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Three-Dimensional Registration and Fusion of Ultrasound Il. METHODS
and MRI Using Major Vessels as Fiducial Markers

. . 3-D MRI sequences were obtained on a GE Signa 1.5-T unit
Brian C. Porter, Deborah J. Rubens, John G. Strarlg, Jason Smithgeneral Electric Medical Systems, Milwaukee, WI]. For imaging of
Saara Totterman, and Kevin J. Parker the forearm, a surface coil was used. [2-D time-of-flight images using
spoiled gradient echo sequence with flow compensation, with 2-mm
Abstract—This paper describes fusion of three-dimensional (3-D) ultra- slice th_lckness and 258 128 matrix a”?‘ 1Q-cm _f'eld'Of'V'e_W (FOV_)
sound (US) and magnetic resonance imaging (MRI) data sets, without the Producing 0.391 mnx 0.782 mm pixel size in axial and oblique-axial
assistance of external fiducial markers or external position sensors. Fusion planes] For imaging of the liver, a torso coil was used. [3-D fast
of these two modalities combines real-time 3-D ultrasound scans of soft gradient echo (efgre3d/15), axial, 1.4-mm interslice spacing, 5.6-mm

tissue with the larger anatomical framework from MRI. The complemen-  gjica thickness, matrix 512 512, 30 cmx 22.5 cm FOV, pixel size
tary information available from multiple imaging modalities warrants the

development of robust fusion capabilities. We describe the data acquisition, 0-586 mm] For phantom imaging, a quadrilateral head coil was used.
specialized algorithms, and results for 3-D fused data from phantom studies [Two-dimensional spin echo images, thickness 2.5-mm contiguous,
and in vivo studies of the normal human vasculature and musculoskeletal matrix 256x 256, 14 cmx 10.5-cm FOV, pixel size 0.547 mm]
systems. Vessels (and vessel-like structures in the phantom) were segmented

Index Terms—mage fusion, MRI, 3-D imaging, ultrasound, voxel. from MRI volumes using simple threshold in some cases and in other
cases using a 3-D region growing segmentation algorithm [2]. The
threshold level for a set of images was determined by visual inspec-
tion, and the region growing settings were optimized for segmentation

Three-dimensional (3-D) data acquisition is well established fof liver tissue, which generated a negative mask for liver vessels. The
magnetic resonance imaging (MRI) and more recently for ultrasoumessel volumes were stored with 1-mm voxel resolution after interpo-
(US). In simplest implementation, 3-D image information can blating the interslice images and decimating the in-plane images. Fig.1
obtained from a sequential series of two-dimensional (2-D) tomshows a 3-D reconstruction of vessels from the left forearm displayed
graphic images taken over a volume. The goal of multimodalityith three intersecting axial slices.
image registration (3-D alignment) and fusion (data merging) is US datawere acquired using a GE Logiq 700 ultrasound scanner [GE
well established in certain areas where complementary informatidtedical Systems, Milwaukee, WI] with Extend Research Package. Ex-
can be obtained. In this papdusionrefers to the entire process oftend collects image data and saves single frames or CINE loops of
registration and combination of data for visualization. We focus dmscan and color flow data. After acquisition, data files were transferred
the fusion of 3-D MRI and US information with the long term goafrom the US hard disks to a workstation for off-line image processing
of gaining complementary information in a way that enhances tla@d analysis.
clinical usefulness of these modalities. Potential uses for merged oklumetric US data was obtained with a motorized track that moves
fused 3-D images include the placement of liver tumor informatiofhe US transducer at a controlled, uniform speed [Velmex, Bloom-
from MRI into US for subsequent biopsy or therapy; and the fusiofeld, New York]. The track velocity was matched to the Logiqg acoustic
of high-resolution volume MRI of brain, liver or renal lesions withframe rate to achieve 1-mm or 0.5-mm image spacing. The US CINE
US-guided tumor resection or ablation. data was obtained in a sagittal orientation (forearm) [30 frames for

