Brachial artery vasomotion and transducer pressure effect on
measurements by active contour segmentation on ultrasound
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Purpose: To use feed-forward active contours (snakes) to track and measure brachial artery vasomo-
tion on ultrasound images recorded in both transverse and longitudinal views; and to compare the
algorithm’s performance in each view.

Methods: Longitudinal and transverse view ultrasound image sequences of 45 brachial arteries were
segmented by feed-forward active contour (FFAC). The segmented regions were used to measure
vasomotion artery diameter, cross-sectional area, and distention both as peak-to-peak diameter and as
area. ECG waveforms were also simultaneously extracted frame-by-frame by thresholding a running
finite-difference image between consecutive images. The arterial and ECG waveforms were compared
as they traced each phase of the cardiac cycle.

Results: FFAC successfully segmented arteries in longitudinal and transverse views in all 45 cases.
The automated analysis took significantly less time than manual tracing, but produced superior, well-
behaved arterial waveforms. Automated arterial measurements also had lower interobserver variabil-
ity as measured by correlation, difference in mean values, and coefficient of variation. Although FFAC
successfully segmented both the longitudinal and transverse images, transverse measurements were
less variable. The cross-sectional area computed from the longitudinal images was 27% lower than
the area measured from transverse images, possibly due to the compression of the artery along the
image depth by transducer pressure.

Conclusions: FFAC is a robust and sensitive vasomotion segmentation algorithm in both transverse
and longitudinal views. Transverse imaging may offer advantages over longitudinal imaging: trans-
verse measurements are more consistent, possibly because the method is less sensitive to variations
in transducer pressure during imaging. © 2014 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4862508]
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There is increasing interest in defining artherosclerotic plaque
and arterial wall parameters predictive of cardiovascular
events' associated with diseases such as hypertension and di-
abetes mellitus. High-resolution broadband ultrasound is an
attractive noninvasive method of imaging large blood vessels
in real time. The pulsatile motion of the vessel wall is visible
during scanning, but wall displacement between frames is so
small that sensitive methods must be developed to measure
the changes. Several ultrasound techniques have been pro-
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posed to track vascular wall motion over the cardiac cycle, in-
cluding echo tracking on raw RF ultrasound signal,” and anal-
ysis of B-mode, M-mode, and Doppler images.>® Although
the prognostic power of measurements on vascular ultrasound
has been demonstrated in several studies”!! vascular reactiv-
ity testing is not used in the clinic for segmentation and mea-
surement due to user dependence, differences between scan-
ners, and lack of standard algorithms and protocols.’
Increased resolution and improvements in near-field ul-
trasound imaging, advances in image processing, and faster
computers enable algorithms to assess vascular dynamics on
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FI1G. 1. External force on brachial artery ultrasound image, longitudinal view. (a) Brachial artery, unprocessed longitudinal view. (b) Sobel edge map of brachial
artery, longitudinal view. The snake is attracted to the edges, which are smoothed gradients in the image. The longest edges are horizontal and follow the artery
walls, especially the bottom distal wall. (c) External force vector field on brachial artery, longitudinal view. Arrows show direction and relative magnitude of
external image gradient force as grayscale brightness change per unit distance. Brighter, longer arrows indicate greater force. The forces are mostly vertical,
orthogonal to and pointing towards the edges in panel B. Vertical gradients and horizontal edges are more prominent on ultrasound because of its higher axial

resolution, which may affect segmentation and measurement interpretation.

video. Unlike echo tracking methods, which are not avail-
able on all scanners and which are specific to the scanners
on which they are implemented, image analysis algorithms
are generalizable, facilitating multicenter clinical trials in vas-
cular labs with different ultrasound machines. Several au-
thors have previously described methods to segment vessels
on grayscale ultrasound,'>”'> but the emphasis has been on
analyzing individual frames to measure intima-media thick-
ness, an important clinical parameter used to evaluate carotid
arteries. We propose a feed-forward active contour (snake) to
segment a series of images acquired over many cardiac cycles.
Although long-axis (longitudinal) view is commonly used for
evaluating flow-mediated dilation, short-axis view has also
been proposed'®!” as having some advantages. The snake de-
scribed in this study can track pulsatile vasomotion and can
be measured to obtain the distensibility waveforms of arteries
in both longitudinal and transverse views. The measurements
from both views are compared to identify and evaluate the ef-
fect of external transducer pressure during vascular imaging.

2. METHODS
2.A. Automated segmentation: Active contour (snake)

Active contours or snakes were first introduced by Kass
et al.'® and later refined by other investigators.!” Snakes are
parametric curves that find or track image edges. On a 2D
image, a snake can be parameterized either as a closed curve
or as a line-snake that meanders between two fixed endpoints.
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For this study, closed curves were used for transverse views
of arteries, and two line-snakes between fixed endpoints were
used for the distal and proximal artery walls in longitudinal
view. See the Appendix for implementation details.

