover for ultrasound scans and metallic screws maintaining it were removec.
for MRI and x-ray based acquisitions.

thermore, this framework of multimodality suggested to in-Fic. 2. Reconstructed 3D view of the phantom from an x-ray computed

vestigate image fusion. Actually, the fusion approach re_t_omo_grap_hy scan. Th_e phantom is cut transyersally t(_) show the vessel and
- . . . _fjve fiducial markergfive of the 25 markers included in the phantom are

cently demonstrated high robustness in various medicali e on this view.

fields such as the planning of epilepsy surg@riieart dis-

ease risk assessméhtor ultrasound image segmentatith.

Frequently, scans from different modalities are available td.93, and 6.24 mm. A precise numerical version of the vessel

the clinician for confirming a diagnosis. Thus the secondand fiducial markers was computed as a 3D matrix of 0.1

objective of this study was to build a multimodal image com-x0.1x0.1 mn? voxels (Fig. 3. The aim was to help with

bination method hopefully able to offer a better evaluationaligning the images and facilitating their spatial coregistra-

than single modalities. More specifically, the goal was totion. The slices of this numerical phantom were designed

verify the hypothesis that image fusion from two different perpendicularly to the axis of the vessel segments.

modalities can improve the diagnosis of vascular diseases by

enhancing 3D geometric measurements of vessel lumeB. Image acquisition

izes. . . .
Sizes Five different scans of the phantom were obtained, all

with standard clinical devices. The vessel was filled with
IIl. METHODS water and contrast agent when necessary, and then set to 100
mmHg (equivalent to the physiological human blood pres-
sure. In all scans, the concentration of the x-ray and MRI
To obtain reliable gold standard measurements, images @ontrast agents was carefully selected to mimic the image
a multimodality phantom were acquired. The method for fab-intensity enhancement obtained on clinical radiological im-
ricating the phantondFig. 1) is described elsewhefdt con-  ages under normal physiological flowing conditions. As re-
sisted of a semispherical container filled with a tissueported earlief, pressurizing the vessel to 100 mmHg allowed
mimicking material(agar-based solidified gein the middle  one to obtain a precision of 0.004 mm when a comparison is
of which was embedded a vessel connected to an inlet and anade between the diameter of the lumen and that of the
outlet. template used to produce it. Contrast agents were a 430
The vessel was made by a lost-material casting techniqueng/ml radiopaque contrast mediu(@onray 43, Mallinck-
the interface between the lumen and agar was a thin impefodt Medical Incorporated, Pointe-Claire, Quee, Canada
meable layer of latex, so as to avoid possible diffusion of
water or contrast agent towards the agar gel. To facilitate the
spatial alignment of images, 25 fiducial markers were em-
bedded in the structure of the phantdim a semicylindrical
layer of agar-oil mixture gel surrounding the vegsdlhey G o
consisted of five parallel and asymmetrical rows of five glasSmarkers
spheres. Glass was chosen because it provides good contre
with agar-based gel in x-ray and US modalities. The use of &
paraffin oil in the bottom layer of the agar-based gel allowed
the glass balls to be visible in hyposignal with MRI. The
diameter of the spheres was 3 ni{ffig. 2. These markers
were not visible in IVUS because of the small field of view
of this modality when using a 20 MHz probe.
The vessel had a multistep geometry: it was made up ol
four adjacent pieces, each of 20 mm long. The diameter Of 3. 3p view of the numerical version of the phantom's main parts:
these four contiguous segments was, respectively, 4.16, 2.3dssel and markers.

A. Phantom and modeled vessels

The four segments of the
vessel, each of different
diameter
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for DSA, a 2.8% solution of 430 mg/ml iothalamate meglu- phantoms. The images were then precisely registered to the

mine (Conray 43 diluted in a 0.9% NaCl solution for XCT, numerical vessel by maximization of mutual informatidr?

and a 1.8 mmol/l of Magnevist contrast agefBerlex a robust similarity measure. The reconstructed voxels had a

Canada Incorporated, Lachine, ®ee, Canadadiluted in  dimension of 0.X0.1x0.1 mn?. Thus, at the end of this

0.9% NacCl solution for MRI. step, all images were reformated identically and represented
The MR angiography was performed with a Magnetomin the same geometric space, allowing reliable comparisons

Vision machine 1.5 TSiemens, Erlangen, Germanymages of the geometric measures.

were set in a 308512 field of view and reconstructed as a  Thanks to this two step coregistration, based on the mark-

matrix of 0.98<0.76x0.84 mnt voxels. XCT was performed ers and a well-known algorithm, the images were superposed

with a Picker 5000 scannéPicker International, Cleveland as much precise as possible. However, even if they were not,

Heights, OH, using a slice thickness of 1 mm, with a pitch the fuzzy modeling process that is presented later would cor-

of 1.25 mm and a reconstruction interval of 1 mm. IVUS rect it by constructing fuzzy contours that allow the spatial

images were acquired under fluoroscopy guidance with anncertainty to be managed.