Fusion techniques generally fall into one of two categories: frameds-mm spacing, 7-MHz b-scan, 5-MHz Color Doppler, 4-cm depth]
fusion or frameless fusion [1]. Framed fusion uses external framegd oblique-axial orientation (abdomen) [80 frames for 1-mm spacing,
bony landmarks (such as the skull) or manually placed fiducial markegsviHz b-scan, 4-MHz Color Doppler, 14-cm depth] with an acquisi-
to match complementary data sets. Frameless fusion of soft tissue M@y time ranging from 8 s to 20 s for 30-80 frames. A linear probe
use organ surfaces and vascular structures to align image volumes. @#heral Electric, 739L, 5- to 10-MHz linear transducer) was used to
study investigates a new fusion method using vessels segmented fegifjuire the arm and prostate phantom data, and a curvilinear probe
3-D MRI and US data. The segmented vessels were used as landmgd¢neral Electric, 548C, 3-MHz to 8-MHz convex transducer) was
within a correlation algorithm to spatially align the two 3-D volumesysed to acquire the liver data. A diagram of the motorized track is

shown in Fig. 2.
The GE Extend software on the US scanner permitted acquisition
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Fig. 1. Segmented vascular MRI of the Arm. Segmented arm vessels (blue) intersect 3 of the axial MRI source images. Bones and subcutaneowissue are bl
muscle gray, and source vessels white.
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The vessels that are segmented from each data set should have «
acteristics that allow them to be uniquely oriented in three dimensiol
Such features include branching points (bifurcations), natural cun
ture or multiple vessels. In addition, the same key features should
present in each modality.

Resize vessel volumes
to lmm voxels

'

Input to 3D
fusion program

A. Fusion Algorithms Fig. 3. Image processing flowchart to establish fiducial markers in grayscale

For fast 3-D visualization and computation, we used IRIS Explor&plumes.
[Numerical Algorithms Group, Inc., Downers Grove, IL] on a SGI In-
digo2. To correlate two volumes, four data sets are needed as infrutage set designated as the reference volume. The other two volumes
Two of the four volumes contain original grayscale images, with orentain the segmented vascular data, scaled to 1-mm voxels.
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Fusion was accomplished in a two-step process. The first step was @he correlation calculation used in this algorithm is derived from
manual correlation (a fast, user-guided, “coarse adjustment”), and Behwartz’s Inequality which states that for two continuous functions
second was an automated correlation search. The use of a manual dtegmd B on their domainw

in this process greatly enhances the efficiency and accuracy of the fu- 9

sion. The MRI data set is fixed in the absolute coordinate system of ‘/x A(w)B(w)dw
the Explorer environment and never moved in space. The US data set —0
was selected to be the moveable volume. Using the computer mouse, R "
) sing PU - < / |A(w)] dw/ |B(w)]? dw. Q)
a user first manually moves the US volume into an overlapping posi- e o

tion with the MRI volume, completing a coarse fusion alignment. The

user is aided in this alignment procedure by the ability to change thBiS relation can be rewritten as

camera angle at which the vessel volumes are viewed. By manipulating -

the US volume and checking its position with respect to the stationary ‘Loo A(w)B(w) dw

MRI volume, the user can obtain a coarse approximation to vessel reg- 2 AW dw [ |B(w)] dw <l

istration. The automated algorithm has successfully registered vessels = -

when the coarse adjustment was up to 20 voxels (mm) offset &hd 10 4 and B are written as functions of three dimensions, the relation

rotation about the,, y and= axes. However, this range may increase dsecomes (3), shown at the bottom of the page. In practice, the limits of

decrease depending on the quality of vessel segmentation. integration correspond to the spatial extent of the 3-D data. The equa-
Once the user positioned the data coarsely, the computer perforriied describing a general spatial correlation in three dimensions (Carte-

an iterative search to determine the highest correlation within a cafian coordinates) is

strained range of motion. This range of motion was predefined by the

‘ 2

)

user as the rotation and translation step-size and maximum rotation flz,y,z) o glz,y, 2)

angle and translation displacement. The search algorithm implements Bl Sl S

a 3-D discrete correlation routine for six degrees of freedom in the fol- = /_:X\ /_OQ /_oof (e, B, 7)

lowing order: rotations abouf-Y -X axes, translations ok -Y-Z. % g(i tavy+ B2+ dadddy (4)

