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Abstract
Objectives Evaluate non-invasive vascular elastography (NIVE) in detecting vascular changes associated with obese children.
Methods Case-control study to evaluate NIVE in 120 children, 60 with elevated body mass index (BMI) (≥ 85th percentile for
age and sex). Participants were randomly selected from a longitudinal cohort, evaluating consequences of obesity in healthy
children with one obese parent. Radiofrequency ultrasound videos of the common carotid artery were obtained. The carotid wall
was segmented and NIVE applied to measure cumulated axial strain (CAS), cumulated axial translation (CAT), cumulated lateral
translation (CLT), maximal shear strain (Max |SSE|), and intima-media thickness (IMT). Multivariate analyses were used
controlling for age, sex, Tanner stage, blood pressure, and low-density lipoprotein. Statistical significance was set to 0.05–
0.008. Participants were 10–13 years old (mean 11.4 and 12.0, for normal and elevated BMI groups, p < 0.001), 58% and
63% boys, respectively. Groups differed in age, Tanner stage, and blood pressure. In the normal BMI group, there was weak
correlation between systolic blood pressure and Max |SSE| (r = 0.316, p = 0.01) and weak correlation between pulse pressure and
Max |SSE| (r = 0.259, p = 0.045). After Bonferroni correction, CAT was significantly higher in the elevated BMI group (0.68 ±
0.24 mm vs. 0.52 ± 0.18 mm), p < 0.001. CAS/CAT was significantly lower in the elevated BMI group (9.54 ± 4.8 vs. 13.34 ±
6.46), p = 0.001. IMT was significantly higher in the elevated BMI group (0.36 ± 0.05 mm vs. 0.32 ± 0.05 mm) before Bonferroni
correction, p = 0.013.
Conclusions NIVE detected differences in CAT and CAS/CAT in elevated BMI children. NIVE is a promising technique to
monitor radiological markers of subclinical atherosclerosis.
Key Points
• NIVE is a non-invasive technique based on measurement of subsegmental focal deformation of vascular wall to detect
subclinical changes in arterial wall compliance.
• Children with elevated BMI showed increased carotid artery wall movement during systole, as compared to normal BMI
children (mean 0.68 ± 0.24 mm vs. 0.52 ± 0.18 mm; p < 0.001) and a lower ratio of vascular wall strain to wall movement
during systole (mean 9.54 ± 4.8 vs. 13.34 ± 6.46; p = 0.001).
• The detection of these subclinical changes helps physicians in the stratification of children at risk of atherosclerosis and guides
in the implementation of preventive measures.
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Abbreviations
ANOVA
Analysis of variance
BMI
Body mass index
CAS
Cumulated axial strain
CAT
Cumulated axial translation
CLT
Cumulated lateral translation
IMT
Intima-media thickness
LDL
Low-density lipoprotein
Max |SSE| Maximal shear strain
NIVE
Non-invasive vascular elastography
PWV
Pulse wave velocity
RF
Radiofrequency

Introduction
Atherosclerosis begins subclinically in childhood [1, 2],
particularly in children with obesity [3, 4]. The initial step
is endothelial dysfunction, followed by abnormal
vasomotion and increased arterial stiffness [5]. Fat deposition, combined with changes in the mechanical properties of the carotid wall, ultimately leads to atherosclerotic
plaques in adulthood [6].
There are several methods to assess subclinical changes
in vessel wall compliance [7, 8]. Carotid artery intimamedia thickness (IMT) is a marker associated with early
atherosclerosis, but in the pediatric population, it varies
according to technique [9–12]. Pulse wave velocity
(PWV) is currently the method of choice to assess arterial
stiffness clinically [13]. PWV refers to the time of propagation of the arterial pulse pressure. The beta stiffness
index (β), or the difference in luminal diameter between
systole and diastole, is another indicator of arterial wall
elasticity [8].
Non-invasive vascular elastography (NIVE) makes use
of the natural cardiac pulse to evaluate vessel wall biomechanics. Compared to PWV and the β-stiffness index providing a global measure of the vessel wall elasticity,
NIVE assesses a local deformation of the vessel wall
displayed on two-dimensional images [14]. Elastogram
parameters are averaged over the vessel wall at each time
frame to provide time-varying curves representing the
vessel wall deformation and translation during the whole
cardiac cycle [14–16].
NIVE is a promising non-invasive alternative to elasticity and IMT measurement, with proven reliability in
adults [17, 18]. The aim of this study was to evaluate
the potential of NIVE as a non-invasive method to calculate IMT and detect early changes in vascular biomechanics associated with obesity in children.

