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Purpose: To assess whether the stability of murine aortic aneu-
rysms is associated with the homogeneity of pulse wave 
propagation within the saccular wall.

Materials and 
Methods:

All animal procedures were approved by the institutional 
Animal Care and Use Committee. Apolipoprotein E and 
tissue inhibitor of metalloproteinases-1 knockout mice (n 
= 26) were infused with angiotensin II by using subcutane-
ously implanted osmotic pumps, with an additional con-
trol mouse used for histologic examination (n = 1). Pulse 
wave imaging (PWI) was performed just before infusion 
and 15 days after infusion by using 40-MHz ultrasonogra-
phy at 8000 frames per second (with electrocardiographic 
gating). Aneurysm appearance on B-mode images was 
monitored every 2–3 days for 30 days. On the basis of 
B-mode images obtained after 30 days, aneurysms were 
deemed to have been unstable if they had ruptured; other-
wise, they were deemed stable. Statistical significance was 
assessed by using two-tailed t tests.

Results: In normal aortas, the pulse waves propagated at relatively 
constant velocities (mean 6 standard deviation, 2.8 m/sec 
6 0.9). Fifteen days after infusion, all mice had developed 
aneurysms, with significant (P , .001/12) changes in max-
imum anterior-posterior diameter (increase of 54.9% 6 
2.5) and pulse wave velocity (PWV) (decrease of 1.3 m/
sec 6 0.8). While there was no significant difference in 
these parameters (P = .45 for diameter and P = .55 for 
PWV) between stable aneurysms (n = 12) and unstable 
aneurysms (n = 14), the standard deviation of the high-
resolution PWV was significantly higher (P , .001/12) in 
unstable aneurysms (5.7 m/sec 6 1.6) than in stable ones 
(3.2 m/sec 6 0.9).

Conclusion: High-resolution PWI was used to measure the local ho-
mogeneity of pulse wave propagation within the saccular 
wall, which is lower in unstable aneurysms than in stable 
ones. Hence, if proven to add additional information be-
yond size and appearance in human studies, PWI could 
potentially be used to assess the stability of aneurysms by 
providing information that is complementary to the ana-
tomic data obtained with conventional B-mode imaging.

q RSNA, 2016
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knockout mice were used in this study. 
This sample size was chosen to obtain 
a statistical power of 0.9, based on an 
anticipated effect size of 1.4 (Cohen 
d) observed in previous work con-
ducted by the authors (19) with the 
same animal model. One mouse was 
retained solely as a control for histo-
logic examination, while the other 26 
mice were infused with angiotensin II 
(A9525; Sigma-Aldrich, St Louis, Mo) 
for 30 days via subcutaneously im-
planted osmotic pumps (Alzet Model 
2004; Durect, Cupertino, Calif). This 
animal model of AAA disease is known 
to produce aneurysms that share sev-
eral characteristics with human dis-
eased tissue, including inflammation, 
dilation of the lumen, degeneration 
of the medial wall, and the formation 
of a thrombus (7,21,22). The mech-
anisms that underlie this model have 
been explored in other studies (7,22), 
although some aspects are not com-
pletely understood.

Seven mice received a dose of 2.2 
mg of angiotensin II per kilogram of 
body mass per day, while the remaining 
mice (n = 19) received 4.4 mg per kilo-
gram of body mass per day. These dos-
es are higher than those in previously 
reported studies (7,21,23) to increase 
the likelihood of aneurysm rupture 

performed when the likelihood of AAA 
rupture is deemed to be greater than 
the risks associated with the treatment 
itself (4), which are particularly high 
in the case of abdominal surgery (7). 
In current clinical practice, the risk of 
AAA rupture is assessed on the basis 
of maximum anterior-posterior (AP) 
diameter of the aneurysm (2,8). How-
ever, studies have shown that this crite-
rion is poor in the prediction of disease 
outcome. Many smaller aneurysms that 
do rupture are not identified with this 
method (6,9,10), while patients with 
larger but stable aneurysms are sub-
jected to potentially unnecessary surgi-
cal intervention (8).