In-Vision Gold ultrasound systertJomed, Lilestraten, The

Netherlands equipped with a 20-MHz probe inserted in the

vessel lumen via a catheter guide. A motorized “pull-back” D- Size of the lumen

technique was used to reconstruct the 3D geométight _

slices per millimeter This latter method consisted of pulling 1. Diameter measurements

the IVUS catheter at a constant speed within the vessel and, The inner diameter of the vessel sections was measured

concurrently, acquiring images at constant time intervalSgfter segmentation. The same method was used for each mo-
X-ray planar angiography was undertaken during the samggajity (excluding DSA: the segmented contour was the in-
session. A single acquisition was done in anterior-posteriokeface between the lumen and the inner side of the vessel. It
30° left anterior oblique and right anterior oblique projec-as determined at the maximum of the gradient norm. This

tions (field of view 17 cm, tube-intensifier distance 82 cm, |atter expresses the local difference between pixel values and

a HICOR/ACOM-TOP device(Siemens, Erlangen, Ger-
many). VAL, j 1= VATTI,j 1+ AT,
B-mode US images were acquired with a Logiq9 deviceii,
(General Electrics Medical Systems, Waukesha), WHe 6
MHz phase-array transducgsrobe number 7)_being auto- Al jI=ALI+1j]1=Alij],
matically translated linearly above the phantom by a motor- , ri :7_ a1+ : AT
ized axis(3.25 slices by millimeter perpendicularly to the A=A+ 1I=ADLTL
vessel (dynamic range 90 dB, no edge enhancement, n@ndA[i,j]=value of pixel {,j).
frame average For both B-mode and IVUS US scans, the After segmentation, the barycent8rof the segmented
transducer selection frequency was made in the context ¢fontour in each slice was ascertained. The distance between
lower limb vascular evaluations. B and every point of the boundary was then calculated and
All multimodality images were either archived on the multiplied by 2 to obtain the diameter value. The mekh
PACS system of the hospital or directly recorded on CDs an@nd standard deviatiof8D) of the diameters were evaluated

then directed to a PC hard drive where further processinffom 20 slices selected within each of the four segments of
was performed. the vessel with different sizes. For DSA, the planar acquisi-

tion mode prevented us from measuring diameters with this
_ . . method. Here, diameters were evaluated manually by using a
C. Spatial coregistration caliper, after calibration of the pixel size thanks to the known

Spatial reconstruction of the images was a mandatory predistance between fiducial markers.
requisite step before performing measurements and fusion.
Each image was separately coregistered with the numeric
3D phantom for reconstruction with isotropic voxels. The
process was performed by means of a manual prealignment The global robustness of the various meth¢sisgle mo-
followed by accurate fully automated coregistration. The firstdalities and fused imaggsvith respect to all diameters was
step consisted of manual alignment of the images with thénvestigated by calculating the mean relative efMRE) of
numerical virtual phantom, using the ImageJ softwareeach technique compared to the gold standaotual diam-
(Wayne Rasband, Research Services Branch, National Instter of the vessels For each modality and for each fused
tute of Mental Health, Bethesda, MDThis was performed image, MRE was estimated by calculating the mean relative
with the help of the fiducial markers, except for IVUS where error of all measures of all segments. The limits and the
the interface between the segments of different diametdength of the confidence intervaCl) of MRE were com-
were used as landmarks. The quality of this step was agputed to help assess the accuracy of the different modalities
sessed visually, by superimposing as precisely as possible tlamd combined images. The limits of Cl were calculated as
center of the fiducial markers of both numerical and reaffollows:

%. Statistical data analysis
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A Fuzzy contour membership function
_ SDure ’ P
Clint=Mure= T\ =1
/SDwre
CISLIp: mMRE+T —N—l y

wheremygre and SQyre are, respectively, the mean and the

standard deviation of MREN is the total number of mea- >

sures, andr is the critical two-tailedt value forN—1 de- 0 0.025D 0.175D Relative distance
grees of freedon®> The length of Cl was defined as &} to the segmented edge
— Cliys, where the subscripts sup and inf indicate the superioric. 4. Membership function to the fuzzy boundafy D is a preliminary
and inferior limits of the confidence interval. estimation of the vessel diameter.

