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ABSTRACT

Accurate, noninvasive characterization of arterial wall
mechanics and detection of fibrotic vascular lesions could
vastly improve the ability to predict patient response to local
treatments such as angioplasty. Current imaging and other
techniques for determining wall compliance rely on imprecise
or indirect estimates of wall motion. This study used high-reso-
lution ultrasound imaging with phase-sensitive speckle track-
ing to obtain detailed and direct measurements of arterial

stiffness in two subjects with dialysis fistula dysfunction. In
both subjects, the absolute values of strain were much higher in
normal regions of fistula than in regions of stenosis. The lower
values of strain in stenotic fistula indicate greater stiffness of
the vessel wall. The ultrasound speckle tracking technique used
here may have potential to determine vascular mechanical
properties noninvasively with a level of precision and accuracy
not currently available.

Elasticity imaging has the potential for high-resolu-
tion noninvasive monitoring and characterization of
vascular pathologies by measuring mechanical prop-
erties. Previous attempts at noninvasive vascular elas-
ticity imaging include arterial wall-motion estimation
(1-4), intraparietal strain imaging (5), and pulse-wave
velocity measurement (6,7). Arterial compliance mea-
surement has also been conducted by monitoring
internal pulsatile deformation in tissues surrounding
the normal brachial artery (8). Within limits, these
measurements have correlated with clinical events,
including stroke (9) and claudication symptoms (2)
in non—end-stage renal disease (ESRD) patients and
adverse cardiovascular events in patients with ESRD
(10,11), as well as length of time on dialysis (3).
However, current imaging modalities and noninvasive
methods of compliance measurement are limited in
that they rely on imprecise motion estimation or
indirect assessments of arterial wall motion.

Recent advances in image processing methodologies
using phase-sensitive speckle tracking have led to the
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development of elasticity imaging procedures that
may be able to overcome the limitations of current
imaging modalities in measuring vascular compliance
with high resolution. These elasticity imaging methods
have the potential to measure intramural wall strain
directly using high-resolution ultrasound speckle
tracking, without having to rely on lower precision
geometric estimates of wall motion to infer strain
(12,13). In the clinical setting, elasticity imaging has
shown potential to distinguish normal from
fibrotic/inelastic vessels (14). It is clear that vascular
compliance measurements may help in the evaluation
of stenotic vascular lesions as it is recognized that
changes in vascular wall elastin and extracellular
matrix composition of the media is one of the causes
of arterial stiffness (15-17). With this in mind, we are
evaluating tools that may allow detailed assessment
of vascular mechanics. These image processing tools
may allow detailed local vascular lesion characteriza-
tion, and potentially predict response to local treat-
ment measures such as angioplasty. For example, in
order for angioplasty to be successful, the lesion wall
architecture must be disrupted and heal in a new geo-
metric configuration with a larger diameter. If a vessel
wall is elastic, the intramural architecture will stretch
and recoil after the balloon is deflated and with-
drawn. In support of this hypothesis, we present the
high-resolution ultrasound elasticity data and images
generated from normal and stenotic regions of auto-
genous dialysis fistulae from two subjects prior to
undergoing angioplasty.
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Material and Methods
Elasticity Imaging Procedure

We employed a local, high-resolution ultrasound
elasticity imaging method using a linear array ultra-
sound transducer, with continuous freechand monitoring
over the regions of interest (ROI) in the dialysis fistula of
the subjects studied. The access vein fistula pulsates in
response to the transmitted transmural pulse pressure
within the access. A 7-MHz center frequency linear array
transducer was used on the surface of the arm over the
ROl in the fistulae. Three images were obtained for each
subject: (i) near the distal arterial anastomosis, (ii) the
stenotic region identified in the fistula, and (iii) the out-
flow vein segment downstream from the stenosis. A
Philips (Bothell, WA, USA) IU22 was used for data col-
lection at frame rates of approximately 180 frames per
second while collecting ultrasound data frame by frame
as the investigators viewed the B-scan images. Real-time
radio frequency (RF) data collected during imaging were
stored and processed off-line.