In several studies, investigators have 
suggested that a better means of assess-
ing rupture risk is to measure localized 
changes in the material and mechanical 
properties of the vessel (11–13). The 
standard measure of arterial stiffness 
in current clinical practice is pulse wave 
velocity (PWV) (14–16). At the start of 
every cardiac cycle, the blood that origi-
nates from the left ventricle of the heart 
generates a pulse that then propagates 
throughout the arterial tree, which in 
turn induces a displacement wave in the 
walls of the vessel (17). PWV has been 
shown to be an effective biomarker of 
all-cause and cardiovascular disease–
related mortality, particularly in hyper-
tensive patients (11,13,18).

Pulse wave imaging (PWI) is a non-
invasive ultrasonography (US)–based 
technique for visualizing and tracking 
the propagation of pulse waves along the 
arterial wall at high spatial and temporal 
resolutions (19,20). The purpose of this 
study was to assess whether the stability 
of murine aortic aneurysms is associ-
ated with the homogeneity of pulse wave 
propagation within the saccular wall.

Materials and Methods

Animal Model
All procedures were approved by the 
institutional Animal Care and Use 
Committee of Columbia University 
(protocol no. AC-AAAI5750). Twenty-
seven male apolipoprotein E and tis-
sue inhibitor of metalloproteinases-1 
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Advances in Knowledge

nn The standard deviation of high-
resolution pulse wave velocity 
(PWV) measurements is a statis-
tically significant (P , .001/12, 
Cohen d = 2.0) predictor of 
aneurysm rupture in mice, with 
pulse wave propagation being 
more homogeneous in stable 
aneurysms (3.2 m/sec 6 0.9, n = 
12) than in unstable aneurysms 
(5.7 m/sec 6 1.5, n = 14).

nn No significant difference was 
observed between stable (n = 12) 
and unstable (n = 14) aneurysms 
on the basis of neither the 
increase in the maximum ante-
rior-posterior (AP) vessel diam-
eter (54.5% 6 2.2 in stable 
aneurysms vs 55.3% 6 2.8 in 
unstable aneurysms, P = .45) nor 
the decrease in PWV within the 
aneurysm sac (1.1 m/sec 6 0.8 
decrease in stable aneurysms vs 
1.3 m/sec 6 0.8 decrease in un-
stable aneurysms, P = .55).

nn Maximum AP diameter, PWV, 
and wave propagation homoge-
neity all change significantly (P , 
.001/12) in aneurysms compared 
with normal aortas (n = 26).

The abdominal aortic aneurysm 
(AAA) is a common vascular 
disease that causes more than 

150 000 new cases and 10 000 deaths 
annually in the United States (1,2). 
AAA is typically caused by a localized 
weakness in the vessel wall, which in-
duces dilation or ballooning in the ab-
dominal aorta and results in the for-
mation of an aneurysmal sac (3). The 
main cause of AAA-induced death is 
severe internal hemorrhaging after a 
rupture in the saccular wall. Even with 
prompt medical intervention, more 
than 85% of AAA ruptures are fatal, 
and 50% of individuals that experience 
a rupture die before even reaching the 
hospital (4,5).

Once AAA is identified, the avail-
able treatment options are open sur-
gery and endovascular repair (6). Be-
cause both of these procedures carry 
some risk to the patient, they are only 
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bifurcation) was removed, cleaned, 
and fixed in 4% (wt/vol) formaldehyde 
within the first hour after euthanasia. 
The fixed tissue was then embedded in 
paraffin and sectioned transversely at 
a thickness of 10 mm. Several sections 
per tissue sample were stained with 
hematoxylin-eosin and were visualized 
with an inverted microscope (IX-81; 
Olympus, Melville, NY). To ensure 
that any breaks seen in the wall were 
caused by vessel damage, sections 
were not obtained near blood vessels 
that branched off from the aorta or 
near the edges of the excised segments 
(so as to not observe damage from the 
scalpel used to remove the aorta).

Data Analysis
All data were processed by using Mat-
lab version R2014b software (The 
Mathworks, Natick, Mass). Axial dis-
placements were estimated by using 
a fast one-dimensional normalized 
cross-correlation method (26) with 
a correlation window size of 431 mm 
(approximately seven acoustic wave-
lengths) and an offset between suc-
cessive windows of 7.7 mm (exactly 
one sample). The estimated displace-
ments were filtered with a five-point 
(575-mm) one-dimensional median 
filter and a 15 3 15-point (1.725-
mm 3 1.875-msec) two-dimensional 
Savitzky-Golay filter. Regions in which 
the correlation coefficient associated 
with the displacement estimation was 
less than 0.9 (indicating poor quality) 
were cropped out of the images; these 
occurred along the borders of the field 
of view and in locations where the 
B-mode image was also noisy. These 
did not occur in the region of interest 
around the aorta, since the B-mode 
image was focused in that area before 
acquiring the PWI data. In the ani-
mal model used in this study, aneu-
rysms only form on the anterior wall 
of the aorta (the top wall in all Figures 
herein), typically near the superior 
mesenteric or celiac arteries (7,23). 
For this reason, only the anterior wall 
was analyzed with PWI.

