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Abstract— Assessment of strain in the longitudinal direction of 
the arterial wall has been suggested to improve the evaluation 
of arterial stiffness and atherosclerosis. Recently, we showed 
the feasibility of ultrasound speckle tracking to assess carotid 
longitudinal strain in-silico and in-vitro. However, validation 
in the more challenging in-vivo setting is still lacking. The aim 
of this study was to validate longitudinal strain assessment in 
the common carotid artery (CCA) in an animal setup. The left 
CCAs of five sheep were exposed during Isoflurane anesthesia 
and sonomicrometry crystals were sutured onto the artery wall 
to obtain reference longitudinal strain. Ultrasound long-axis 
images were recorded at baseline and hypertension 
(Phenylephrine) and an in-house speckle tracking algorithm 
was applied to estimate longitudinal strain. The estimated 
strain curves varied cyclically throughout the cardiac cycles, 
showing a lengthening of the arterial segment in systole. A 
significant correlation between peak systolic estimated and 
reference strain was found (r=0.95, p < 0.001). The results 
indicate the feasibility of arterial longitudinal strain 
assessment in-vivo using ultrasound speckle tracking.  
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I.  INTRODUCTION  

Methods for early detection and risk stratification in 
cardiovascular diseases are of major importance for 
prevention of acute ischemic events such as stroke and 
myocardial infarction. In recent years, ultrasound-based 
methods for estimation of arterial wall movement and strain 
have gained interest in the assessment of arterial stiffness 
and atherosclerosis. A variety of methods enabling 
measurements of radial and circumferential distention and 
strain have been developed and applied both in phantom 
setups and in-vivo [1-3] and arterial strain has shown 
potential in both subclinical detection of increased arterial 
stiffness [1] and in assessment of plaque characteristics to 
predict plaque rupture [4]. 

Assessment of longitudinal movement (along the flow 
direction) of the arterial wall has been suggested to improve 
the evaluation of arterial stiffness and atherosclerosis. 
However, in contrast to radial motion the longitudinal 
motion of the arterial wall has for long been neglected and 
remains difficult to assess due to its low amplitude in 

combination with low spatial resolution. Improved imaging 
techniques have allowed to estimate arterial longitudinal 
movement using ultrasound speckle tracking approaches [5, 
6] and it has been demonstrated to be of the same magnitude 
as the radial movement [7]. Moreover, it has been shown that 
the longitudinal motion of the artery may be an important 
factor in early detection of cardiovascular diseases [8]. In 
addition, recent studies associate reduced longitudinal wall 
motion with plaque burden [9] and potential to predict 
cardiovascular outcome [10]. This indicates the importance 
of arterial longitudinal function when assessing and 
evaluating cardiovascular diseases.  

However, the number of studies describing methods for 
longitudinal arterial strain assessment is limited. Recently, 
we showed the feasibility of ultrasound-based speckle 
tracking to assess carotid longitudinal strain in-silico [11] 
and in-vitro [12], but validation in the more challenging in-
vivo setting is still lacking. Accordingly, the aim of this 
study was to validate longitudinal strain assessment in the 
common carotid artery in an animal setup. 

II. METHODS 

Longitudinal strain of the common carotid artery of five 
sheep was estimated by ultrasound speckle tracking and 
compared with reference strain via sonomicrometry.  

A. Animal Preparation 

The experiments obtained ethical approval (EC n°: 
P160-2010) from the local ethics committee (Animal Ethics 
Committee of KU Leuven, Leuven, Belgium) and the 
experiments were performed in concordance to the Guide 
for the Care and Use of Laboratory Animals published by 
the U.S. National Institutes of Health (NIH Publication No. 
85-23, revised 1996). Five one-year-old female Swifter 
sheep (44-54 kg) were sedated with an intramuscular 
injection of Ketamine (15 mg/kg) and Xylazine (2%, 
0.01ml/kg). Anesthesia was induced with Isoflurane (5%) 
and the trachea of the animal was intubated. Anesthesia was 
maintained throughout the procedure with an Isoflurane 
(2-4%) – oxygen (50%) mixture, mechanically ventilated at 
a respiratory rate of 12 breaths/minute.  An intravenous line 
was inserted in an extremity vein and an arterial line in the 
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ear to allow drug administration and pressure 
measurements, respectively. Heart rate, blood pressure, end-
tidal CO2, and blood 02-saturation were constantly 
monitored throughout the procedure.  

