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Abstract--This paper presents a method for measuring arterial 
geometry in vivo using MRI. The approach was validated using 
MR images of three perfused compliant casts of human aortic 
bifurcations whose geometry was known. Preliminary human 
studies demonstrated the reproducibility of the technique. The 
approach was applied to 20 normal individuals to study the ef- 
fects of age, race, and gender on the geometry of the aortic 
bifurcation. The results show that older people tend to have a 
smaller bifurcation angle, lower planarity, and larger angular 
asymmetry than younger people. Asians have larger bifurcation 
angles than whites. The bifurcation of males is more asymmetric 
than that of females. These results may have implications re- 
garding the heritability of arterial geometry, the similarities of 
cardiovascular risk within families, and differences in risk 
among groups. 

Keywords--MRI, Abdominal aorta, Geometry, Aortic bifurca- 
tion, Branch angle. 

INTRODUCTION 

The geometry of the arteries at or near arterial bifurca- 
tions influences the blood flow field, which is an impor- 
tant factor affecting atherogenesis. Thus an individual's 
unique arterial geometry might influence that person's risk 
of arterial disease (8,10,21,24). The ability to measure 
arterial geometry in vivo would be useful for testing this 
hypothesis, and for screening purposes should it be found 
to be valid. 

Among the possibly important geometric parameters at 
a branch are the angles between the vessels. Branch angles 
have been estimated from in vivo angiograms obtained 
radiographically. Fanucci et al. (6) used angiography to 
evaluate the branching characteristics of human arterial 
bifurcations. Lee (16) measured the angle between the 
iliac vessels at the human aortic bifurcation from aorto- 
grams using a protractor. Saltissi et al. (23) also used a 
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protractor to measure the bifurcation angle between the 
left anterior descending and left circumflex arteries from 
in vivo coronary angiograms. All of these investigators 
measured the bifurcation angle in a single projection, 
which could not be guaranteed to be parallel to the plane 
of the bifurcation. Three-dimensional quantitative coro- 
nary angiography techniques provide a 3-D representation 
of the coronary arteries using two angiograms acquired at 
different projection angles. Vessel axes in 3-space can be 
derived by thinning the artery images in pairs of vascular 
angiograms and pairing points from the two projections 
(11). The bifurcation angle can then be calculated from 
straight line approximations to relatively short vessel axis 
segments. This approach avoids errors that accompany the 
use of a single projection which may not be precisely in 
the "p lane"  of the bifurcation. 

When X-ray angiography is used, patients are injected 
with an intravascular contrast dye and exposed to ionizing 
radiation. The technique is invasive and can be harmful. 
Therefore, it is desirable to find a noninvasive method for 
accurate in vivo measurement of vessel geometry in three- 
dimensional (3-D) space. Here, we examine the ability of 
magnetic resonance imaging (MRI) to measure arterial 
geometry in living subjects. 

In MRI, the displacement of flowing blood within a 
spatially varying magnetic field provides inherent contrast 
between the blood and stationary tissue (26). MR images 
of arteries and veins can therefore be obtained without 
injecting intravascular contrast agents (17). The availabil- 
ity of flow-compensated 3-D gradient-echo pulse se- 
quences has enabled us to acquire MR angiography data 
with good contrast between the lumen and surrounding 
tissue (3,5,14,25,27). Because the abdominal aorta is 
large and important anatomically and physiologically, 
much early magnetic resonance imaging work was done 
with this vessel. Various pathological lesions of the aorta 
have been evaluated with MRI (19). Jackson et al. (12) 
developed an algorithm to segment the aorta automatically 
from transverse MR images with the goal of noninvasively 
evaluating the progression of atherosclerosis. Several re- 
searchers are producing 3-D views of vascular structures 
based on MRI data (7,13,20,22,28,29). 
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This paper presents a method for visualizing human 
vascular structures and evaluating their geometry quanti- 
tatively from axial images obtained by MRI. The geomet- 
ric parameters selected to evaluate the technique are the 
angles at the aortic bifurcation of man. A computer mod- 
eling approach is employed to display the abdominal aorta 
and to measure the angles at the bifurcation. The algo- 
rithms were validated using three replicas of human aortic 
bifurcations obtained at autopsy. After preliminary human 
studies demonstrated the reproducibility of the technique, 
the approach was applied to 20 normal individuals to study 
the effects of age, race, and gender on the geometry of the 
aortic bifurcation. A portion of this work was presented 
earlier at the 1991 ASME Biomechanics Symposium (9). 