A snake in an image frame is initialized and then iteratively
deformed by a force field defined on the image until reaching
a configuration of minimum energy, where total energy can
consists of both (1) internal energy from internal forces of the
curve configuration, such as resistance to bending and stretch-
ing; and (2) external energy from local image properties, for
instance the attractive force of an edge. In its simplest formu-
lation, external energy is just the magnitude of the image’s
smoothed gradient, or the Sobel edge map. Figures 1 and 2
show Sobel edge maps and gradient force fields for both lon-
gitudinal and transverse images. The two figures show that
horizontal edges are stronger than vertical edges, which is to
be expected because of the higher axial resolution in ultra-
sound images, and has important implications for segmenta-
tion results (see Sec. 4).

2.B. Feed-forward segmentation of time-sequence
images

The snake formulation above refines a user-defined initial
contour on one image. For tracking vasomotion, the snake
must follow a contour over a time-sequence Iy of image
frames:

It = o, I, Iy, ... ), (1
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FI1G. 2. External image force on brachial artery ultrasound image, transverse view. (a) Brachial artery, unprocessed transverse view. (b) Sobel edge map of
brachial artery, transverse view. The snake is attracted to these edges, which are smoothed gradients in the image. There are no long edges around the artery;
the most prominent is the proximal edge at the artery’s top, due to echo enhancement. (c) External force vector field on brachial artery, transverse view. Arrows
show direction and relative magnitude of external image gradient force as grayscale brightness change per unit distance. Brighter, longer arrows indicate greater
force. The horizontal tissue interfaces near the top of the image have much stronger edges and gradients than the actual artery wall around the central dark blob,
where the gradients are weak. Despite weak edges, the local forces are still strong enough to attract the snake to the artery wall.

where frames at time indices 7 are separated by the res-
olution of video capture, typically 33 ms. The process of
feed-forward segmentation is illustrated in Fig. 3. To segment
the brachial artery over time, for each frame I7 a snake is
initialized with the final contour from the previous frame
Ir _1; the snake reconfigures itself as described above; and
then each frame’s final snake is fed forward as the next
frame’s initialization. The first frame in the image sequence
Iy is the only frame initialized with a manually drawn region
of interest. For cross-sectional manual initialization, the
user draws a closed-contour cross section. For longitudinal
manual initialization, the user draws a quadrilateral with two
opposite sides that roughly follow the distal and proximal

artery walls, used to initialize two line-snakes and to constrain
the segmentation horizontally: the line-snakes track the top
and bottom artery edges between the leftmost and rightmost
points of the initialization.

The initialization on each frame is deformed iteratively by
the snake algorithm until it converges to a stable shape, as
described earlier [Eq. (A7)]. The final snake x then is fed for-
ward to initialize the subsequent frame:

X(Ir,t =0) =x(Ir_1,t = N), 2)

where N is the number of contour iterations determined to be
sufficient for the snake shape to reach equilibrium. It is im-
portant to distinguish between study time index 7 (or frame
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FIG. 3. Feed-forward snake segmentation, transverse view. A user draws a rough artery boundary (manual initialization, leftmost circle). The manual boundary
is deformed for many iterations (start iterations) until it converges to a detailed boundary (at 7 = 0). The detected boundary from each image frame is fed
forward frame by frame over time, so that each consecutive frame is initialized with the snake boundary found in the previous frame.
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number) and the time step 7 used by convention in the numer-
ical Euler method to deform the snake shape at study time
T until convergence. Because consecutive image frames are
only separated by a small time interval in study time (33 ms),
the blood vessel contours between frames are very similar.
This has two important consequences: first, the vessel con-
tour from image frame /7 can be propagated to the next image
as its snake initialization; and second, the snake does not need
to deform much between frames to track changes, and only a
small number of iterations is needed for convergence.

2.C. Artery diameter, area, and distention
measurement

The artery diameter, cross-sectional area, and the asso-
ciated distentions were measured from the ultrasound im-
ages and plotted as waveforms over the cardiac cycles for
both longitudinal and transverse images. For the longitudinal
snake, the diameter is the area of the segmented region di-
vided by the length of a least-squares-fit line segment through
its interior, where the segment’s endpoints are always con-
strained by the manual initialization at 7 = 0 as described in
Sec. 2.B; the mean of longitudinal snake diameters for a sub-
ject is Dy ng. Cross-sectional area for the longitudinal snake
is the area from of the equivalent circle at this diameter Dy NG,
or Ang = 7 (Ding/2)?. In transverse view, it is natural to ob-
tain area directly: cross-sectional area is the calibrated area of
the pixels enclosed by the region; and the mean of transverse
areas for a subject is Arry. Also in transverse view, the major
and minor axes of a best-fit ellipse were calculated from the
eigenvalues of the distribution tensor of the shape around its
centroid and used to assess symmetry and identify possible
compression. The length of the minor axis is the equivalent
diameter in transverse view, or Drry. Finally, distention was
determined by measuring the peak-to-peak changes of the di-
ameter or area over the cardiac cycles: Dpp for the diameter
distention from the longitudinal snake, and App for area dis-
tention from the transverse snake.