High resolution can be obtained using RF ultra-
sound signal containing speckle information that can
be used to accurately track the motion of structures
within the object imaged (18,19). The first step in
elasticity imaging is to estimate the motion between
two (not necessarily sequential) frames. Figure 1 illus-
trates the location “lag” calculated accurately using
the characteristic underlying RF signature to estimate
the motion of each region with high resolution and

B-scan image at frames

m n mn 4n L1} Hl m

precision within the ultrasound image of the cross
section of the vessel. Frame-to-frame displacements
are estimated using a two-dimensional correlation-
based phase-sensitive speckle tracking technique (20).
This particular technique combines the ability of cor-
relation-based algorithms to track relatively large
internal displacements with the precision of phase-sen-
sitive methods. First, frame-to-frame lateral and axial
displacements are estimated from the position of the
maximum correlation coefficient, where a correlation
kernel approximately equaling the speckle spot
(0.2 mm) is used for optimal strain estimation. The
axial displacement estimate is then further refined by
determining the zero-crossing position of the phase of
the analytic signal correlation. Frame-to-frame dis-
placement error is also reduced using a weighted cor-
relation sum and by filtering spatially adjacent
correlation functions prior to displacement estimation
(20). A spatial filter twice as large as the kernel size
was used to enhance signal-to-noise ratio with good
spatial resolution. Frame-to-frame displacement esti-
mates were integrated from and registered to the ini-
tial coordinate system (i.e., Lagrangian presentation).
All strain measurements were axial measurements,
i.e., taken along the ultrasound beam where resolu-
tion is greatest. Spatial derivatives of the displace-
ments were thereby computed in the vessel wall in
line with top wall or orthogonal to side wall, in order
to estimate the radial normal strain (i.e., the radial
derivative of the radial displacement).
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Fic. 1. Illustration of the displacement determined from the frame-to-frame lag distance calculated using the correlation between the
characteristic underlying radio-frequency ultrasound signal between frames. Lateral and axial displacements from frame to frame were esti-
mated using correlation-based algorithms and phase-sensitive speckle tracking. Displacement is estimated from the position of the maxi-
mum correlation coefficient. A correlation kernel approximately the size of the speckle spot (0.2 mm) is used for optimal strain estimation.
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Subjects Studied

After IRB approval two subjects with native vein
dialysis fistulae were enrolled for ultrasound elasticity
imaging prior to receiving angiography to evaluate fis-
tula dysfunction. Subject 1 was a 61-year-old man with
ESRD from diabetes with a left upper extremity cepha-
lic vein fistula. He was referred for fistulogram for
elevated venous access pressures. Subject 2 was a 78-
year-old man with ESRD from hypertension and
nephrectomy for renal cell carcinoma with a left upper
arm transposed basilic vein fistula referred for fistulo-
gram for elevated venous access pressures and pro-
longed bleeding after dialysis.

Results
Elasticity Imaging Results

The accumulated displacement of the fistula wall of
each subject was measured relative to the original frame
starting at diastole of the cardiac cycle. Using frame-to-
frame images of the correlation coefficient produced by
speckle tracking, the lumen surface could be easily iden-
tified. Consequently, these points were clearly within the
intima-media complex. The pixel-by-pixel displacement
within the fistula (vein) wall was measured resulting
from the cyclic displacement by the pulse pressure.
Based on the displacement information, normal accu-
mulated strain values were estimated from direct high-
resolution intramural speckle tracking measurements
from five ROIs.

Summary of Strain Measurements

As can be seen in Table 1 and Fig. 2, the absolute
values of strain are different for normal and stenotic
regions. The mean strain of the stenotic ROI on the
left side of the wall in subject 1 is 0.98%, but the
mean values are three to four times larger in the nor-
mal ROI. At the top of the fistula wall in this subject,

TABLE 1. Wall strain measurements (n = 5); local region

Subject Region Mean (%) STD (%)

Side of wall* 1 Normal 1 3.34 1.98
Normal 2 4.36 1.99

Stenosis 0.98 1.20

2 Normal 1 2.34 0.96

Normal 2 1.86 0.40

Stenosis 0.52 0.13

Top of wall® 1 Normal 1 -1.96 0.40
Normal 2 -0.90 0.26

Stenosis -0.32 0.23

2 Normal 1 -1.70 0.64

Normal 2 -1.80 1.05

Stenosis -1.04 0.51

#All values obtained from the left-hand side of the fistula wall,
except that the Normal 1 measurements for subject 2 are from the
right-hand side because the left-hand side of the wall was merged
with another vessel.