METHODS 

The f'trst part of  this research was carried out to assess 
the ability of MRI to provide vascular geometric informa- 
tion by comparing the 3-D Time-of-Flight (3-D TOF) MR 
images of three compliant replicas of human aortic bifur- 
cations against their known "gold standard" geometries. 
Next, the reproducibility of the MRI technique was tested 
by performing a series of in vivo measurements of the 
bifurcation angles and planarities of the abdominal aortic 
bifurcation in six healthy human beings. Finally, the ap- 
proach was applied to 20 healthy individuals in two age 
groups. The angles at the aortic bifurcation, the angular 
asymmetry, and the planarity of the aortic bifurcation 
were calculated and analyzed statistically to determine if 
age, gender, or race have any influence on human arterial 
geometry. 

Validation 

Compliant Cast Preparation and MR Imaging. Three 
compliant flow-through casts were made with Sylgard sil- 
icone rubber from luminal molds of human aortic bifur- 
cations obtained at autopsy (15). Each cast was mounted 
in a clear plastic box, which was filled with water to 
simulate the magnet loading of a patient. No metallic parts 
were used. Figure 1 shows one of the casts used in this 
investigation. The casts were perfused with a blood analog 
fluid, an aqueous solution of MnCI 2 and Xanthan gum, 
which was designed to match the rheology and T1 relax- 
ation time of human blood. A computer-controlled posi- 
tive displacement pump, which was connected to the cast 
with flexible plastic tubing, provided a physiologically 
realistic flow wave (Fig. 2) in the compliant cast. The 
pump system included a gear pump with electronic speed 
control to generate the steady component of the physio- 
logic flow and a computer-controlled bellows pump to 
generate the pulsatile component. The pump system was 
placed in a room adjacent to the magnet room and was 
connected to the cast by a length of plastic tubing that 

FIGURE 1. A compliant flow-through cast made with Sylgard 
silicone rubber from an autopsy specimen of a human aortic 
bifurcation. 

passed through an access hole in the wall. The working 
fluid was collected in a small plastic holding tank near the 
cast and returned to the pump system via another length of 
tubing. 

The MRI studies were performed with a 1.5 T system 
(GE Signa MR System). Axial MR scans of these casts 
were made using a 3-D TOF angiography gradient echo 
pulse sequence with first-order flow compensation 
(14,25). Sixty cross-sectional MR images of each cast, 
1.5 mm thick, were obtained from 45 mm proximal to 45 
mm distal to the flow divider tip. A 256 • 128 scan matrix 
was applied over a 20 cm x 20 cm field of view. The 
images were acquired with a repetition time of 50 msec, 
an echo time of 7 msec and a flip angle of 15 ~ The scan 
time was about 7 min. The same 3-D TOF angiography 
protocols were used subsequently for the in vivo human 
studies. 

"Gold Standard" Block Preparation and Video Image 
Acquisition. The luminal mold used to make each compliant 
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cast was also used to make a rigid plastic cast (termed a 
"b lock")  which reproduced the interior shape of the vessel 
and served as a "gold standard" for comparison with the 
MRI data. The lumen of the block was filled with colored 
plastic. The plastic block was clamped to a milling ma- 
chine and its surface was milled away, exposing the lumen 
cross-section. At 1.5-mm intervals, several seconds of 
video images of the milled surface were recorded on tape 
using a Ricoh R108-H VCR. Calibration marks on the 
block were imaged at the same time to obtain absolute 
pixel dimensions. The depth interval between video im- 
ages was set at 1.5 mm to provide the same resolution in 
the axial direction as that of the MR data. The video 
images were then digitized on a VMS System with 512 x 
512 spatial resolution. 

Image Preprocessing and Analysis. The MR angiographic 
images and the video images of the "gold standard" block 
comprise two series of 2-D transverse slices. The relevant 
portions of the MR images and the digitized video images 
were transferred to a DECstation 5000/25 workstation for 
processing. For each set, an X Window System image 

processing routine was used to outline the contours of 30 
cross-sectional images near the aortic bifurcation, 15 
proximal and 15 distal. The contour data were then used to 
reconstruct the axes of the terminal aorta and the two 
common iliac arteries in 3-space, and to calculate the 
branch angles and Other geometric parameters at the aortic 
bifurcation. 