To track the pulse wave, the lateral 
position axis of each acquisition (cor-
responding to the longitudinal axis of 

were recorded by using a Gage Com-
puScope 14200 data acquisition card 
(Dynamic Signals, Montreal, Quebec, 
Canada) at a sampling frequency of 
200 MHz and a resolution of 14 bits 
per sample. PWI acquisitions were 
performed in the suprarenal section 
of the abdominal aorta. The Vevo 770 
imager (VisualSonics) was operated in 
the manufacturer’s ECG-gated kilohertz 
visualization mode at an effective frame 
rate of 8 kHz.

Study Timeline
Each of the 26 mice that received an-
giotensin II was monitored every 2–3 
days by using B-mode imaging, begin-
ning 1 day prior to angiotensin II infu-
sion (day 0) and ending 30 days after 
the start of infusion (day 30). PWI ac-
quisitions were also performed on days 
0 and 15. All imaging was performed 
by the first author (S.D.N.), who had 3 
years of experience in small-animal US 
imaging. An aneurysm was deemed to 
have developed if a localized increase 
of at least 50% in the inner maximum 
AP diameter of the vessel was present 
(24,25); this occurred for all 26 mice 
between days 10 and 15.

In 14 of the mice that received 4.4 
mg of angiotensin II per kilogram of 
body mass per day, the aneurysms rup-
tured between days 17 and 22; these 
cases were therefore classified as un-
stable. The aneurysms in the remaining 
12 mice were still present at the end of 
the study period and were thus deemed 
to be stable. Eight of the mice with un-
stable aneurysms died before the end 
of the study period, although in all 
cases, the rupture was confirmed with 
at least one B-mode image. The other 
18 mice that survived the full length of 
the study were sacrificed after day 31 
(the day after the last B-mode image 
was obtained).

Histologic Examination
Histologic examination was performed 
on the aortas of the 18 sacrificed mice, 
as well as on the aorta of the control 
mouse that was not given angioten-
sin II. During histologic examination, 
the abdominal section of each aorta 
(from the diaphragm to just before the 

events. This is based on the aforemen-
tioned previous study by Nandlall et al 
(19) by using the same animal model 
and doses of angiotensin II, in which 10 
mice developed aneurysms and three 
mice experienced rupture events. In 
this study, the distribution of mice and 
dosages was chosen with the aim of ob-
taining a rate of aneurysm rupture of 
approximately 50% by the end of the 
observation period.

In the aforementioned study, all 
ruptures occurred before 30 days of 
angiotensin II infusion had passed. The 
remaining mice (n = 7) survived for 
90 days; by the end of this period, all 
seven aneurysms were still present, and 
no ruptures had occurred. On the ba-
sis of these observations, in the present 
study, aneurysms that ruptured within 
30 days of infusion were categorized as 
unstable, and those that were intact af-
ter 30 days were deemed stable.

Imaging
PWI was performed over a 12 3 12-
mm field of view by using a Vevo 770 
imager with an RMV-704 single-ele-
ment probe (VisualSonics, Toronto, 
Ontario, Canada), which had a center 
frequency of 40 MHz, a focal length of 
6 mm, and a lateral resolution of 80 
mm. Excluding setup time, each acqui-
sition took approximately 7 minutes to 
complete. During imaging, each mouse 
was anesthetized with a mixture of 2% 
isoflurane (AErrane; Baxter Health 
Care, Deerfield, Ill) and pure oxygen 
(Tech Air, White Plains, NY), adminis-
tered via inhalation by using an isoflu-
rane vaporizer (Model 100; SurgiVet, 
Waukesha, Wis). The mouse was 
then placed in a supine position on a 
heated platform to maintain its body 
temperature at approximately 37°C. 
Abdominal fur was removed with a 
shaver and depilatory cream. De-
gassed US gel (Aquasonic 100; Parker 
Laboratories, Fairfield, NJ) was used 
as a coupling medium.