®All values obtained from the top of the fistula wall, except Nor-
mal 2 in subject 2, which gives values from the bottom of the wall
because depth of image at the top was insufficient to calculate
strain.
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Fic. 2. Comparison of strain values (mean and standard devia-
tion, from Table 1) at normal (single lines) and stenotic (double
lines) regions of vessel walls in subjects 1 and 2. The shaded region
shows strain values in the stenotic region, which are generally
within 1%. The lower values of strain in stenotic regions corre-
spond to increased stiffness.

the mean values are three to six times larger for nor-
mal regions than stenotic (0.32%). The absolute val-
ues of mean strain are within 1% for stenosis but
greater than 1% for normal fistula. The much lower
values of strain in regions with stenosis indicate that
these regions are correspondingly stiffer than normal
fistula. It should be noted that as a reference mea-
surement, wall-strain measurements using the same
method in a previous study (13) have shown that
under physiologic conditions brachial artery strain
measurements in healthy subjects are in the range of
5% (4+2.8% SD), whereas subjects with known vascu-
lar disease exhibit stiffer vasculature, with strain mea-
surements in the range of 2.2% (£0.5% SD).

Figure 3 shows the B-scan and the strain images of the
fistula walls in subjects 1 and 2. The dark and white
regions show negative and positive strain, respectively.
As can be seen in this figure, strain is negative in the
approximate region of the fistula wall (see arrow). This
negative strain is the result of contraction of the wall
during the diastole. The compliance depends on the
degree of darkness. Overall, the stenotic region produces
smaller strain than normal fistula.

Figure 4 shows the average strain values of the five
ROIs for normal and stenotic regions of fistula wall. The
ROIs were chosen on the basis of the correlation and
strain image. The strain value was —1.7% for normal
fistula and —0.32% for stenotic fistula. Thus, the abso-
lute strain value is much smaller for stenotic regions.
The approximate size of the ROI box was determined by
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Fic. 3. B-scan and strain images (left-hand and right-hand sides, respectively, of each panel) of normal and stenotic regions of fistula wall
in subjects 1 and 2. Degree of darkness in the strain images corresponds to degree of strain. Arrows point to approximate region of fistula
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Fic. 4. Strain values from five regions of interest (ROIs) in normal and stenotic regions of fistula wall in subject 1. The ROIs are shown
in the strain images (a) as colored boxes, and the strain values of these regions are depicted graphically as a function of time (b). The aver-
age of the absolute strain in regions of normal fistula was 1.96 + 0.40% compared with 0.32 + 0.23% in regions of stenosis. The approxi-
mate size of the ROIs is 0.2 x 0.2 cm. This size is calculated by using the width of the transducer (approximately 5 cm) and the number of

pixels inside the ROI box relative to that inside the whole image.

comparing the number of pixels in the box to that of the
whole image.

Clinical and Angiographic Results

A summary of the angiogram findings are depicted in
Fig. 5 of the stenotic regions with surrounding normal
vein segments for subjects 1 and 2, pre and postangio-
plasty. Subject 1 responded to angioplasty with 8-mm-
diameter balloon dilation. Subject 2 initially exhibited
elastic recoil after 8-mm balloon dilation but then under-
went angioplasty of an upstream arterial lesion in combi-
nation with repeat 8-mm balloon angioplasty, and the
lesion responded.