In recent years, there has been a great amount of re- 
search on automatic segmentation algorithms for tomo- 
graphic data, such as edge detection, region growing, and 
classification methods (12). These automated segmenta- 
tion techniques require very high contrast and good quality 
images. In MR datasets of the human trunk, the major 
vessels have low-contrast edges, necessitating user inter- 
action to obtain a reliable outline of the lumen. Since the 
end objective o f  this research is an in vivo application, 
manual segmentation was used for the validation exercise, 
even though the luminal interface in the images of the cast 
was much better defined than in clinical images (Fig. 3). 
Segmentation was performed with an X Window System 
routine on the workstation, using a mouse. The image 
analysis reported here was all done by a single individual; 

FIGURE 3. The enlarged selected regions of (a) two 3-D TOF 
MR images of the compliant cast, (b) the corresponding video 
images of the cross-section of the gold standard block at the 
similar levels, and (c) the in vivo MR images as displayed on 
the workstation. The video images (b) with 4 x 5 aspect ratio 
are stretched vertically when they are displayed with square 
pixels on the screen of the workstation. The edges of the 
vessels on (a) are outlined with the X Window System pro- 
gram. 
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interoperator variability had earlier been shown to be min- 
imal for both the "gold standard" and MRI images. 

The contours from both the MR images and the video 
images were used to calculate the perimeter, cross- 
sectional area, and shape factor of each cross-section for 
comparison. The shape factor is defined as 47rA/P 2, where 
P is the perimeter and A is the cross-sectional area. 

Geometric Parameter Calculation at the Aortic Bifurca- 
tion. The branch angles at the aortic bifurcation are de- 
fined as the angles between linear fits to the center lines of 
the three vessels in the vicinity of the junction point. 
Therefore, the center lines (or "vessel axes") need to be 
found prior to calculating the branch angles. 

The vessel axes are created by connecting the centroids 
of the vessel cross-sections on successive slices. The ves- 
sel contours are used to calculate the centroids (xc, yc, zc). 
The centroid of a vessel on a 2-D image (xc, yc) is ap- 
proximated by the average of all points (x, y) on the vessel 
contour. This is clearly an approximation that ignores the 
irregularity of the vessel cross-section. The error of the 
approximation is greatest when calculating the centroids 
of the few slices with concave or dumbbell-shaped vessel 
cross-sections near the branch point. These slices, which 
define the transition region between the parent and daugh- 
ter vessels, are not used to define the vessel axes. For 
instance, referring to the sketch in Fig. 4, slice 6 and slice 
7 are not used. The coordinate of the centroid in the z 
direction, zc, is determined by the position of the slice; 
i.e., zc = i • d, where i is the slice number and d is the 
slice thickness. 

To calculate the branch angle between the iliac arteries 
and the two turning angles between the aorta and each 
daughter vessel, least-squares linear fits to the axes of the 
terminal aorta and the proximal portions of the two branch 
vessels were constructed over a length of axis equal to one 
vessel diameter (Fig. 4). The angle between pairs of ves- 
sels is calculated in 3-D space from the vector represen- 
tations of these linear fits: 

COS 0 = V 1 " V 2 -~" II * 12 + ml * m2 + nl * n2, (1) 

where v I = (11, ml ,  nl)  and v2 = (12, m2, n2) are the 
selected pair of unit vectors determined from the least- 
squares fits described above. 

If the aorta and the two common iliac arteries are in the 
same plane at the bifurcation, the sum of the branch angles 
between the iliac arteries (0b), and the turning angles 0tl 
and 0t2 should be exactly 360 ~ Generally, the bifurcation 
is not planar, and the sum of these three angles is less than 
360 ~ Thus the "planarity" (P) of the bifurcation can be 
defined as the sum of the three angles divided by 360~ 

P = ( 0  b + 0 t l  + 0t2)/360. (2) 

The planarity is unity if the aorta and the two common 
iliac arteries are in the same plane at the bifurcation. 

The "asymmetry"  (A) of the bifurcation is defined as 
the absolute difference between the two turning angles, 0tl 
and Ot2: 

A = 10tl - 0t2 [, (3) 

The bifurcation is symmetric if 0tl and 0t2 are equal. 