Thus the resulting fuzzy image contained voxels more or
less intense, according to their proximity to the segmented
vessel edgéFig. 5).

E. Fusion process

1. Common modeling

Five fusion strategies were tested: XCT-MRI, MRI-IVUS, 2. Fusion of the fuzzyfied images
MRI-B-mode, XCT-IVUS, and XCT-B-mode. They were se-

lected by considering potential clinical investigations on a f?ﬁ POSS|pt|)I!Ity t'Fheory: bisﬁ:(.: ciﬁflnltg?lqté'r;e main benbef;th
given patient. In each case, the two modalities to be fuseq’ \N€ POSSIDIISUC approachis the ability to manage bo

greatly differed in terms of content, even if they provided uncertainty and imprecision with powerful fusion operators.

pieces of information about the same object. Thus the firsTehn(i gtell‘g;nons below introduce the methods used in the cur-

step of the process consisted of translating the initial image% . . . .
b P g 9 If one considers a finite universe of discour¥eand

into a common mathematical framework, which was chose . . o
rIB(X), the set of subsets of said universe, a possibility mea-

as the fuzzy set theof. The main value of this theory lies in . )
the management of imprecision intrinsic to medical images,sure can be defined as a mappliigP(X)—[0,1] such that:

due to the finite spatial resolution or the partial volume ef-(i)

fect, as already stated. The theory of fuzzy sets replaces the (@)=0, II(X)=1,

two-valued set membership functidd or 1) of crisp sets

theory with a real-valued function, which leads to define

membership to a fuzzy set as a degree of truthfulness or YA€X, VBeX, II(AUB)=may{II(A),II(B)],

possibility. One assigns a real val&€x) [0<F(x)<1] to o

assertions as an indication of their degree of reliability. BywhereII(A) expresses the possibility degree that the/set

using this notion, the fuzzyfication of the acquired imagesPccurs. If II(A)=0, A is impossible and cannot occur,

was performed as follows. whereas if[I(A)=1, A is totally possible(thus nothing can
As a first step, the lumen contour of the images was seglf€ventA from occurring, butA may notoccuy. The possi-

mented by calculating the maximum gradient as explainec‘?i”ty degrees can be defined more naturally by considering

earlier. This boundary was then fuzzyfied by means of a 3rsingle elements oK instead of subsets. Alistribution of

distance magichamfer methoti), providing the distance be- POssibility assigns values frorf0,1] to each element oK

tween the said contour and each point of the volumetric im&ccording to his possible membership to the suBsétpos-

age. The mean diametéD) of the segmented contour was sibility distribution is a mappingm: X—[0,1] that must

then calculated and multiplied by 2.5%. This last value, re-Satisfy:

ferred to as the “low threshold,” served to build a margin of  max _, 7(x)=1 (normalization condition

security around the segmented contour. Actually, the fuzzy

contourF was defined as the set of voxels whose distance to

the segmented boundary was “less than 0XB&” Pre- ‘

cisely, the voxels less distant than 0.625 were considered

as totally included intoF (membershig-1), while voxels

more distant than 0.126D from the segmented boundary

(referred to as the “high threshold'were considered as to-

tally excluded from the fuzzy sdt (membershig0). For .
distances between 0.02® and 0.17% D, the membership

value of the voxels linearly decreased from 1 tts8e Fig. 4 _ ,

for a graphic description of the fuzzy contour membershipf'e: 5: Modeling process: the example of MRI. A: MRI sagittal, coronal,
. e . . and transversal views of the 6.24-mm-diameter vessel. B: distance map

function). The justification for the selection of the low and (chamfer methodbuilt from the presegmented contour of the vessel. C:

high thresholds is investigated later in this section. final fuzzy contour.
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A simple form of possibility distribution orX is the fuzzy T s
membership function of a subs&t_X, provided that it sat- 4
isfies the normalization condition. i if 1 )
b. Fusion operatarVoxels in fuzzy maps have values in Y, & 4
the continuous sef0,1], which allowed the use of fusion S S
operators from the possibilistic theory in order to merge
those maps®?° The combination procedure from the possi-
bilistic theory is dependent on the behavior of the operators=ic. 6. Test images for studying the effect of the thresholds in the fuzzy

B C

If x andy are two real numbers fr0|{0 1] andF a fusion membership construction, and for the evaluation of the weighting process.
T (A): two identical circles perfectly superimposé,): two identical circles

operator that aims to combineand Y, thenF is: horizontally shifted, andC): two centered ellipses.