Discussion

It is too early to draw firm conclusions about the role
ultrasound phase-sensitive speckle tracking may play in
managing dialysis vascular access. Nevertheless, these
preliminary results do show the potential utility for this
novel imaging tool to provide high-resolution strain esti-
mates that may accurately reflect vascular mechanical
properties. These mechanical properties, being related to
the cellular and extracellular matrix molecular structure
of stenotic lesions, may be able to predict lesion response
to mechanical treatments such as angioplasty. For strain

to be measured, an underlying stress must be applied to
the vessel wall. For this feasibility study we observed the
strain produced by the stress provided by the underlying
physiologic pulse pressure. Given that this stress is vari-
able, being dependent on patient blood pressure and
pressure gradients along the vascular access, this

(e)

Fic. 5. Preangioplasty images of stenotic regions in subjects 1
and 2 (a and c, respectively). Subject 1 responded to angioplasty
with 8-mm balloon dilation (b), whereas subject 2 experienced elas-
tic recoil (d) and then responded to repeat angioplasty (e).
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measurement method will undoubtedly require stan-
dardization of the deformational stress (blood pressure)
to provide more accurate comparisons between patients
in the future. Standardization methods have been
explored using these imaging procedures in transplant
kidneys (21) and brachial artery elasticity (14).

The diagnostic sensitivity of vascular strain imaging
may be greatly increased by exploring the nonlinear
behavior of the vascular stress—strain relationship (14).
Under conditions of normal physiologic loading, the
mean vessel pressure within the dialysis access is nor-
mally less than half the mean arterial pressure (22) and
lower in fistulas than grafts. When elevated in the pres-
ence of an outflow stenosis, this pressure decreases in
response to correcting the outflow lesion (23). As pres-
sure increases, because of the nonlinear properties of the
vessel wall (24,25), there is a higher effective elastic mod-
ulus in the wall that will tend to diminish the pulse pres-
sure-induced strain. Therefore, the diagnostic range of
the method we used may be increased in the future by
using a pressure-equalization method that we are cur-
rently evaluating (12,14). In addition, the dampened
pressure in the segment of the fistula downstream from
the stenosis will tend to diminish the wall deformation
and strain even in the setting of a compliant vascular
wall. Understanding these limitations, the findings in
this first feasibility study demonstrate the potential for
high sensitivity of this method for detection of local
regions of greater and lesser vascular compliance. We
also observe that these findings are compatible with our
previous study results showing the method may distin-
guish normal from diseased arteries in vivo (14).

An important distinction should be made between the
high-resolution method we used and previous measure-
ments of vessel elasticity over a range of differential wall
pressures (26,27). Prior studies have made important
contributions to our understanding of vessel compliance
using results inferred from geometric changes such as
artery diameter and lumen cross section based on a
numerical Langewouters model (28). The precision of
the speckle tracking technique we used offers the possi-
bility of detecting subtle underlying structural changes
within the vascular wall and measuring the correspond-
ing intramural changes in elastic properties with unprec-
edented resolution, precision, and accuracy down to tens
of microns depending on the ultrasound frequency used.

While at present this method is computationally time
intensive, recent advances suggest that it may be useful
for expanded research applications and ultimately as an
adjunct to conventional imaging to guide therapy. For
example, stenotic lesions fail to respond to conventional
angioplasty and may require additional mechanical
interventions such as stents (29,30) or cutting balloons
(31). High-resolution measurement of the vascular
mechanics of stenotic lesions may improve individual-
ized prediction of lesion responsiveness to angioplasty
and guide decision making. The dialysis access elasto-
grams of the stenotic lesions obtained from our two sub-
jects with native fistulas prior to angioplasty showed the
lesions to be more rigid than normal regions of the fis-
tula. In addition, different regions of the vessel wall
showed different elastic properties with strain imaging,

some regions with greater variation in intra-lesion strain
measurements and greater compliance than the other
less compliant regions of the stenosis. Further study will
be required to determine whether these highly accurate,
high-resolution images will allow treatment individuali-
zation.

In summary, the clinical appeal of this technology for
patients focuses on an improved noninvasive imaging
method that can give high-resolution structural and geo-
metric information about the anatomy and mechanical
properties of the fistula and stenosis. Although the cur-
rent method allows only computationally time-intensive
research measurements to be performed off-line, newer
methods that can be used in real-time or near real-time
are being developed that will be suitable for more wide-
spread clinical evaluation. This novel method of measur-
ing the mechanical properties of local vein/fistula
remodeling with high resolution may have great poten-
tial for tracking vein remodeling, predicting stenosis
development, and guiding future treatment decisions.
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