3-D Aorta Surface Formation and Display. The produc- 
tion of 3-D images from 'serial sections involves two steps: 
surface reconstruction and surface display. The surface of 
the bifurcation is reconstructed by triangulation of a se- 
quence of contour outlines (4,29,30); the surface is mod- 
eled as a collection of connected triangles. This surface 
model may be displayed from arbitrary perspectives as a 
wireframe drawing or as a shaded rendering of the vessel 
on a raster CRT graphics device. The graphics software, 
"Rayshade,"  was used to generate smooth shading for the 
aorta. It reads the triangular definition of the segment and 
produces a Utah Raster RLE format file of the ray-traced 
image of the vessels. RayShade implements a ray tracing 
algorithm (1) in conjunction with global illumination mod- 
els that account for reflection of one object on the surface 
of another, refraction, transparency, and shadow effects. 
The images are also antialiased. 
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FIGURE 4. An example of the vessel axes at the aortic bifurcation. Slices 6 and 7 are not used to define the axes. 
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Human Studies 

The in vivo studies used the same 3-D TOF MR angi- 
ography protocols as those employed for the compliant 
casts. Institutional Review Board approval was obtained 
for all investigations on human subjects. Informed consent 
was obtained from each volunteer prior to the study. A 
number of selected slice images from the 3-D TOF image 
set were transferred to the DECstation and used to recon- 
struct the aortic bifurcation axes and to calculate the 
branch angles and other geometric parameters using the 
procedures described earlier. 

A preliminary in vivo study was carried out in which 
the reliability and the reproducibility of branch angle mea- 
surement were assessed by MR scanning six healthy indi- 
viduals and measuring their bifurcation angles twice over 

FIGURE 6, 3-D surface rendering of an aortic bifurcation, re- 
constructed from the MRI images of its compliant replica 
(right) and the gold standard video data (left). These render- 
ings were obtained using a ray tracing program, RayShade. 

a one-month period. These six volunteers were selected 
randomly and without regard to their gender, race, and 
age. There were four females and two males included in 
this study. In the absence of any knowledge regarding 
factors that might affect aortic bifurcation geometry, we 
standardized the experimental procedure and measured 
some variables that could conceivably be important. Each 
volunteer was asked to urinate before MR scanning; no 
eating was allowed within 2 hr prior to scanning. The two 
scans of each female were done at approximately the same 
date during her menstrual cycle. Blood pressure was mea- 
sured either right before or right after MR scanning. 
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FIGURE 7. 3-D plots of the vessel axes constructed from the 
centroids of both the MR images of the compliant cast and the 
video images of the gold standard block, 
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TABLE 1. Angles and planarity measurements for the three casts. 

Bifurcation Left Turning Right Turning Bifurcation 
Cast Measurement Angle (degree) Angle (degree) Angle (degree) Planarity 

1 MRI 31.1 160.7 168.2 0.9998 
Gold Standard 31.9 162.2 164.2 0.9952 
difference - 0.8 - 1.5 4.0 0.0046 

2 MRI 53.8 154.9 150.9 0.9989 
Gold Standard 53.3 153.0 151.8 0.9948 
difference 0.5 1.9 - 0.9 0.0041 

3 MRI 51.5 134.7 171.3 0.9929 
Gold Standard 50.2 133.7 173.6 0.9928 
difference 1.3 1.0 - 2.3 0.0001 

Next, the approach was applied to 20 healthy human 
beings from two age groups. Ten of them were between 56 
and 69 years old, and the other 10 were between 21 and 33 
years old. In each group, there were 5 males and 5 females 
and 5 whites and 5 Asians. Ten "matched" pairs were 
made between the two age groups in order to reduce 

the confounding effects of race and gender. Using the 
procedures described earlier, the angles and the other geo- 
metric parameters of the aortic bifurcation of each subject 
were calculated on the workstation. The results from the 
two age groups were compared statistically using the sta- 
tistical package, SAS (Cary, NC). 
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FIGURE 8. 3-D plot of the vessel axes from the first measurement on one subject, superimposed on those from the second 
measurement. 
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FIGURE 9. Surface reconstructions of the aortic bifurcation 
from the two MR image sets of one person; the results from 
the first set are on the left, the second on the right. 