2.D. ECG extraction

The ECG was extracted from the image sequences by de-
tecting changes in the trace between frames over time within a
user-defined box. Difference images in all consecutive frames
were thresholded to find where the trace changed. Because of
analog noise, the trace will change either at a few localized
pixels, or at no pixels. The center of mass of the localized
pixel cloud was returned as the new trace coordinate. Finally,
frequency analysis using a Fourier transform of the extracted
ECG waveform was used to calculate heart rate.

2.E. Ultrasound imaging

Ultrasound imaging was performed by an experienced
sonographer with subjects lying in a supine position. The
brachial arteries of 45 subjects with no ultrasound evidence
of atherosclerotic disease were scanned in compound imag-
ing mode with a 15-7-MHz hockey stick transducer using a
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Philips HDI 5000 Scanner (Philips Ultrasound, Bothell, WA).
Standard presets recommended by the manufacturer for vas-
cular imaging were used. For each subject the artery was im-
aged in the long and short axis planes. During imaging nor-
mal pressure necessary for proper coupling of the transducer
to the skin was applied. The sonographer attempted to keep
pressure constant during image acquisition. To evaluate the
effect of pressure on vascular dimensions, images were also
acquired at low, modest, moderate, and high pressure by man-
ually pushing the transducer with increasing force. The ultra-
sound image sequences were stored as cineloops and analyzed
offline.

2.F. Manual segmentation versus automated snhake
segmentation

To compare manual and automated segmentations, three
subjects were chosen randomly from the 45 cases. Each case
was analyzed manually as well as by automated active contour
(snake). Manual analysis consisted of the user defining the ar-
terial lumen manually in at least the first 5 s or 150 images of
the cineloop; automated snake analysis required manual seg-
mentation only on the first frame. For cross-sectional man-
ual initialization, the user drew a closed-contour cross sec-
tion. For longitudinal manual initialization, the user drew a
quadrilateral with two opposite sides that roughly followed
the distal and proximal artery walls. An observer (CBR) man-
uvally traced the brachial artery in every frame of each im-
age sequence in the longitudinal and transverse views for
three subjects. For the longitudinal images, the diameter of
the artery on each frame was measured manually using digi-
tal calipers. For the transverse images, the area was calculated
from the number of pixels enclosed in the manually drawn
regions.

For automated analysis, using the manually defined re-
gions on the first frames as initial guesses, the active con-
tour algorithm segmented and measured the brachial artery
on all the images to generate lumen diameter and area wave-
forms from the longitudinal and transverse sequences. The
automated and manual segmentations were compared using
several criteria, including waveform quality, or the pulsatility
evident in the waveform over the cardiac cycle; area, diameter,
and associated distention measurements; and time necessary
for users to complete the analysis.

2.G. Inter- and intraobserver snake variability

To evaluate snake variability to initialization from differ-
ent observers, ten subjects’ image sequences were chosen ran-
domly from the 45 cases, then segmented by three observers
both in the longitudinal and transverse views using the snake:
each observer manually traced the artery lumen on the first
image of the sequence, and then feed-forward active contour
segmentation was used to automatically segment the remain-
ing images. To evaluate intraobserver variability, the same ten
cases were analyzed by one observer manually tracing the
region of interest three times. For the longitudinal images,
each observer calculated their mean diameter distention as
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FIG. 4. Diameter of the brachial artery from longitudinal ultrasound images. The upper waveform shows the automatically calculated diameter of the brachial
artery from ultrasound video acquired in longitudinal view over six cardiac cycles. The lower gray waveform is the ECG recorded simultaneously and then
automatically extracted. The minima of the diameter waveform correspond to end diastole. The dicrotic notch at end systole is visible for every cycle. DinG is
mean diameter. The peak-to-peak diameter Dpp is a measure of arterial distention, which can be seen to vary slightly with respiration. Over six cardiac cycles,

the maximum distention for this artery was 0.3 mm.

peak-to-peak diameter (Dpp) and their mean diameter (Dyng)
on each subject. For the transverse images, each observer cal-
culated their mean area distention (App) and mean area (Atry)
on each subject.

Three different methods were used to evaluate the interob-
server and intraobserver variability. ANOVA was performed
on Dy NG, Dpp, ATrv, and App as a sanity check to test the null
hypothesis that the measurements from the three observers
had the same mean (p > 0.05), assessing the potential of the
proposed automated segmentation for population studies. Co-

19 ~

17.4 4

efficient of variation (CV), on the other hand, is a measure
of case-by-case variation between observers. CV was calcu-
lated for each subject by taking the ratio of the standard de-
viation to the mean of the measurements from the three ob-
servers. Finally, regression analysis provides a measure of
correlation between individual measurements from the three
observers. Linear regression was performed by fitting the data
to the model y = mx, where unit slope (m = 1) is ideal agree-
ment between two observers, and R? is the variation in the
agreement.