(i) conjunctive if F(x,y)<min(x,y), which corresponds
to a severe behavior;

(i)  disjunctive if F(x,y)=maxf,y), which corresponds
to an indulgent behavior; and
(i) cautious ifx=F(x,y)<y, if x=<y, or if y<F(X,y)

=x if y=<x, which corresponds to a compromise be-

havior.

To simplify, F is cautious if mingy)<F(x,y)<max.y), in

0 |f w2$w1

P2((1)1,(1)2)= Wy~ W1
—— else,
w32
1 if w=w,=0
and P(wl, 0)2): min(wl,a)z)
———— else.
ma)(wl,wz)

such a way that min and max are often used to classify op-
erators as conjonctive, disjunctive, or cautious. With suchAs weights,P(w;,w;), Pl(w;,w;), and P2(w;,w;,) be-
definitions, it is easy to demonstrate that any triangular-norntong to the real closed intervdD,1], and their sum is 1
(t-norm) is a conjunctive operator, while any triangular- because; ,»(X1,X,) represents a weighted sum.
conorm(t-conorm has a disjunctive behavié?!. The proba- Thus if w;=w,=0, we haveP1(0,0)=P2(0,0)=0, and
bilistic t-norm defined by F,y) =xXy was chosen to fuse P(0,0)=1, which leads to the cancellation of the weighting
our images because it is very simple and also conjunétive. process: Foo(X1,X2) =F(X1,X). Actually, the weighting
This latter property is well adapted here because a precigerocess will be cancelled as soon as the weights are equal
segmentation of the vessel was required and the fuzziness 6b;= w,). On the other hand, itv;=0.6 andw,=0.4, for

the images had to be reduced to reinforce the reliability ofnstance, one obtaing®1(0.6,0.4)=1/3, P2(0.6,0.4)=0,

the final segmentation. Other operators with severe behavid?(0.6,0.4)=2/3, andF g 0 {X1,X2) = 2/3F (X1,X;) + 1/3X, in

like the Zadeh-norm[other name of mingy)] and the Luka-
ziewicz t-norm [ maxi+y—1,0)]*%?! were also tested but
they gave results comparable to the probabiligtitorm
which was selected for its simplicity.

c. Management of reliabilityln the case of conflict be-
tween imagegdifferent location of the vessel contolrshe

such a way that the knowledge provided by image 1 is par-
tially added in the final fused image. This classical weighting
method is a linear combination of the fused image with the
initial image having the highest weigHt.

The XCT, IVUS, MRI, and B-mode relative weight fac-
tors were selected to 1, 0.95, 0.8, and 0.7, respectively. These

fusion process is able to manage the imprecision thanks tealues were chosen by taking into account the geometrical
the operator presented in the previous section. However, a@ccuracy of each modality according to the literature, and
cording to the literature, XCT should provide the best geo-after visual assessment of the quality of the images collected
metrical accuracy because of its good spatial resoliftion.from the vascular phantom.

Furthermore, IVUS imaging is also expected to be more ac- e
curate than MRI due to its high spatial resolutfiGrespe- 3. Defuzzification

cially if one uses a high frequency ultrasound transducer. The resulting fused images remained fuzzy due to the
These considerations were taken into account in the fusioplosure property of thé-norms. A defuzzification was thus
process by means of a weighted data aggregation procedumandatory to provide the final object representing the real
The elegant linear approach proposed by Cron andontour. This objective was achieved by extracting the skel-
Dubuissorf defining a weighted combination rule, was cho- eton of the fuzzy map with mathematical morphology
sen because it does not depend upon the operator. Basicalls?,ols.z""z5

a weightw; is attached to each sourceo fuse in suchaway Impact of the low and high thresholds, role of the

that the result of the fusion becomes: weighting process

Fo1w2(X1,X2) = P(@1,02) XF(X1,X2) + X1 X P1l(w1, @) As mentioned earlier, the construction of fuzzy contours
was realized with a classical linear membership function,
characterized by two thresholds already referred to as the
“low” and “high” thresholds. The effect of the latter on the
fusion process was evaluated by using two pairs of test im-
ages. The images of each generated couple were converted

into fuzzy maps as described above, but with different low

+X2>< P2(w1,w2),
0 if wi<w,

with Pl(wq,w5)={ 01— w>

else,
w1
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Fic. 7. Example of the XCT-B-mode US fusion pro-
cess. Al, A2: XCT and B-mode US transversal views.
B1, B2: fuzzy boundaries deduced from the preseg-
mented lumen contour of A1 and A2. The real lumen—
vessel interface is supposed to be included in each of
these images. C: weighted fusion of B1 and B2 with the
probabilistict-norm. The width of this fused fuzzy con-
tour is smaller than B1 and B2 due to the conjunctive
property of the fusion operator. D: skeleton of the fuzzy
map C, considered as the actual lumen-vessel interface.
Transversal slices are shown for clarity but the whole
process is 3D.