RESULTS 

Validation of MR Image Analysis 

The perimeter, area, and shape factor of individual 
cross-sections were calculated for both the MR images of 
the compliant casts and the video images of the corre- 
sponding "gold standard" blocks. It was found that the pe- 
rimeters and the areas were usually larger for the MR 
images, but a good correlation was found for the shape 
factors (Fig. 5). This is because the fuzzy boundary of the 
MR images makes the lumen appear to be larger than it 
actually is, and the manual outlines are consistently placed 
at the outer edge of this fuzzy boundary. Both perimeter 

and lumen area of the MR image are enlarged this way, 
and the errors cancel out in the definition of the shape 
factor. 

The surface and the axes of the vessels were recon- 
structed from the MRI contour data. The cross-sectional 
video images of each of the "gold standard" blocks were 
also used to construct the vessel surface and axes. The 
RayShade images (RLE) of one of the bifurcations ob- 
tained from the corresponding MRI and gold standard 
datasets are shown in Fig. 6. These suggest the similarity 
of the aortic bifurcation geometries reconstructed from the 
two sets of cross-sectional data. A 3-D plot of the vessel 
axes from the MR data of one case is superimposed on 
those from the video images in Fig. 7, which shows a 
close match between the two. 

The bifurcation angle, the left and right turning angles, 
and the planarity were calculated for the three cases. The 
results are summarized in Table 1. The differences be- 
tween the angles obtained from the compliant casts and the 
blocks were all less than 4 ~ with a mean error of 0.4 ~ and 
a standard deviation of 1.9 ~ which is much less than the 
normal range of variation of branch angle in the popula- 
tion (2). A paired t-test indicated that there was no statis- 
tically significant difference between the angles obtained 
from the two techniques. 

Human Studies 

Reproducibility of In Vivo Bifurcation Angle Measure- 
ments. The abdominal aortas of six randomly selected 
healthy individuals were imaged using the 3-D TOF tech- 

TABLE 2. Two measurements of the branch angle, the turning angles, and the planarity of the abdominal aortic bifurcation of 
six normal individuals. 

Bifurcat ion Left Turn ing Right Turn ing Bi furcat ion 
Case Measurement  Angle  (degree) Angle (degree) Angle  (degree) Planari ty 

1 f irst 43.2 160.2 154.5 0.9942 
second 42.4 169.0 156.8 0.9943 
d i f ference 0.8 1.2 - 2.3 - 0,0001 

2 f irst 45.5 156.5 155.6 0,9936 
second 45.0 155.6 156.7 0,9926 
di f ference 0.5 0.9 - 1.1 0,0010 

3 f irst 13.6 177.5 158.7 0.9716 
second 12.1 174.3 159.6 0,9611 
di f ference 1.5 3.2 - 0.9 0.0105 

4 f i rst 42.1 160.3 156.4 0.9966 
second 40.0 160.1 159.4 0.9987 
di f ference 2.1 0.2 - 3.0 - 0.0021 

5 f i rst 31.5 164.4 161.8 0.9937 
second 30,5 164.7 160.0 0.9957 
di f ference 1.0 - 0.3 1.8 - 0.0020 

6 f irst 23.2 165.7 170.0 0.9970 
second 23.2 165.3 170.5 0.9972 
di f ference 0.0 0.4 - 0.5 - 0.0002 
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FIGURE 10. Reproducibility of (a) the in vivo aortic bifurcation angle measurement and (b) the in vivo planarity measurement: the 
second measurement vs. the first measurement. The solid line indicates the linear regression of the two measurements and the 
dashed line is an identity line. 

nique twice over a l-month period. A 3-D plot of  the 
vessel axes from the first measurement on one subject is 
superimposed on that from the second measurement in 
Fig. 8. A close match is seen between the two plots. 
Figure 9 displays the two surface reconstructions of the 
aortic bifurcation from two sets of MR images of  the same 
person. The similarity of  the vessel shape also suggests the 
reproducibility of  this technique. The six individuals' bi- 
furcation angles, turning angles, and planarities were cal- 
culated and are presented in Table 2. 

A quantitative comparison was made between the two 
sets of  measurements. For the bifurcation angle, the sec- 
ond measurement differed algebraically from the first 

measurement by an average of  1.0 ~ with a standard de- 
viation of  the difference of 0.7 ~ In Fig. 10 (a), the bifur- 
cation angles measured the second time are plotted against 
the angles measured the first time. Although a paired t-test 
supported the hypothesis that the second measurement of  
the bifurcation angle was different from the first measure- 
ment (because the second measurement was consistently 
lower than the first), a strong correlation was obtained for 
the linear regression in the figure: the correlation coeffi- 
cient was 0.9983 (P < 0.0001). 