Peak systole \

Arrv App

‘K\\‘\ End diIstole j
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Time (s)

FIG. 5. Cross-sectional area of the brachial artery from transverse ultrasound images. The upper waveform shows the automatically calculated cross-sectional
area of the brachial artery from ultrasound video acquired in transverse view over seven cardiac cycles. The lower gray waveform is the ECG recorded simulta-
neously and then automatically extracted. The minima of the diameter waveform correspond to end diastole. ATry is mean area. The peak-to-peak area App is a

measure of arterial distention.
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3.B. Transverse view

The brachial artery diameter waveform derived from seg-
menting a time-sequence of ultrasound images obtained in
transverse view is shown in Fig. 5. Similar to the data shown
in Fig. 4, in each cardiac cycle the area of the artery rapidly in-
creases during systole to a peak, then decreases slowly, pass-
ing through the dicrotic notch near end systole, and finally
reaching a minimum at late diastole. The mean area Arry and
the arterial area distention App for the subject are shown in
Fig. 5. The mean area of the brachial artery cross section for
all subjects was 16.2 = 6.5 mm?. The average area distention

3.C. Manual segmentation versus automated snake

The diameter and area distention waveforms of manually
traced brachial arteries in longitudinal and transverse views
are shown in Fig. 6. Compared to the automated waveforms
for these same two cases in Figs. 4 and 5, these waveforms
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FIG. 6. Manual segmentation waveforms. (a) The diameter measurements
from a manual segmentation of a pulsing brachial artery for 5 s of longitudi-
nal ultrasound, the same images segmented by the snake for Fig. 4. Compared
to the snake’s waveform, the manual waveform is not well behaved and the
cardiac cycles are not clear. (b) The cross-sectional area measurements from
a manual segmentation of a pulsing brachial artery for 6 s of transverse ultra-
sound, the same images segmented by the snake for Fig. 5. Compared to the
snake’s waveform, the manual waveform is not well behaved and the cardiac
cycles are not clear.

3. RESULTS
3.A. Longitudinal view

The brachial artery diameter waveform derived from seg-
menting a time-sequence of ultrasound images obtained in
longitudinal view is shown in Fig. 4. The figure shows data
from six cardiac cycles. In each cardiac cycle the diame-
ter increases rapidly during systole to a peak, then decreases
slowly, passing through the dicrotic notch near end systole,
and finally reaching a minimum at late diastole. Figure 4 also
shows the mean diameter Dyng and the peak-to-peak diame-
ter Dpp, a measure of arterial distention. The mean diameter
of the brachial artery for all subjects was 3.78 4+ 0.85 mm.
The average distention was 0.20 &+ 0.09 mm.

are irregular and pulsatility is not evident. On average, the
longitudinal images took 70 min per case to manually trace.
The mean diameters from manual segmentation were 6.13
+ 0.09, 3.67 £+ 0.07, and 3.26 + 0.05 mm for the three sub-
jects, compared to 6.05 £ 0.09, 3.45 + 0.05, and 3.23 £ 0.05
mm for automated segmentation. The difference between di-
ameters determined by the two methods was not significant
(» = 0.94). On average, the transverse images took 120
min per case to manually trace. The mean areas from man-
ual tracing were 19.40 £ 0.49, 13.50 £+ 0.48, and 8.33
+ 0.42 mm? for the three subjects, compared to 18.00
+ 0.29, 13.80 + 0.23, and 7.74 + 0.30 mm? for au-
tomated segmentation. The difference between the areas
determined by the two methods was not significant (p
= 0.90). Diameter and area mean values were found to be
comparable: a two-sample #-test assuming unequal variances
gave a p-value of 0.90.

3.D. Interobserver snake variability

Table I shows the results of automated image segmenta-
tion on ten cases using initializations from three different ob-
servers; Table II shows the parameters for linear regression
between observer measurements. For longitudinal images, the
three observers had diameters of 3.71 £ 0.50; 3.52 & 0.46;
and 3.70 £+ 0.67 mm (Table I). The difference in means was

TABLE I. Interobserver snake reproducibility. Three observers initialized snakes on ten images in both the longitudinal and transverse views, then the final
segmentations were measured for mean longitudinal diameter Dy ng and peak-to-peak distension Dpp, as well as mean transverse area Atry and distension App.
The =+ values are standard deviation. p-values were also calculated between each observer, and none were found to be significant (p > 0.05).