and high threshold values. The low threshold was changetl. RESULTS

from 0.025 to 0.175, while the high threshold ranged from

0.05 to 0.2. Then, the diameter of the fused image for each. Diameter measurements

configuration and for each pair of test images was calculated . . .

The test images were two identical circles perfectly super-i' Valggs ?b tle;ned fZ; tge different diameters
posed[diameter of 60 pixels, Fig.(®)], and two identical accoraing to the methoas

circles (diameter of 60 pixelshorizontally distant by two Figure 7 illustrates the modeling and combination pro-
pixels [Fig. 6(B)]. The diameter of the fused images were cesses through the example of XCT-B-mode US fusion. The
compared to the actual size of the initial images. main results of the present study are summarized in Table I.

A similar study was done to better understand the behavit shows the diameters of the vessel segments measured from
ior of the weighting part of the fusion process. The ellipsessingle coregistered images and from bimodal fused images.
presented in Fig. &) were fused with weights ranging from The gold standard measures of the phantom also are pre-
0.1 up to 0.9 for one ellipse and from 0.9 down to 0.1 for thesented to classify the studied modalities according to their
other, both with steps of 0.1. These two centered ellipsegeometric accuracy. The relative error, in percent, between
were of dimension 56 pixels64 pixels, and 64 pixels56  the image diameters and the gold standard diameters are pre-
pixels, and the mean and standard deviation of the diameteented too. Some values are missing from Table | due to
of their fusion also were evaluated. technical difficulties that are detailed in the Discussion.

TaBLE |. Measured inner diameter. Absolute valiesean= standard deviationare given in millimeters and
relative errors are shown in parentheses.

Gold standard 6.24 4.16 2.34 0.93
Angiography 5.88+0.15 3.99+0.15 2.20+0.12 0.86+0.18
(calibrated (—5.8% (—4.1% (—6.0% (=7.5%
XCT 6.16+-0.10 4.23+0.09 2.35+0.12 0.98+0.08

(—1.3% (+1.7% (+0.4% (+5.4%
MRI 6.17+0.13 4.19+0.15 2.42+0.10 1.56+0.12
(-1.1% (+0.7% (+3.4% (+67.7%
B-mode US 6.380.21 4.26+0.27 2.43+0.23 a
(+1.0% (+2.4% (+3.8%
IVUS 6.22+0.10 4.20+0.10 2.38+0.09 b
(—0.3% (+1.0% (+1.7%
Fused XCT-MRI 6.140.08 4.17+0.06 2.36+0.08 1.05+0.08
(—1.6% (+0.2% (+0.9%) (+12.9%
Fused MRI-IVUS 6.21%#0.05 4.21+0.09 2.39+0.05
(—=0.5% (+1.2% (+2.1%
Fused MRI-B-mode 6.180.10 4.19+0.11 2.40+0.10
(—1.0% (+0.7% (+2.6%
Fused XCT-B-mode 6.200.08 4.17+0.10 2.33+0.10
(—0.6% (+0.2% (—0.4%
Fused XCT-IVUS 6.22-0.05 4.21+0.09 2.37+0.08
(—0.3% (+1.2% (—1.3%

A/essel too small to be observed.
PIVUS probe too largeédiameter 1.2 mmto investigate the vessel.

Medical Physics, Vol. 31, No. 6, June 2004
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TaBLE Il. Mean relative error and its confidence interval. Mean relative error

values were calculated from the three largest vessels since data were nagt, Low threshold = 0.025

available in all modalities for the 0.93 mm diameter vessel. § High threshold = 0.175
Length of the % === = NLo -
Mean relative Confidence confidence interval g \\V\~74 —
Image error (%) interval (%) (%) -_E e \&T ....... o
ey
Angiography 5.39 4.87-5.90 1.03 g Low threshold \N
XCT 2.62 2.23-3.01 0.78 2 o
MRI 3.24 2.85-3.64 0.79 5 o
B-mode US 6.12 5.59-6.64 1.05 5 s0d |7 0:075 .
IVUS 2.44 2.10-2.78 0.68 bl — 01
Fused XCT-MRI 1.92 1.62-2.22 0.60 5 us
Fused MRI-IVUS 1.78 1.47-2.09 0.62 o —. - 01175
Fused MRI-B-mode 2.66 2.29-3.03 0.74
Fused XCT-B-mode 2.29 1.93-2.65 0.72 0.05 0.075 0.1 0.125 015 0175 0.2
Fused XCT-IVUS 2.04 1.70-2.38 0.68 High threshold