The animal was positioned in supine position on a 
surgical table with a neck extension of 180º. A 5 cm wide 
longitudinal incision was made to expose the left common 
carotid artery approximately 2.5 cm distal to the carotid 
bifurcation, see Fig. 1b. A digital sonomicrometry system 
(Sonometrics Corporation, London, ON, Canada) was used 
to obtain reference values of longitudinal strain. Five 
sonomicrometry crystals with a diameter of 1 mm were 
attached with suture Prolene 5/0 to the adventitia of the 
proximal and distal carotid artery wall according to Fig. 1a-
b. The incision was then closed in layers and filled with 
ultrasound gel and saline solution. Later, to obtain a range 
of longitudinal strain values for the validation, hypertension 
was induced with infusion of Phenylephrine (3 μg/kg.min). 

B. Data Acquisition 

Ultrasound and sonomicrometry data were collected at 
baseline and induced hypertension after wound closure. 
Ultrasound long-axis images of the left common carotid 
artery were acquired using a Vivid7 system (GE Healthcare, 
Horten, Norway) with a linear array transducer (12L). 
Images were acquired throughout three cardiac cycles in a 
plane just parallel to the sonomicrometry crystals at a frame 
rate of 45.3 frames/s with a line density of 13.9 lines/mm. 
The image depth was 30 mm, whereas the image width was 
27 mm. Fig. 1c shows an example of a grayscale long-axis 
image of the left common carotid artery in one of the 
animals. Electrocardiogram (ECG) was registered using 
needle electrodes connected to the ultrasound system. Data 
for reference strain calculation were acquired using the 
sonomicrometry system at a sampling rate of 1 kHz 
throughout six cardiac cycles. Only one of the systems was 
active simultaneously in order to avoid sound interference. 

C. Data Analysis 

The collected data were analyzed offline using in-house 

developed Matlab software. Speckle tracking analysis was 

performed on the ultrasound images and the inter-crystal 

distances were processed to assess values of reference 

longitudinal strain.  

Speckle Tracking Analysis 
Speckle tracking analysis was performed on the envelope-

detected data throughout three consecutive cardiac cycles 

using the previously developed algorithm [13]. Two-

dimensional (2D) motion estimation was performed across 

subsequent frames using normalized cross-correlation 

(kernel width: 5 wavelengths (λ), kernel length: 2λ, 40% 

axial and lateral overlap, spline interpolation for detection of 

sub-sample motion). To remove outliers, the motion 

estimates were filtered by applying a 2D median filter on a 

region of 0.08 mm (axial) by 0.3 mm (lateral). This was 

followed by linear interpolation between samples to obtain 

motion estimates in the entire image. The displacement

           
Figure 1.  a) Schematic illustration of the left CCA with positions of 

sonomicrometry crystals (solid circles c1-c5). b) Photo of exposed left CCA 
with five attached sonomicrometry crystals. c) Ultrasound long-axis image 

of left CCA with red box indicating ROI for strain analysis. CCA; common 

carotid artery, ROI; region of interest. 
 

maps were then cumulated throughout the cardiac cycle 

using linear interpolation to account for sub-pixel motion.  

Longitudinal strain was estimated in a region of interest 

(ROI) manually positioned in the posterior vessel wall close 

to the position of the crystals (ROI width: 5.4 mm and ROI 

length: 0.5 mm), see Fig. 1c. The strain values were 

obtained by spatial linear regression after averaging in the 

radial direction. Finally, the estimated strain curves were 

drift compensated to obtain values of zero strain at the end 

of each cardiac cycle and low-pass filtered in order to 

remove noise, by convolving the curves with a normalized 

rectangular function of 6 samples in length.  

Sonomicrometry 

The inter-crystal displacement between crystal c4 and c5 (D) 

was processed to obtain reference longitudinal strain 

(Fig. 1a). Other crystals shown in Fig. 1a were not used in 

this study but enable assessment of e.g. reference 

circumferential strain in future studies. D was median 

filtered with a filter length of 35 ms to reduce noise and then 

averaged over six cycles. Longitudinal strain (ε) was then 

calculated throughout one cycle as:  
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Figure 2.  Longitudinal strain curves from the left common carotid artery in a sheep model estimated by speckle tracking and 
SONO at baseline (upper plots) and hypertension (lower plots). SONO; sonomicrometry. 

 

 
where D0 was the inter-crystal displacement at the start of 
the cardiac cycle and Dt the inter-crystal displacement at 
time point t. The start of the cardiac cycle was manually 
identified as the time point before the largest positive 
derivative of the curve.  