Throughout the acquisition, the elec-
trocardiogram (ECG) for each mouse 
was monitored with a THM-100 system 
(Indus Instruments, Webster, Tex). 
The radiofrequency signals from the 
US machine, as well as the ECG signal, 
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were considered to indicate a statisti-
cally significant difference. Effect size 
was quantified by using Cohen d.

Results

Figure 1 illustrates the pulse wave prop-
agation in three representative cases: a 
normal mouse with no AAA disease on 
day 0 (prior to receiving any angioten-
sin II), one of the mice with a stable 
aneurysm on day 15 (15 days after an-
giotensin II infusion), and a mouse with 
an unstable aneurysm, also on day 15. 
The corresponding videos of the wave 
propagation are available online (Movie 
E1 [online]). The displacements in-
duced by the pulse waves are overlaid 
on the B-mode images of the vessels, 
which also show the locations of the an-
eurysms in the diseased cases.

Spatiotemporal maps of the pulse 
wave propagation for the same three 
mice are shown in Figure 2. On these 

both PWI acquisitions, this step was 
performed while effectively blinded to 
the AAA state. Plotting the 50% up-
stroke time points along the length of 
the vessel wall and performing a linear 
regression on these time-distance pairs 
yielded the PWV. In cases where two or 
more consecutive marker locations cor-
responded to the same time point, the 
mean of these locations was selected.

Statistical Analysis
All statistical analysis was performed by 
using Matlab version R2014b software 
(Mathworks). Statistical significance 
was assessed by using two-tailed t tests 
for either paired or unpaired samples, 
with the paired test being used if the 
groups being compared contained the 
same mice at different time points and 
the unpaired test with unequal vari-
ances being used otherwise. P values of 
less than .0042 (.05/12 = .0042, where 
12 is the Bonferroni correction factor) 

the aorta) was aligned such that the su-
perior mesenteric artery appeared at a 
position of 8 mm on the B-mode image. 
The anterior wall was segmented by us-
ing the B-mode image. The peak of the 
wall displacement profile at each spatial 
location was found by computing the 
time at which the highest incremental 
wall displacement occurred (20,21,27). 
The foot was then defined as the time 
of occurrence of the smallest incremen-
tal wall displacement before the peak. 
Finally, the 50% upstroke point was 
defined as the time between the foot 
and the peak at which the wall dis-
placement was closest to the mean of 
its values at the foot and peak (20,21). 
The maximum AP diameter and vessel 
wall were manually traced (by S.D.N.) 
for each case by using the first B-mode 
frame. Since tracing occurred shortly 
after each acquisition and the final 
state of the mouse (stable AAA or un-
stable AAA) was not known until after 

Figure 1

Figure 1:  US images show pulse wave propagation as the wave enters (left column), crosses (middle column), and exits (right column) the field of view in the 
abdominal aortas of (a) a normal mouse with no AAA disease, (b) a mouse with a stable aneurysm, and (c) a mouse with an unstable aneurysm that ruptured be-
tween 18 and 20 days after the start of angiotensin II infusion. The normal mouse was imaged the day before angiotensin II infusion started, while the mice with 
AAA were imaged after 15 days of angiotensin II infusion (and before it was known whether the aneurysm would rupture or not). The color overlay on the B-mode 
images represents the axial wall displacement induced by the pulse wave, while the arrow indicates the lateral position of the wave (ie, along the longitudinal axis 
of the aorta). The time stamp in each frame indicates the time elapsed since the start of the cardiac cycle (ie, the R wave of the ECG signal). The lateral position 
axes of all three fields of view are aligned such that the superior mesenteric artery appears at approximately 8 mm.
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AAA mice in the study: the maximum 
AP diameter at the start of the cardiac 
cycle (ie, at the peak of the R wave), 
the PWV within the 4-mm window 
from 5 mm to 9 mm, and the standard 
deviation of the high-resolution PWVs 
within this segment. The normal data 
were obtained on day 0 and are com-
pared with the AAA categories by using 
paired t tests, while the stable and un-
stable AAA data were obtained on day 
15 and were compared with each other 
by using an unpaired t test (since the 
two groups contain different mice). All 
three parameters were found to change 
significantly within the aneurysmal sacs 
compared with their values prior to an-
giotensin II infusion. However, neither 
the maximum AP diameter (P = .79 for 
groups and P = .45 for individuals) nor 
the PWV (P = .07 for groups and P = .55 
for individuals) were found to be statis-
tically significant in distinguishing stable 
aneurysms from unstable ones. Instead, 
the data indicated that the standard de-
viation of the high-resolution PWVs is a 
significant differentiator between these 
two groups, both at the group level (3.2 
m/sec 6 0.9 for the stable aneurysms 