% ng threshold = 0.025
X High threshold = 0.175
The first point that arises from Table | is the overall good % ______
accuracy provided by the various modalities. Except for the® e — — — — — — === _/_J?L_ — —
0.93-mm-diameter vessel investigated by MRI, the reIative-E R v.}—\\—-\
error never exceeded 7.5¢maximum relative error for pla- @ \‘\OV%:’
nar angiography Concerning the largest vess@.24-mm- ‘7_.;, Low threshold 'v‘\ M
diametey, IVUS provided the most accurate estimatiogla- 5 —o— 0,025 :
tive error of —0.3% but the other modalities gave B _2_ 8j8§5 \:
satisfactory results as well. IVUS also gave good results forg = 3’125 .
the other vessel diameters. XCT provided a good measures —5-- 015
ment of the smallest vesséh5.4%), while MRI greatly DAL

overestimated it, probably because of partial volume effect * 005 0075 01 0125 015 04175 02

(relative error of+67.7%. It is worth noticing the reduction High threshold

in measurement qua"ty for MRI when the diameters de'FlG. 8. Effect of the threshold selections on the measured diameter of the
creased. MRI also overestimated the 2.34 mm diametegst images. Up: identical circles. Down: shifted circles.

(+3.4%, while XCT estimated it with high precision

(+0.4%. B-mode US overestimated all diameters but over-

all the accuracy remained acceptabigaximal relative error

of +3.8%. Lastly, planar angiography provided less accu-bally, these techniques better evaluated the three largest ves-
rate results and tended to underestimate the actual diamet@g!s compared to the other modalities, IVUS providing the
values. best results.

The fused images always provided good estimates of the Concerning fusion, MRE was lower for all fused images
actual diameters, even if some results were less accurate thiign VUS or any other single modalities, except for MRI-
single modalities. For example, the fusion of XCT and MRI B-mode fusion(MRE of 2.66% compared to 2.44% for
gave lower precision than either XCT or MRI alone in three!VUS and 2.62% for XCJ. The confidence intervals are in
cases, but at the same time, the variability of the measureagreement with this statement, the longest CI value being
was improved as shown by the decrease of the standard d8-74% for MRI-B-mode fusiorithe values for single modali-
viations. Furthermore, the XCT-MRI fusion process failed!i€s ranged from 0.68% to 1.05%The lowest errors were
(relative error 12.9%for the 0.93-mm-diameter vessel, but it Provided by MRI-IVUS and XCT-MRI fusions, while MRI-
is not surprising since the latter was significantly overesti-B-mode combination gave a relatively high MRE due to the

mated by MRI. In this case, the fusion approach was thus ndiigher variability in diameter measuremeritee standard
pertinent. error values in Table)!

B. Influence of the thresholds and weights used in
2. Global mean relative error (MRE) the fusion process

Table Il contains the value of MRE for each modality and  Figure 8 shows the impact of the low and high thresholds
for each fused image. It was calculated only from the diam-used to create the fuzzy contours on the estimate of the di-
eters of the three largest vessels, since some experimentineters of the fused test images. Both the low and high
data were not available for the 0.93 mm diameter vessel. threshold values were varied between 0.025 and 0.175. As

This table shows that IVUS and XCT were the modalitiesdescribed earlier, shifted and identical circles with a diameter
with the lowest MRE(2.44% and 2.62%, respectivelgnd  of 60 pixels were tested in order to investigate also the ro-
the shortest confidence interveCl). This means that glo- bustness of the threshold values with respect to a possible
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configurationgFig. 10. Actually, whenw; and w, differed,

this standard deviation increased because the fused image
60.1 tended to become an ellipsellipse 1 or ellipse 2 according

to the weights

60.0

IV. DISCUSSION

59.9 The fast development of vascular medical imaging de-
vices leads to an increase of useful data about vascular dis-
ease. Accurate images of lumen contours are made available,
providing reliable estimation of vessel morphology. How-
ever, the existing modalities differ to a great extent in terms
of physical properties involved in the image acquisition pro-

59.8

Mean diameter of fused ellipses (in pixels)