The highest correlation value calculated for the range abtations

determines the new starting point for a maximum correlation seargihere f* is the complex conjugate of. Notice that if the functions
inY I’Otations, and SO on, Until the maXimum COI’I’e|ati0n Value fOI’ th@ be Corre|atedf andg are rea| and nonnegative, as they are in the

Z translation is found. The highest correlation value calculated withjisjon data sets, then some simplifications can be made, namely
this limited search, alocal maximum, was assumed to be the ideal align-

ment. The algorithm took from 5 min to 10 min to execute on a SGlI flz,y, 2) = f"(x,y, ) and
Indigo workstation, depending on the range and step size set by the R N A A
use?. After converging Epon agsolution, thegtransformgtion matrix ¥hat Ha,y.2) 0 g(@.y,2) = Ryg(Az, Ay, A2). ®)
described the relative positions of these landmark volumes was usegp;s (3) can be rewritten and substituted into an adjusted Schwartz’s
redravy the orlglqal grayscalg data. Finally, the orlglqal images of eaﬂbquality as follows:
modality were aligned and displayed to proper relative scale.
|Rypy(Ax, Ay, A2)|? <1
Rrr(Az, Ay, Az)Ryy(Az, Ay, Az) = 7

(6)
B. Implementation of Three-Dimensional Correlation ) ] ]
As aresult, the 3-D cross-correlation functiin, will produce a cor-

The specifics of the correlation calculation follow: First, since thEE/ation value normalized to the product®f ; andR,, at each stage
the spatial search for the peak value.

volume data is represented as a cloud of points, not a mass of cbhi'€ hat th i ation d ibed i .
nected voxel cubes, one of the data sets needs to be positionally qurrela IS |mpor_tant to note t a_tt € norma Ization jescribed in (6) is per-
in order to allow information in the two discretized volumes to actuallfP™Mmed relative to each particular step in the positioning of the volumes,
contact one another. The points of the MRI data set were blurred sp§= thefmheanlng ORgf andRi,,g are taken only V‘I"th'_? t:e overl:p re-
tially in three dimensions by weighting their input values according gons of the MRl and US vo Umes. For example, if the MRI at_a §et
the equatiori2/3)™, whereR is the voxel distance from the actual datd2nd extracted vessel extent) is much larger than US, only a limited
point. The algorithm also restricted this blur to extend only up to eigmatch will necessarily occur and the correlation will be accordingly

voxels away in any direction. The blur allows the correlation value {EE]W F?r a valid comparll_sor(;, thehvalueskgelneratefd st egc(rj\ pos(ljtlon of
increase as the vessel structures become more closely aligned.  [N€ volumes are normalized to the peak values of the windowed auto-

. . correlations of both data sets. The normalized equation is
There are three factors that make US data eligible for correlation. q

First, a point in the US volume must be within eight voxels of a point IRy (Ax, Ay, Az)|?

i ; : fg(AL, AY, Az 7

in the MRI volume. Second, the particular US point must be the closest R;(0,0,0)R,,(0,0,0) = (

point to the MRI point under investigation. Third, the US point cannot o g

have been previously chosen for correlation with another MRI poirithe correlation value computed for each new volume position is used
If a point in the US volume passed these three requirements, it wasadjust the next position and orientation. During an iterative correla-
considered to be eligible and was used in the correlation calculatioriion search, the three rotations are adjusted before the translations in the

2
|75 S22 7 Al 8.9 Bla, 8,7) dacd i o
- <1
I I A B dadBdy [ [0 [*_|B(a. 8,9)" dadBdy ~

®3)
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Fig. 4. Total 3-D fusion procedure (flowchart).

following sequenceZ-Y -X rotations,X -Y -Z translations. The best error is usually calculated as the RMS (root mean square) error on
vessel overlap produced in the fine-tuning stage of the fusion procélss distance of point-pair markers. However, vessel correlation uses
yields the largest of the normalized 3-D cross-correlation values. The such point-pairs, so a different error metric must be used. In order

rotation and translation of the US volume is mathematically describ&mldetermine the quality of a fusion set, we can itemize maximum dis-
by a transformation matrix which is used to create the fusion displgjacement (i.e., misregistration) of known boundaries of vessels and or-
of the original grayscale medical images. Fig. 4 shows a pictorial floans, or landmarks (the diaphragm), or internal calcifications if present.

chart of fusion steps for MRI and US volumes. In vivo and phantom error results were obtained by inspecting fusion

volume images.