Figure 3 presents a high-resolution 
comparison of pulse wave propagation 
within the 5–9-mm segment in the three 
example cases by displaying the location 
of the 50% upstroke points every 125 
µsec (ie, every frame) after the wave 
first reaches the start of the segment 
at 5 mm. Hence, the slope between any 
pair of successive markers provides a 
localized estimate of the PWV between 
these two points at the highest possible 
spatial resolution. Figure 3 illustrates 
that the local PWVs in the unstable 
example exhibit greater variation and 
attain more extreme values compared 
with the stable example, while in the 
normal example, the local PWVs do not 
vary as much.

Figure 4 shows histologic sections 
obtained from the abdominal aortas of 
the normal mouse, as well as the ex-
amples of AAA mice shown previously. 
The latter two images confirmed the 
presence of AAA disease, with the im-
age for the unstable case also indicating 
the location of the rupture.

Figures 5–7 show quantitative com-
parisons between three parameters in 
all normal, stable AAA, and unstable 

maps, the wall displacements are esti-
mated over time along the entire length 
of the vessel wall. The 50% upstroke 
markers and corresponding linear re-
gressions are also overlaid on each map 
between 5 mm and 9 mm. In all mice, 
this segment either encompasses the 
aneurysmal sac or corresponds to the 
vessel segment in which an aneurysm 
eventually developed. Hence, the slope 
of each linear regression corresponds 
to the PWV. As on the B-mode images, 
there is a discernible difference be-
tween the spatiotemporal pulse wave 
propagation map associated with 
the normal aorta and the maps as-
sociated with the AAA cases. In the 
normal aortas, the wave propagates 
more uniformly and smoothly than 
in the aneurysmal ones. In addition, 
there is a marked reduction in the dis-
placement amplitude within the walls 
of the aneurysm sacs, although it is 
still possible to track the pulse wave 
through this area. However, there ap-
pears to be no discernible qualitative 
difference between the spatiotempo-
ral wave propagation patterns for the 
stable and unstable aneurysms.

Figure 2

Figure 2:  Spatiotemporal maps of pulse wave propagation for the same mice as in Figure 1 show an aorta with no abnormalities (left), an aorta with a stable 
aneurysm (middle), and an aorta with an unstable aneurysm (right). Some regions along the borders of the field of view were cropped owing to poor displacement 
estimation (correlation coefficients of less than 0.9). The 50% upstroke markers and corresponding linear regressions are shown in a 4-mm-long window that 
spans lateral positions from 5 mm to 9 mm, which fall within the sacs of the aneurysms when these are present. The slope of each linear regression corresponds 
to the PWV. The normal case has the highest PWV (2.27 m/sec), while PWV is lower in the stable AAA (2.07 m/sec) and lowest in the unstable AAA (1.79 m/sec).
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maximum AP diameter, morphologic 
appearance, pulse wave propagation 
patterns, or spatiotemporal displace-
ment maps. We also found no statis-
tically significant change in PWV over 
the 4-mm window that corresponds 
to the aneurysm sac, indicating that a 
single PWV measurement may not be 
sufficient for assessing the likelihood of 
AAA rupture. Instead, high-resolution 
analysis of pulse wave propagation 
within the saccular wall may be used to 
differentiate stable aneurysms from un-
stable ones. By using this technique, the 

vs 5.7 m/sec 6 1.6 for the unstable an-
eurysms, P , .001/12, Cohen d = 1.9) 
and for individual mice (P , .001/12, 
Cohen d = 2.0).

Discussion

In agreement with previous work (19–
21), the differences between aneurysm 
sacs and normal tissue are easily de-
tected with PWI. From a qualitative 
perspective, the pulse waves propa-
gate less uniformly in aneurysms and 
have lower displacement amplitudes, 

while from a quantitative perspective, 
PWV and the standard deviation of lo-
cal PWV change significantly in aneu-
rysms. These trends were found to hold 
not only across all mice in the study, 
but also in observations obtained in the 
same mouse at different time points.