59.7

T T T T
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

cesses and, consequently, the images obtained have to be
Weight of ellipse 1 (weight of ellipse 2 = 1 - weight of ellipse 1) analyzed carefully by taking into account the relative limits
Fic. 9. Diameter of the fused ellipses according to the relative Weightsanq performance of _the chosen modall_tu_as. Furthermore and
attributed to each of them. mainly for cost and time reasons, physicians have to make a

choice between accessible devices during their clinical ac-

tivities. In this framework of multimodality image acquisi-
inaccurate spatial registration. This figure first shows thation, the aim of the work was to use a phantom to compare
these thresholds had a relatively low impact on the fusiorvascular images and to emphasize the geometric accuracy of
process. This observation typically is an illustration of thethe most common modalities used in radiology. The use of a
flexibility of the fuzzy modeling that deals well with impre- vascular phantofwas easily justified by the fact that it is
cision. Figure 8 also certifies that the selected low threshol@dimost the only way to obtain and assess consistent quanti-
of 0.025 and the high threshold of 0.175 provided a goodative data on the accuracy of a technique. Furthermore, it
estimation of the actual diameter in both cases. Comparablensures the reproducibility of the image combination method
conclusions were also obtained with other tested diametet#at was presented, since all images were acquired from the
(results not shown and this is why this set of thresholds was same phantom. The fiducial markers at well-known positions
chosen for our modeling process. inside the phantom permitted us to calibrate the images and

Besides, the mean and standard deviation of the diametailso to have reliable points assisting the spatial registration.
of the fused ellipsefFig. 6(C)] are, respectively, reported in Finally, the known dimensions of the vessel segments
Figs. 9 and 10. Let us recall that the aim was to assess th&nown by construction and verifiedl posteriorion histo-
role of the weights in the fusion step. The maximum diam-logical slice$ leaded to a precise comparison of geometric
eter was observed for identical weigltEsg. 9), i.e., when no  measurements and underlined disparities inherent to each
specific weighting was appliedsq=w,=0.5). In this con- modality. It is, however, important to notice that the situation
figuration, the fused image was rather circular thus the starin this phantom study was ideal: slices were perpendicular to
dard deviation of the diameter was lower than in all otherthe vessels which facilitated the measurement of the diam-
eters. Of course in a real situation this is nearly impossible to
perform, except in long and straight arteries. It would be of
great interest to design and study curvilinear and realistic
vessels in future developments.

It was chosen to use the maximum of the gradient norm to
segment the limit between the lumen and inner wall of the
vessel parts. A number of other methods could have been
applied, but the latter has the interest to not depend on a
threshold.

In the modeling part of the fusion, it may be emphasized
that the imprecision or variability that may have been in-
duced by any presegmentation method was taken into ac-
count by building fuzzy contours. The advantage of fuzzy set
techniques in image processing and image segmentation re-
lies on the fact that they are able to represent ill-defined

, : , : : : : : clusters or classes in a natural approach by assigning con-
6t 02z 03 04 05 06 07 08 08 tinuous levels of membership to a given $&The impreci-
Weight of ellipse 1 (weight of ellipse 2 = 1 - weight of ellipse 1) sion related to these ill-defined descriptions is depicted as

Fic. 10. Standard deviation of the diameters of the fused ellipses. The digegn_}(:"S of belonging, typicality, or compatibility. A conse-

ameters were calculated from the distance of each point of the contour to tigU€Nce of the theory is that the membersh.ip degree Of'a
center. voxel to a fuzzy contour does not depend on its membership