Longitudinal diameter

Transverse area

Observer Mean diameter Dy NG (mm) Mean distension Dpp (mm) Mean area Aty (mm?) Mean distension App (mm?)
3.71 £ 0.50 0.177 £ 0.092 15.14 £4.22 0.841 £ 0.420

2 3.52 +0.46 0.210 £ 0.094 15.03 £ 4.81 0.847 £ 0.376

3 3.70 + 0.67 0.180 £ 0.070 16.38 +4.78 0.772 £ 0.449

Medical Physics, Vol. 41, No. 2, February 2014
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TABLE II. Interobserver snake variability. Measurements from snakes ini-
tialized from three observers were regressed against one another. Longitudi-
nal measurements had more variation: Dy ng and Dpp had lower R? values
than Atry and App, and the slopes of the longitudinal models were farther
from 1.
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TABLE IV. Intraobserver snake variability. Measurements from snakes ini-
tialized from three trials by one observer were regressed against one another.
Longitudinal measurements showed more variation: D ng and Dpp had lower
R? values than ATry and App, and in general the slopes of the longitudinal
models were farther from 1.

Longitudinal diameter Transverse area

Longitudinal diameter Transverse area

DinG Dpp Atrv App Ding Dpp Atrv App
Observers R>  Slope R> Slope R?> Slope R>  Slope Trial R? Slope  R? Slope  R? Slope  R? Slope
1-2 0.87 095 063 1.12 094 100 092 098 1-2 099 1.00 082 09 098 1.00 096 1.00
1-3 064 100 033 093 090 1.08 090 0.99 1-3 098 1.00 093 095 099 099 085 0091
2-3 075 105 054 0.82 090 1.08 09 1.01 2-3 098 1.00 076 1.03 099 099 090 0.76

Average 075 100 050 09 091 105 093 099

Average 098 1.00 084 09 099 099 090 0.89

not significant (p = 0.70), and the coefficient of variation was
5.65%. The average R* for diameter between observers was
0.75 and the average slope was 1.00 (Table II). The calculated
diameter distentions were 0.177 &+ 0.092, 0.210 £ 0.094, and
0.180 + 0.070 mm (Table I); the difference in the mean dis-
tentions was not significant (p = 0.64); and the coefficient of
variation was 18.4%. The average R> for diameter distention
between observers was 0.50 and the average slope was 0.96
(Table 1I).

For the transverse cases, the three observers had mean ar-
eas of 15.14 4+ 4.22, 15.03 + 4.81, and 16.38 + 4.78 mm?
(Table I). The difference in means was not significant (p
= 0.70), and the coefficient of variation was 5.66%. The av-
erage area R*> between observers was 0.91 and the average
slope was 1.05 (Table II). The calculated area distentions were
0.841 4 0.420, 0.847 & 0.376, and 0.772 + 0.449 mm? (Table
II); the difference in the mean distentions was not significant
(p = 0.64); and the coefficient of variation was 7.26%. The
average R? for distention between observers was 0.93 and the
average slope was 0.99 (Table II).

3.E. Intraobserver snake variability

Table III shows the results of automated image segmenta-
tion on ten cases using three initializations from one observer;
Table IV shows the parameters for linear regression between
measurements from three trials. For longitudinal images, the
three trials had diameters of 3.57 £+ 0.52; 3.59 4+ 0.40; and
3.60 £ 0.50 mm (Table III). The difference in means was not
significant (p = 0.99), and the coefficient of variation was
0.98%. The average R* for diameter between observers was

0.98 and the average slope was 1.00 (Table IV). The calcu-
lated diameter distentions were 0.199 + 0.082,0.176 & 0.088,
and 0.188 =+ 0.085 mm (Table III); the difference in the mean
distentions was not significant (p = 0.84); and the coefficient
of variation was 12.9%. The average R’ for diameter disten-
tion between observers was (.84 and the average slope was
0.96 (Table IV).

For the transverse cases, the three trials had mean ar-
eas of 15.16 &+ 4.28, 15.17 &+ 4.65, and 15.07 £ 4.53 mm?
(Table III). The difference in means was not significant (p =
1.0), and the coefficient of variation was 1.60%. The average
area R* between trials was 0.99 and the average slope was
0.99 (Table IV). The calculated area distentions were 0.787
+0.342,0.792 & 0.351, and 0.716 = 0.336 mm? (Table III);
the difference in the mean distentions was not significant (p
= (0.86); and the coefficient of variation was 9.5%. The aver-
age R? for distention between trials was 0.90 and the average
slope was 0.89 (Table IV).

3.F. Comparison of longitudinal
and transverse imaging

Figure 7 compares the measured longitudinal (A;ng) and
transverse (Atry) areas of the artery, where the longitudinal
area was calculated from the diameter measurement assum-
ing a circular artery cross section. The linear regression model
was A;ng = 0.73A1ry, with R? of 0.71 (Fig. 7). The longitu-
dinal area was on average 27% smaller than the transverse
area. The mean longitudinal area of all subjects was 12.6
+ 5.5 mm? compared to the mean transverse area of 17.2
+ 7.0 mm?. The difference was significant (p = 12 x 107%7).

TABLE III. Intraobserver snake reproducibility. Three regions were initialized by one observer on ten images in both longitudinal and transverse views. The
final segmentations were measured for mean longitudinal diameter Dy NG and peak-to-peak distension Dpp, as well as mean transverse area Atry and distension
App. The = values are standard deviation. p-values were also calculated between each observer, and none were found to be significant (p > 0.05).