Speckle tracking versus Sonomicrometry 
The estimated peak systolic longitudinal strain at baseline 

and hypertension averaged over three cardiac cycles by 
speckle tracking was correlated with the reference strain by 
sonomicrometry using the Pearson correlation coefficient. 
P-values lower or equal to 0.05 were considered significant. 
The data was also processed in a Bland–Altman analysis. 
The variability in strain values over time were calculated as 
the relative mean difference (RMD) between the three peak 
systolic strain values as: 
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where ε1-3 was peak systolic strain for each of the three 

cardiac cycles and εSONO the peak systolic reference strain. 

III. RESULTS 

The heart rate was 70 ± 4 bpm and 142 ± 57 bpm and the 
systolic/diastolic blood pressure was 82 ± 8 / 63 ± 11 mmHg 
and 166 ± 20 / 138 ± 27 mmHg at baseline and hypertension, 
respectively. The estimated longitudinal strain curves varied 
cyclically throughout the cardiac cycle, showing a 
lengthening of the arterial segment in systole. Longitudinal 
strain curves from three of the sheep are shown in Fig. 2. A 
significant correlation between peak systolic estimated and 
reference strain was found (r = 0.95, p < 0.001) and the mean 
error between peak systolic strain by speckle tracking and 
sonomicrometry was 0.14 ± 0.14%, see Fig. 3. The 
variability of peak systolic strain over the three cardiac 
cycles expressed as RMD was 27 ± 12%. 

IV. DISCUSSION  

The results of this study indicate the feasibility of 
longitudinal strain assessment in the carotid artery wall in-
vivo using ultrasound speckle tracking, since a strong 
correlation (r = 0.95, p < 0.001) and small differences 
(0.14 ± 0.14 %) were found when comparing with reference 
strain via sonomicrometry. These results confirm previous 
studies reporting the feasibility of estimating longitudinal 
strain of the carotid artery wall both in-silico [11] and in-
vitro [12].  

In this study, the investigated arterial segment showed a 
lengthening in systole, which is in concordance with 
previous results from video microscopy in rats [14] but 
contradictive to a previous study using sonomicrometry in a 
porcine model [15]. In the latter, a shortening of the carotid 
artery in systole was demonstrated. However, differences in 
experimental conditions and procedures to attach the crystals 
are probable reasons to the differing findings.  

The surgical exposure may have affected the elastic 
properties of the artery although the adventitia was left in 
place and attention was paid to not damage it when suturing 
the crystals. Still, the obtained longitudinal strain pattern 
may be different from that of an unexposed artery. 
Hypertension was induced to alter the arterial strain pattern 
in order to obtain a range of strain values for validation. 
However, hypertension did not increase arterial longitudinal 
strain consistently (Fig. 2). The administration of an 
alternative drug to induce hypertension may have induced 
larger longitudinal strains than Phenylephrine, since arterial 
longitudinal motion has showed to increase in response to 
catecholamines [16]. However, the inner-most layer of the 
artery wall showed to increase more in longitudinal motion 
than the adventitia, resulting in an increased longitudinal 
shear strain. This indicates that it would most likely not have 
induced larger strains in this study where the crystals were 
sutured on the adventitia. 



 

 

Figure 3.  Correlation plot (a) and Bland-Altman plot (b) of peak systolic 

longitudinal strain by SONO and speckle tracking (mean of three cardiac 

cycles) in five sheep at baseline and hypertension. ST; speckle tracking, 
SONO; sonomicrometry 

A common source of error in ultrasound speckle tracking 
estimations is speckle decorrelation due to out-of-plane 
motion and tissue compression. It is also worth emphasizing 
the limitation of using sonomicrometry as reference method, 
since its accuracy is limited in terms of spatial resolution 
when measuring such small distances. Another factor that 
could have influenced the discrepancy between the methods 
was slightly different measurement sites, which was 
necessary in order to avoid interference of the crystals in the 
tracking process.  

The number of studies describing longitudinal strain of 
the arterial wall is limited and further research is required to 
determine the clinical value of arterial longitudinal motion 
and strain estimations although some studies have already 
shown that longitudinal motion may be an important 
contributor in the evaluation of cardiovascular diseases [9, 
10]. Likewise, further studies are needed to test the 
feasibility of this algorithm to perform cardiovascular risk 
stratification in large patient populations. The relative high 
variability in strain values over consecutive cardiac cycles 
obtained in this study stresses the importance of repeated 
measurements in future studies.   

V. CONCLUSION  

The results from this validation study indicate the feasibility 
of longitudinal strain assessment in the arterial wall in-vivo 
using ultrasound speckle tracking. However, the feasibility 
of assessing longitudinal strain of the human carotid artery 
using ultrasound speckle tracking needs to be further 
investigated along with the potential of the method to 
estimate arterial stiffness and characterize atherosclerotic 
plaques.   
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