A similar plot is presented for the planarity measure- 
ments in Fig. 10 (b). Again, a highly significant correla- 
tion was seen, with r = 0.9964 and P < 0.0001. The 

TABLE 3. The mean and standard deviation of the angles and the planarity at the aortic bifurcation of 20 normal individuals. 
(N = 10 for each subgroup, NS means P > 0,1). 

Angular 
Bifurcation Left Turning Right Turning Asymmetry  Bifurcation 

Group Angle (degree) Angle (degree) Angle (degree) (degree) Planarity 

All 37.7 • 10.2 156.3 -+ 7.5 158.5 • 5.2 7.5 • 7.3 0.979 • 0.024 

Age 56-69 32.8 -+ 11.8 154.5 • 10.0 160.5 • 5.9 11.2 + 8.8 0.966 • 0.029 
Age 21-33 42.6 • 5.1 158.1 • 3.4 156.4 -+ 3.5 3.9 + 2.5 0.992 -+ 0.006 

P < 0.015 NS NS P < 0.01 P < 0.1 

Males 36.9 -+ 12.4 156.3 • 10.4 157.5 • 6.2 10.5 • 8.9 0.975 • 0.027 
Females 38.4 • 8.0 156.4 • 3.1 159.5 -+ 4.0 4.6 • 3.8 0.984 • 0.022 

NS NS NS P < 0.05 NS 

Asians 41.5 • 5.2 155.6 • 4.5 158.4 -+ 4.6 5.5 • 5.3 0.987 • 0.010 
Whites 33.8 • 12.6 157.1 +- 9.8 158.5 • 5.9 9.6 • 8.7 0.971 • 0.032 

P < 0.05 NS NS NS NS 
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mean algebraic difference of the paired measurements was 
0.0012 and the standard deviation of the difference was 
0.0047. A paired t-test indicated that the two measure- 
ments on each subject were equal at the 0.05 significance 
level. 

These results show that the MR technique for in vivo 
vascular geometry measurement is reproducible and that 
the geometry of the human abdominal aortic bifurcation 
normally does not change within a short period of time. 
Therefore, single measurements of geometric parameters 
based on MR data are reliable. 

The Geometry of the Human Aortic Bifurcation. The bi- 
furcation angle and the two turning angles were measured 
from the MR images of 20 normal individuals in two age 
groups as described in the Methods. The planarity and the 
angularity asymmetry of the bifurcation were also calcu- 
lated for the 20 volunteers. The bifurcation angle ranged 
from 12.1 to 50.3, the angular asymmetry ranged from 0.7 
to 31.4, and the bifurcation planarity ranged from 0.9060 
to 0.9987. The means and the standard deviations of the 
geometric parameters are summarized in Table 3. 

One-sided two-sample t-tests were applied to the data. 
The results suggest that older people have a smaller bifur- 
cation angle and planarity but larger angular asymmetry 
than young people. Statistics for the two gender groups 
showed that the angular asymmetries were significantly 
different for males and females. This result is similar to 
those reported earlier (2). To our knowledge, no work has 
been reported comparing the geometry of the human aortic 
bifurcation among different races. The differences in the 
angular asymmetry and the planarity of the aortic bifurca- 
tion between Asian and whites are not statistically signif- 
icant, but there is a significant difference for the aortic 
bifurcation angle. In assessing the quantitative signifi- 
cance of these statistical tests, it should be noted that the 
study population was selected in such a way that it is likely 
that the geometric variables in each subpopulation were 
not normally distributed. 

The above statistical analyses were done for each de- 
mographic that the geometric variables in each subpopu- 
lation were not normally distributed, factor (age, race, and 
gender) separately. A general linear models procedure was 
applied to perform an analysis of covariance on a model 
containing all three factors. The results show that age has 
an effect on the branch angle (P < 0.05), the angular 
asymmetry (P < 0.02), and the planarity of the bifurcation 
(P < 0.01). Race has an effect on the branch angle at a 
given age (P < 0.1). Gender has an effect on the angular 
asymmetry at a given age (P < 0.09). There is no signif- 
icant effect of race or gender on the relationship between 
branch angle and age, planarity and age, or angular asym- 
metry and age. This is consistent with the results of the 
t-tests reported in Table 3. 