Some potential sources of error arise from the 3-D acquisition

IIl. RESULTS system. The reconstructed US volume may be distorted in the

Z-dimension if the US scanner frame rate and linear track speed

Registration error is not simple to define and quantify for vessel segre not calibrated or if the track is not held steady by the operator.
ments. In previous work on framed fusion with fiducial markers, th®ther sources of error may be caused by vessel segmentation and
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Fig. 5. CIRS prostate phantom diagram. This phantom was scanned with
and MR for verification of the fusion algorithm. (a) Top view. (b) Side view.

reconstruction from Dopper US data. Doppler blooming (over-est
mation of vessel size) and signal dropout from pulsatile flow ma
result in nonuniform or discontinuous vessel segments. Doppler sig!
strength is also affected by the interrogation angle to blood flow. Sc
tissue deformations that deform vessel structures within organs ¢
potentially add error to the final fusion result.

A. Phantom Studies

To verify the experimental methods and metrics, an initial study ¢
MRI-MRI fusion of a prostate phantom was conducted. Two MRI vol
umes were acquired from the same phantom by shifting the phantom
5° about the: axis. The phantom was fabricated to mimic the prostate, ()
urethra and surrounding tissue (Fig. 5) [Computerized Imaging Ref-

erence Systems, Inc., Norfolk, VA]. The urethra and seminal vesiclgd: 8- MRI scans of the prostate phantom. (a) Two MRI volumes were
obtained with axial (blue) and oblique-axial (purple) orientations. Boxes

served as vessel-like structures in the fusion algorithm. Fig. 6(a) Shoéﬁé?lote volume boundaries, straight column is segmented urethra, and curved

the segmented urethra and seminal vesicles for both volumes. Fig. G(lghaped tubes are segmented seminal vesicles. (b) The purple box and

shows the fixed MRI volume (blue) with the moveable volume beforgructure represent the initial manual alignment. The orange box and structure

fusion (purple) and after fusion (orange). The displacement error, §§W the position of the final computer-generated alignment.

measured from edges and landmarks in the fused data set, was less than

1 mm throughout the fused volume. The measured displacement error within the internal phantom struc-
The next level of verification utilized MRI and US scans of the samiglres was less than 2 mm, despite inherent image distortion.

prostate phantom. Since the phantom does not have an intrinsic Doppler .

signal, a low frequency “sonoelastic” vibration at 306 Hz was applied fo 1N Vivo Studies

obtain a volume image with color flow CINE [3], [4]. The prostate ure- The fusion algorithm was tested with two MRI scans of the forearm.

thra was then segmented and used to fuse the US into the MRI volut@ee data set was obtained as direct axial images, and the second set
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Fusion of MRI and US data from the forearm was achieved using
the brachial artery bifurcation as the common internal fiducial marker.
The skin surface displacement error ranged from 4 mm to 8 mm. This
comparatively large error is attributed to transducer pressure and the
rotational movement of soft tissue around the radius and ulna as the
arm was repositioned between scans (i.e., elbow flexed for US, elbow
extended for MRI).

Finally, we fused MRI and curvilinear US volume scans of the liver.
Fig.7 shows axial and sagittal slices of the fused liver volumes with
MRI (yellow) and US (blue). The displacement error was measured
from the liver surface and vessel edge boundaries and ranged from 2
mm to 4 mm. Further examples of these fusion experiments are given
at http://www.ece.rochester.edu/users/porter/images/fusion/.

An important clinical application of this fusion algorithm is to as-
sist physicians with cancer treatment and followup assessment. Cur-
rent tumor volume measurements are estimated in US by measuring the
cross section in three (attempted) perpendicular image planes. Finding
these exact image planes for followup comparisons over time (weeks,
months, years) is difficult and may contribute to volume size errors.
3-D data sets are less prone to volume errors which result from arbi-
trary US scanning orientations.
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