Longitudinal diameter

Transverse area

Trial Mean diameter Dy g (mm) Mean distension Dpp (mm) Mean area Atgy (mm?2) Mean distension App (mm?)
357 +£0.52 0.199 + 0.082 15.16 £ 4.28 0.787 £ 0.342

2 3.59 £0.40 0.176 £ 0.088 15.17 £ 4.65 0.792 £ 0.351

3 3.60 &+ 0.50 0.188 £ 0.085 15.07 £ 4.53 0.716 £ 0.336

Medical Physics, Vol. 41, No. 2, February 2014



022901-8

40 -
= y=0.73x °
g 307 R2=0.71
£
o
E
<
]
S 20 A
©
£
ae)
2
‘@
S 10 A
)
0 . . . .
0 10 20 30 40

Transverse area A, (mMm?)

FI1G. 7. Comparison of brachial artery cross-sectional area measured from
longitudinal and transverse ultrasound images. The transverse (Atry) and
longitudinal area (Apng) for every case were plotted and fit to the model
AinGg = 0.73ATry. The slope of 0.73 indicates that cross-sectional area
derived from longitudinal-view measurement is on average 27% less than
transverse-view cross-sectional area. The R? of 0.71 indicates that the linear
model accounts for 71% of the variation.

The transverse diameter Dry was calculated by taking the
short axis of the best-fit ellipse through the segmented cross
section. The mean Dtry of all the cases along the depth was
4.06 =+ 0.83 mm, compared to 3.80 £ 0.87 mm for Dng.
The difference was not significant (p = 0.16). The linear
regression model was Ding = 0.93Drry, with R? of 0.63
(Fig. 8). Longitudinal-view diameter is smaller in this model
than transverse-view diameter, but only by 7%, and the differ-
ence is not statistically significant.

3.G. Effect of transducer pressure

Figure 9 shows longitudinal images acquired by pressing
the ultrasound transducer with increasing pressure. The di-
ameter measured from the images decreased with increasing
pressure: 3.6 == 0.3 mm at low pressure; 3.3 & 0.2 mm at
modest pressure; 3.2 = 0.1 mm at moderate pressure; 3.1
4 0.1 mm at high pressure. A small blood vessel in the image
also collapsed with the increase in pressure (arrow in Fig. 9).

4. DISCUSSION

This study demonstrates that the feed-forward snake is ro-
bust and sensitive enough to segment pulsatile brachial ar-
teries on ultrasound image sequences in both longitudinal
and transverse views. By refining and propagating a rough
user-defined initial margin, the snake tracked the small shape
changes that occur in consecutive images over many car-
diac cycles. Ultrasound has nonuniform resolution, so lon-
gitudinal edges are strong, while lateral edges in the trans-
verse view might be completely missing, yet the same snake
model segmented the brachial artery in both views, and the
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F1G. 8. Comparison of brachial artery diameter measured from longitudi-
nal and transverse ultrasound images. The longitudinal diameter Dy ng and
transverse diameter Dtry for every case were plotted and fit to the model
Ding = 0.93Atry. The slope of 0.93 indicates that diameter derived from
longitudinal-view measurement is on average only 7% less than transverse-
view equivalent diameter, or the diameter of the short axis of an ellipse fit
to the segmented cross section. R? of 0.63 indicates that the linear model
accounts for 63% of the variation.

distention measurements and waveforms from both views
were in close agreement. The advantage of the snake for-
mulation is that its intuitive physical parameters (elasticity,
rigidity) may make it versatile enough for tracking vessels
not just in different views, but on images of different qual-
ity from different scanners, acquired by different sonogra-
phers, under the diverse conditions encountered in clinical
studies.

Kao et al. and Stroz et al. demonstrated that transverse-
view measurements of the pulsatile brachial artery are com-
parable to longitudinal-view measurements, but may have
less variability.'®!” The current study corroborates this ob-
servation, and the measurement from the snake in both views
were reproducible. ANOVA on the measurements Dy NG, Dpp,
Artry, and App obtained by three different observers and three
trials by the same observer showed no difference in the means
of the populations (p > 0.05). However, for interobserver
studies case-by-case coefficients of variation of 5.65% and
5.66% were observed for diameter and area measurements;
and higher coefficients of 18.4% and 7.26% were observed
for diameter and area distention calculations. The larger coef-
ficient of variation for distention is related to its small mag-
nitude, approximately 0.2 mm, at the limit of image resolu-
tion, on the order of only a few pixels. Intraobserver variation
in general was lower than intraobserver variation. The case-
by-case coefficients of variation for intraobserver measure-
ments were 1.0% and 1.6% for diameter and area measure-
ments; and 12.9% and 9.5% for diameter and area distention
calculations.