However, while normal vessels and 
aneurysms may be distinguished with 
relative ease by using either the B-
mode image or the PWV, we found no 
clear differentiating features between 
the stable aneurysms and the unstable 
aneurysms prior to rupture in terms of 

Figure 4

Figure 4:  Transverse histologic sections stained with hematoxylin-eosin (original magnification, 310) from (a) the normal mouse that did not receive angiotensin II, 
(b) the stable AAA mouse, and (c) the unstable AAA mouse shown in Figures 1–3.

Figure 3

Figure 3:  Comparison of pulse wave propagation in the 5–9-mm segments of the spatiotemporal maps in Figure 2 shows an aorta with no abnormalities (left), 
an aorta with a stable aneurysm (middle), and an aorta with an unstable aneurysm (right). In cases where two or more consecutive marker locations correspond-
ed to the same time point, the mean of these locations was selected. The slopes of the lines drawn between successive markers thus provide localized estimates 
of the PWV at the highest possible spatial resolution.
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PWV is measured over short segments, 
whose length is dictated by the lateral 
resolution of the US probe (63 mm in 
this study). In normal vessels, the PWV 
measurements across short segments 
tend to be in better agreement, owing 
to the relatively homogeneous composi-
tion of the vessel wall. In contrast, the 
vessel walls in the aneurysmal sacs will 
have undergone remodeling. For this 
reason, wave propagation within AAA 
vessels is more heterogeneous and ex-
hibits a greater variation in local PWV. 
The degree of spatial homogeneity may 
therefore be quantified by examining 
the standard deviation of the high-
resolution PWV within the aneurysm 
sac. We found that this metric is sig-
nificantly associated with the likelihood 

of aneurysm rupture and increases by 
more than 75% on average in unsta-
ble AAAs compared with stable ones. 
From a physiological perspective, sev-
eral studies have shown that the sac-
cular wall of AAAs is often heteroge-
neous and of varying thickness (28–30). 
Hence, the increased inhomogeneity in 
pulse wave propagation within unstable 
AAAs may indicate that the saccular 
wall contains more potential points of 
rupture after remodeling of the vessel.

It is unlikely that the increased 
standard deviations in the local PWVs 
originate from noise, since noise of this 
nature would have to arise from mis-
alignments in the ECG gating between 
successive lines in the image. Since the 
effectiveness of the ECG gating depends 

Figure 5

Figure 5:  Group data regarding maximum AP diameter of the vessel for all mice in the study. 
(a) Box and whisker plot of subgroup means and standard deviations, (b) parallel coordinate plot 
of the normal baseline and AAA measurements for each mouse, and (c) box and whisker plot 
of the change in each mouse after AAA development, relative to their individual normal baseline 
values, are shown. The normal baseline data were acquired the day before angiotensin II infusion 
started (day 0), while the AAA data were acquired after 15 days of angiotensin II infusion (day 15). 
∗∗∗ = P , .001/12, where 12 is the Bonferroni correction factor.

only on the quality of the ECG signal and 
is independent of the image data, this 
type of noise would be expected to affect 
all PWI acquisitions equally, rather than 
affecting normal aortas less than stable 
AAA or affecting stable aneurysms less 
than unstable ones. Additionally, noise 
that is present in the ECG gating is 
partly mitigated by the Savitzky-Golay 
and median filters described earlier. Fi-
nally, if ECG gating noise were affecting 
the 50% upstroke markers to the degree 
observed in this study, substantial deg-
radation would also be observed in the 
corresponding B-mode cine loops, since 
these are also formed by using the same 
ECG gating process.

Previous work with the animal 
model used in this study has shown 
that changes in the overall diameter 
and stiffness of an aneurysm play an 
important role in staging the progres-
sion of aortic aneurysm disease (19). 
It is possible that in our study, we did 
not have sufficient statistical power to 
detect a difference in PWV or aneu-
rysm diameter between the stable AAA 
and unstable AAA groups. In previous 
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studies (19,31), investigators showed 
that aneurysm formation in the mu-
rine angiotensin II model is preceded 
by the formation of fissures in the wall 
of the aorta. Incomplete remodeling 
of the wall after the appearance of a 
fissure could result in structural weak-
nesses that remain in the saccular wall, 
thereby rendering rupture more likely.