DISCUSSION 

In this paper, a computer modeling approach has been 
developed to measure the geometric parameters at arterial 
bifurcations, such as the bifurcation angle, the turning 
angles, the angular asymmetry, and the planarity of the 
bifurcation, based on MR angiographic imaging. 

The reconstruction process begins with the extraction 
of the coordinate points of the vessel contours from 2-D 
cross-sectional MR images. Manual segmentation, used in 
this pilot study, is a time-consuming task. In recent years, 
there has been considerable research on automatic seg- 
mentation algorithms for tomographic data (12). Since 
MR datasets are extremely complicated, user interaction 
may never become entirely redundant. It may be reduced 
by the use of appropriate algorithms (e.g., region grow- 
ing, edge detection, thresholding, classification, and oth- 
ers) and graphical editing functions. The robustness of the 
segmentation may be increased by using these semi- 
automatic methods. But the goal of a fully automatic seg- 
mentation system is not likely to be reached without the 
introduction of artificial intelligence methods. 

The estimates of the angles at the bifurcation were 
made after the centroids of the vessel cross-sections had 
been determined by averaging the coordinates of the ves- 
sel boundary points; the centroids were then connected to 
obtain the 3-D vessel axes. The angles were used to cal- 
culate the planarity of the bifurcation. These algorithms 
were applied to both the MRI data obtained from three 
compliant bifurcation casts which were made with Sylgard 
silicone rubber, and the video image data obtained from 
"gold standard" rigid plastic blocks which reproduced the 
interior shape of the compliant casts. A good correlation 
was found between the shape factors and bifurcation an- 
gles obtained from the MR images of the compliant casts 
and from the video images of the milled "gold standard" 
rigid blocks. The 3-D reconstructions of the vessel interior 
surface and the vessel axes from the two sets of data are 
also very similar. The results indicate the accuracy of 
geometric measurements based on the MR technique. 

The reliability of this approach was also examined in 
human studies. The preliminary tests indicated that the 
geometry of the human abdominal aortic bifurcation nor- 
mally does not change within a short period of time. The 
reproducibility of the technique, seen in the human stud- 
ies, and the success of the in vitro validation experiments, 
suggest that single measurements of in vivo geometric pa- 
rameters based on MRI data are reliable. 

In subsequent human studies, MR images of a small 
population of normal individuals were used to examine the 
variability of the geometry of the human aortic bifurca- 
tion. It can be seen clearly that the bifurcation angle, the 
angular asymmetry, and the planarity of the bifurcation 
vary from one person to another, and the ranges of vari- 
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ation are larger for older people than for younger people. 
Differences between subgroups are also evident. 

The lack of homogeneity among the samples undoubt- 
edly contributed to the variability of the bifurcation ge- 
ometry within the subgroups, thus making differences be- 
tween them harder to detect. With respect to age effects, 
it might be ideal to follow the bifurcation angle and other 
geometric parameters of a selection of individuals over 
time, to eliminate additional sources of variability, but this 
experiment is not realistic. 

Since the sample size and the power of comparison 
tests (or the probability of type II error) are closely con- 
nected, a specified difference in means is easier to detect 
for larger sample sizes than for smaller ones. The required 
sample size is also determined by the variance or the stan- 
dard deviation of the measured quantity. For example, to 
detect a 10 ~ difference in the bifurcation angle when its 
standard deviation is 10 ~ a sample size of 17 for each 
group is required to obtain a 0.80 power at the 0.05 sig- 
nificance level (18). 

Despite the considerable scatter in the measurements, it 
is seen that the geometry of the aortic bifurcation is related 
to age, gender, and race. It was reported in the earlier 
literature that no significant correlation was found be- 
tween the branch angle, angular asymmetry, and flow di- 
vider offset of the aortic bifurcation and age (2,16). But 
our results show that older people tend to have a smaller 
bifurcation angle, lower planarity, and larger angular 
asymmetry than younger people. Asians have larger bi- 
furcation angles than whites at a given age. The bifurca- 
tion of males is more asymmetric than that of females, 
which is similar to those reported earlier (2). Larger sam- 
ples will be necessary to draw more quantitative conclu- 
sions about the size of these differences in the geometry of 
the human aortic bifurcation. 

These results suggest that it may be possible to exam- 
ine, in a selected population, the relationship between 
pathologic conditions at arterial bifurcations and the geo- 
metric parameters of the branch. Connections might be 
sought between "suboptimal" branching and vascular dis- 
ease. 
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