The automated snake is clearly superior to manual seg-
mentation. The snake successfully segmented the brachial
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F1G. 9. Ultrasound transducer pressure compression of the brachial artery. Increasing the subjective external transducer pressure from (a) low, to (b) modest, to
(c) moderate, to (d) high, decreases the manually measured artery diameter and collapses a small vessel (arrow).

artery for all the cases, and on average required 94 fewer
minutes of manual intervention per case. The mean diameter
and area measurements from manual and automated segmen-
tation agreed (Table I). Lack of statistical difference between
mean manual and automated measurements suggest that the
snake is at least as good as manual segmentation for measur-
ing brachial artery dimension, but the manual segmentation
was unable to track small changes between frames, and did
not produce acceptable distention waveforms.

Automated snake distention waveforms on the other hand
were well behaved, clearly showing pulsatility: in each
cardiac cycle the diameter or area increased rapidly during
systole to a peak, then decreased slowly, passing through
the dicrotic notch near end systole, and then finally reached
a minimum at late diastole (Figs. 4 and 5). Although the
changes in diameter and area during pulsatile vasomotion are
small, the active contour and feed-forward segmentation had
sufficient resolution to measure these changes.

Since longitudinal and transverse images of the brachial
artery correspond to the same region, the dimension mea-
surements obtained from the two methods should be the
same. However, measurements of the same brachial artery
in longitudinal and transverse views were correlated but the
equivalent-circle area calculated from longitudinal diameter
measurements was 27% lower than the cross-sectional area
measured from transverse studies, and the difference was sta-
tistically significant (p < 0.0001) (Fig. 7). The underestima-
tion of vascular dimension in the longitudinal view has not
been previously reported and could play an important role
in explaining the variations observed in flow-mediated and
Doppler volume flow measurements.
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There are several possible reasons for brachial artery di-
mension underestimation on ultrasound in the longitudinal
view. Pressure applied by the sonographer on the trans-
ducer during imaging compresses the artery into an ellipse
[Fig. 10(a)].'® The longitudinal image only captures the short
axis of the ellipse, whereas the transverse image captures the
entire cross section. A second possible reason is the finite
thickness of the ultrasound beam, which may cause curved
surfaces of the artery to appear flat [Fig. 10(b)], decreasing
the measured diameter in the longitudinal view. The third pos-
sible reason for the difference is the asymmetry in image res-
olution: lateral margins are very weak on transverse images,
so the snake might get lost and bulge to either side of the cross
section, although rigidity and other shape constraints should
prevent this behavior [Fig. 10(c)]. A final possible reason for
the difference is operator dependence. The operator must po-
sition the transducer over the center of the vessel to obtain the
largest diameter. Selection of an off-center-axis image plane
may result in a smaller diameter measurement, and hence a
smaller cross-sectional area estimation.

If the compression effect dominates, then Drry, or the
short-axis length of the cross section along the image depth,
should be comparable to Dyng, and most of the observed
bias should be due to the eccentricity of the ellipse, indicat-
ing its possible compression as deformation from an ideal
circle. Dyng and Drry were not statistically different (see
Sec. 3 and Fig. 8), so external transducer pressure was most
likely decreasing the artery diameter in the longitudinal view.
These derived measurements on the experimental data are
consistent with the direct measurements on the test images
acquired at multiple pressure levels (Fig. 9), suggesting that
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FI1G. 10. Possible reasons for systematic bias towards smaller brachial artery
diameter measurements in the longitudinal view on ultrasound. (a) Compres-
sion by the transducer distorts the artery cross section, decreasing diameter in
the direction of the beam. (b) Ultrasound beam thickness is large relative to
artery curvature, making the curved surface appear flat. (c) Higher axial res-
olution makes transverse-view vertical edges relatively weak, so automated
snake segmentation of a cross section might bulge out of the sides, making
the artery appear larger in transverse view.

the same transducer artery compression was also occurring to
some extent during the longitudinal imaging.

Since currently transducer pressure is not calibrated and
fixed during vascular imaging studies, arterial compression
by the transducer could significantly influence interpreta-
tion of measurements taken in the longitudinal view. Direct
transverse-view area measurements are more reliable, since
depth compression in this plane is counterbalanced by lat-
eral elongation. Although the transducer compression of the
artery explains the systematic difference in area derived from
the two views, the roles of beam thickness, poor lateral res-
olution, and operator dependence cannot be completely dis-
counted, and future improvements in imaging technology
or image analysis algorithms could further reduce the mea-
surement variations reported in this study. However, since
measurements in the transverse view in general had less vari-
ability and a higher R? (Tables II and IV), and since the trans-
verse short-axis length is essentially the longitudinal diam-
eter, transverse ultrasound images can possibly be used to
take more useful artery measurements in studies like flow-
mediated dilatation, a counterintuitive result since artery mar-
gins appear much stronger in the longitudinal view.