Because the PWI technique relies 
on wave arrival time, the orientation of 
the imaging probe relative to the ves-
sel does not affect the reliability of the 
technique. This is because the wave ar-
rival time can be tracked as long as the 
displacement contains an axial compo-
nent, which will be the case as long as 
the probe is not completely parallel to 
the vessel. This feature of PWI has been 

confirmed in successful applications of 
the technique in humans with clinically 
available equipment (20,32,33). Hence, 
the metrics of aneurysm stability pro-
posed in this study are also angle inde-
pendent and robust to changes in the 
field of view, which are important fea-
tures for clinical practice.

Long-term clinical studies in hu-
mans are needed to study the influence 
of pulse wave propagation homogene-
ity on the stability of human aneu-
rysms, given that there are several dif-
ferences between AAA disease in 
humans and the murine AAA disease 
model used in this study. These differ-
ences include the time scale of aneu-
rysm formation, which is several years 
or more in humans compared with less 

Figure 6

Figure 6:  Group data regarding spatially averaged PWV for all mice in the study. PWV for each 
mouse was obtained by performing a linear regression across the entire 4-mm window from 5 
mm to 9 mm. (a) Box and whisker plot of subgroup means and standard deviations, (b) parallel 
coordinate plot of the normal baseline and AAA measurements for each mouse, and (c) box and 
whisker plot of the change in each mouse after AAA development, relative to their individual 
normal baseline, are shown. The normal baseline data were acquired the day before angiotensin II 
infusion started (day 0), while the AAA data were acquired after 15 days of angiotensin II infusion 
(day 15). ∗∗∗ = P , .001/12, where 12 is the Bonferroni correction factor.

than 2 weeks in mice; the mechanisms 
of aneurysm formation, which are still 
not completely understood in humans 
but are almost certainly different from 
the angiotensin II–based model used in 
this work; the mural calcification of-
ten present in human aneurysms (30), 
which would increase the variability in 
local PWV measurements on its own; 
the geometry and location of the an-
eurysm sac, which is typically fusiform 
and infrarenal in humans (20,30) com-
pared with the one-sided, suprarenal 
aneurysms seen in this work; and the 
available resolution and frame rate, 
which are lower in humans. The lat-
ter difference is of particular relevance 
to this study, given that the metrics 
of wave propagation homogeneity and 
aneurysm stability proposed herein 
rely on obtaining high-resolution mea-
surements of the PWV at relatively 
high frame rates over the length of the 
vessel wall. In humans, the lower spa-
tial and temporal resolutions stem pri-
marily from two factors: the increased 
depth and size of the abdominal aorta, 
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In conclusion, PWI can be used to 
assess the stability of murine aortic 
aneurysms noninvasively by measuring 
the homogeneity of pulse wave propa-
gation within the aneurysm sac. While 
no differences between stable and un-
stable aneurysms were observed by 
comparing maximum AP diameters or 
PWV values, the standard deviation 
of variability of high-resolution PWVs 
across the saccular wall was found to 
be significantly associated with an-
eurysm rupture in this animal model. 
Hence, PWI could potentially be used 
to assess the stability of human aneu-
rysms by providing information that is 
complementary to the anatomic data 
obtained from B-mode images, with no 
additional equipment required.

which means that lower frequencies 
and lower frame rates must be used; 
and the limited acoustic window in 
some areas, which necessitates the 
use of diverging beams and implies 
that lateral resolution decreases with 
depth. However, human aneurysms 
are also commensurately larger than 
the murine ones in this study, and re-
cent work with modern imaging plat-
forms has demonstrated that compa-
rable beam densities, relative to the 
size of the aneurysm, are possible in 
humans (34). This work therefore 
suggests additional parameters to 
consider that may be correlated with 
disease outcome and that clinicians 
may consider on a case-by-case basis 
when assessing patients.

Figure 7

Figure 7:  Group data regarding standard deviation of the high-resolution PWV measurements 
for all mice in the study, measured across the entire 4-mm window from 5 mm to 9 mm. (a) Box 
and whisker plot of subgroup means and standard deviations, (b) parallel coordinate plot of the 
normal baseline and AAA measurements for each mouse, and (c) box and whisker plot of the 
change in each mouse after AAA development, relative to their individual normal baseline values, 
are shown. The normal baseline data were acquired the day before angiotensin II infusion started 
(day 0), while the AAA data were acquired after 15 days of angiotensin II infusion (day 15). ∗∗∗ = 
P , .001/12, where 12 is the Bonferroni correction factor.
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