FS

w
L

o

SD of the diameter of the fused ellipses (in pixels)
N

Medical Physics, Vol. 31, No. 6, June 2004



1442 Boussion et al.: Geometrical accuracy in vascular imaging 1442

to the lumen or to the vessel. This point is retrieved when(cardiology unit.?” This last modality was not tested in this
one expresses fuzzy sets as possibility distributions: an evestudy and it would probably lead to good geometrical accu-
(e.g., “a voxelv belonging to the contoun”and the corre- racy.
sponding complementary eve(itv belonging to the tissue A noticeable remark concerning the fused images is the
or to the lumen’) may have possibilities equal to 1. This decrease of variability when measuring diameters, compared
latter property makes possibilistic and probabilistic ap-to single modalities. This point could be explained by the
proaches very different. However, the actual property thafact that, first, the fusion operator followed by the defuzzy-
really makes the popularity of possibilistic methods is thefication acts like an average procedure and second, they re-
ability to manage and quantify uncertainty thanks to powerduce the local variations by smoothing the contours. The
ful fusion operators. The behavior of such operators can béusion process also showed better robustness with respect to
chosen according to specific requirements, for example, ththe different diameters than single modalities alone, as
degree of discordance between images-morm with a se- shown by the MRE values obtained. Unexpectedly, the XCT-
vere conjunctive behavior was chosen in this study. Wher3-mode US fusion resulted in a better accuracy than XCT or
fusing two images, this operator does prefer the one thaB-mode alone. This surprising statement can be attributed to
provides the smallest possibility or fuzzy contour member-the fact that the mean diameter of the fused images, for the
ship degree, leading to a decrease of imprecision because thel6 and 2.34 mm vessels, was lower than the mean diameter
area of the fused fuzzy contour becomes smaller than thef the XCT and US image&ee Table)l This point could be
area of both initial fuzzy maps. This point can also be seen agxplained by the noisy content of the US images that was
a decrease of fuzziness. erased by fusion with the high weighted XCT images used
The construction of fuzzy contours was realized with ahere. Alast comment may be added in favor of the weighting
classical linear membership functihcharacterized by two operator used to manage the reliability of the fusion process.
thresholds. A simulation on generated test images was peln the current study, the weights for XCT, IVUS, MRI, and
formed to prove the robustness of the fusion process witf-mode US were 1, 0.95, 0.8, and 0.7, respectively. This was
respect to these thresholds. A set of val(lesv threshold selected by taking into account the geometrical accuracy of
=0.025 and high threshote0.175 gave very good results each modality, as known from the literature. In a clinical
during the simulation and they were chosen to fuse the pharsontext, it may be advantageous to provide flexibility in the
tom multimodality vascular images for this reason. values of those weights. For example, according to the qual-
According to the results of the present study, XCT is theity of a given exam and the type of vascular pathology in-
most accurate and robust technique when one wants to megestigated, it would be of interest to change the weights in
sure the inner diameter of a vessel, and for a wide range aiccordance to the clinician’s “confidence” in the images to
vessel sizes, down to values below 1 mm, approximatelybe fused. Although this was not the scope of the present
This result is in accordance with conclusions found bystudy, this possibility may be envisaged if one considers the
others® IVUS gave the best results in our study but the finitedevelopment of a commercial software for clinical use or for
size of the endovascular catheter is a limitation: very smalthe assessment of new imaging technologies.
diameters could not be evaluated because the probe cannot
be introduced into the lumen. This was the case in our ex-
periments. On the other hand, IVUS can depict the nature of" CONCLUSION
the vascular wall and tissue. Here again, the choice of a When estimating lumen vessel diameters, XCT provided
particular imaging technique is governed by clinical interestthe most precise data for a wide range of vessel widths, while
and procedure involved. For technical reasons, only thre®IRI significantly overestimated the smallest diameter8
B-mode US scans could be analyzed. The 3D scan of themm). IVUS images at 20 MHz also gave the best results
smallest 0.93-mm-diameter segment could not be processekcept for small vessels that could not be investigated be-
because the lumen was not detectable, maybe because of tteuse of the finite catheter size. B-mode US at 6 MHz was
limited spatial resolution of the instrument. The accuracy ofunable to image the vessel below 1 mm diameter, but the
B-mode obtained in this study was comparable to the literalargest ones were estimated within acceptable limits. Finally
ture. For instance an error between 2% and 3% was found ithe results showed that, in spite of their high spatial resolu-
Beux et al.” Finally, x-ray digital subtraction angiography tion, DSA measurements must be interpreted carefully be-
tended to underestimate the diameters, which potentially cocause of the calibration step that may hamper the accuracy.
responded to a deficient calibration, performed manually The second part of the work dealt with image fusion, an
with a caliper. In spite of careful calibration using fiducial image processing step justified by the increasing amount of
marker locations, an important underestimation error was obdata available in medical imagery. The assessment of the
served for each vessel segmésee Table)l A lower accu-  fusion method is encouraging since first, it leads to a precise
racy of uniplanar and biplanar angiography compared tesegmentation of the lumen by reducing relative errors com-
IVUS also was reported by Coopet al® However, a better pared to the gold standard, and second, it allows the variabil-
spatial resolution could have been obtained by using a thredty of diameter values to be decreased.
dimensional digital substraction angiography unit equipped To conclude, this work emphasized the utility of the de-
with a 1024 matrix image intensifiéperipheral or neuroan- signed multimodal vascular phantom as a validation tool.
giography unit instead of a 512 matrix image intensifier Further investigations will study abnormal vessels with real-
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