5. CONCLUSION

This study demonstrates that a snake can track the margins
of a pulsatile artery on recorded ultrasound video over several
cardiac cycles in both longitudinal and transverse views. Met-
rics on the snake can be defined for lumen dimensions and ar-
terial wall distention, producing well-behaved waveforms that
are not obtainable even with painstaking manual tracing. Such
measurements on flow-mediated dilatation have been demon-
strated to be predictive of cardiovascular disease,”'! but flow-
mediated dilatation is not widely used in the clinic due to its
reliance on trained technicians and machine- and lab-specific
techniques. The snake algorithm is robust, sensitive, and flex-
ible; it did not fail on a single case and successfully seg-
mented arteries in two views. The measurements on the snake
in the two views agreed, but were also precise enough to re-
veal the systematic bias between them: pressure on the trans-
ducer compresses the artery and decreases the diameter in the
longitudinal view. Pressure on the transducer should be stan-
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TABLE V. Snake algorithm default parameters for longitudinal and trans-
verse views. The same defaults were used in both views.

Parameters Longitudinal Transverse
Internal forces (shape)

Elasticity («) 0.1 0.1
Rigidity (8) 0.5 0.5
Deformation (Euler step)

Viscosity (y) 4.0 4.0
External forces (image)

External weight (k) 0.9 0.9
Convergence

Contour iterations 30 30
Start iterations 120 120

dardized to limit arterial compression; and scanning in the
transverse plane may result in more reliable measurements
less susceptible to axial compression artifacts.

APPENDIX: SNAKE ALGORITHM
IMPLEMENTATION AND PARAMETERS

Snakes are parametric curves that are iteratively deformed
by a force field defined on an image until reaching a config-
uration of minimum energy, where total energy can consist
of:

1. Internal energy determined by curve configuration,
such as resistance to bending and stretching; and

2. External energy governed by local image properties
such as edges;

3. Optional constraints on curve evolution, such as spring
and balloon forces.

The default values of the parameters used for this study are
listed in Table V.

On a 2D image, either a closed curve or a curve that
stretches between any two fixed endpoints is parameterized
as

x(s) =[x (s), y(s)]s €0, 1], (A1)

where we used closed curves for transverse views of arteries,
and line-snakes between endpoints for the two artery walls in
a longitudinal view. A snake is on an edge when it satisfies a
force balance equation: the forces on either side of the snake
curve cancel each other, inside and outside in the case of a
closed-contour snake, or distal and proximal in a line-snake
tracking an artery wall:

Fexl + Finl =0. (A2)

External forces come from the image: the curve’s attraction
to an image edge. Internal forces are imposed by the curve’s
shape: its resistance to bending or stretching, for instance.

An active contour is active because it is iteratively de-
formed under these internal and external forces until it reaches
a configuration of minimum energy E,
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1
E= / [Eeq + Endds, (A3)
0

where E. and Ej, are internal and external energy of the
curve, under balanced external and internal forces. External
energy E.y is defined to lead the snake towards image fea-
tures like edges, so we start with any edge map of the image /,
in the simplest formulation just the magnitude of its smoothed
gradient G,

Eex(x, y) = —/1G.(x, »I* + G, (x, »)I%,
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where G is the smoothed gradient of the image found us-
ing the Sobel edge filter, or convolution (*) with finite dif-
ferencing and smoothing kernels in two image directions,
x and y.

While the external energy is derived from image grayscale,
the internal energy comes from the shape of the snake x(s),

1
Ein = 5[a|x’<s>|2 + BIX"(s)I%1, (AS)

where « and § are inelasticity and rigidity weights, respec-
tively, controlling first- and second-order terms. « resists
stretching along the curve’s length; 8 resists bending.

To find the snake shape that minimizes energy, we deform
iteratively over time ¢ under the influence of the forces and

-1 0 +1 -1 -2 -1 solve the following equation using finite differencing:
G,=|"20 #2141, G,=|0 0 0 }xyp X(s,1) = (VEin — VEex)r. (A6)
-1 0 +I1 FI +0 +1 We can specify the finite-difference derivatives of the internal
force VEj, with a banded pentadiagonal matrix A of order
(Ad) (IxI,Ixl) where IxI is the number of curve vertices:
|
Qa+6p) (—a—4p) B 0 0
(—a—4p) Qa+6p) (—a—4p) B) 0
(B) (—a—4p) Qa+6p) (—a—4p) (B)
A= (A7)
0 V) (—a—4p) (Qa+6B) (—a—4p)
0 0 B) (—a—4p) (o +6p)

Assuming that the external force VE¢ is constant with each
time step,

AX; + kV Eex(X—1) = —y (X — X;-1), (A8)

where « is an external force weight added to tune the snake;
and y is the Euler step size, which can be interpreted as a
viscosity weight: the shape deforms more per time step if y is
high. We then solve for the shape x, using matrix inversion:

X, = A+ yD 7' (X1 — VEeu(X,-1)), (A9)

where I is the identity matrix. In practice, we did not use a
heuristic for convergence of the snake shape: a fixed number
of ¢t iterations, or contour iterations, was used for the analysis
(Table V).
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