3855

Materials and methods
Study design and patient population
We conducted a case-control observational prospective study
comparing NIVE parameters in children with normal and elevated body mass index (BMI). We randomly selected 60
overweight/obese children (as defined by BMI ≥ the 85th
percentile for age and sex) and 60 non-overweight children
(BMI < 85th percentile) from a longitudinal cohort evaluating
the cardiometabolic consequences of obesity in childhood [19,
20]. IMT and other measures analyzed for the present study
were taken at the second visit of the cohort, in 2008–2011.
Recruitment pamphlets for the original cohort were distributed
in schools. Inclusion criteria were the following: age 8–
10 years at cohort entry, Caucasian origin, healthy status and
not known hypercholesterolemic, and having at least one
obese parent (as defined by BMI ≥ 30 kg/m2) irrespective of
other co-morbidities. Exclusion criteria were the following:
cognitive impairment, use of hypertensive medication or oral
steroids, maternal status either pregnant or breastfeeding, or
geographical location subject to change. The duration of overweight and obesity is not available for this initial assessment.
The study was approved by applicable institutional ethics review boards. Written informed consent was obtained from the
children’s caregivers.

Outcome measures
Primary endpoints were cumulated axial strain (CAS), cumulated axial translation (CAT), CAS/CAT, cumulated lateral
translation (CLT), and maximal shear strain (Max |SSE|). The
secondary endpoint was IMT, calculated using the same video
as the other NIVE analyses. Since obesity and lipid profiles are
associated with cardiovascular disease, and since NIVE reflects the inherent deformation of the vessel wall secondary
to distension and relaxation in systole and diastole, we included the following as independent variables: BMI, age, sex, systolic and diastolic blood pressures (taking into account pulse
pressure), and low-density lipoprotein (LDL). All information
and carotid ultrasound data were collected at the same visit.
Blood pressure was taken 1.5 hours on average before the
ultrasound exam. Weight was measured twice on an electronic
scale to the nearest 0.1 kg. Height was measured twice to the
nearest 0.1 cm. BMI was calculated as weight (kg)/height (m)2.
We defined overweight and obesity according to the definition
used by the Centers for Disease Control, with z-scores adjusted
for age and sex. Tanner stage was determined by specialized
staff. Blood pressure was calculated as the mean of the last
three of five measures taken one minute apart after at least five
minutes of rest, using a Dinamap XL Vital Signs Monitor.
Serum LDL was measured after overnight fasting.
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Image acquisition
We acquired ultrasound images of the far wall of the common
carotid artery, as recommended by the Mannheim consensus,
using a transcutaneous ultrasound probe within 2 cm from the
carotid bifurcation in longitudinal view. The participants were
in the supine position with the head tilted 45° to the opposite
side. We used a linear array L10-5 40-mm ultrasound transducer (model 410503) on the MyLab70 platform (Esaote)
equipped with an ART.LAB application (Pie Medical
Equipment B.V.) to record a radiofrequency (RF) digital data
stream which typically included 250 to 300 images. All participants had more than one video sequence recorded. Some
had videos done by two independent operators with more than
five years of experience in ultrasound. Analysis of the time
sequence videos was blinded as to participant group and was
done by a research assistant (MHRC) with 8-year experience
in NIVE.

Carotid wall segmentation and NIVE computation
Segmentation of the vessel wall and NIVE computation were
performed for the entire cine-loop acquisition using a software
implemented in a dedicated platform (ORS Visual, Object
Research Systems (ORS) Inc.). A region of interest delineated
by two contours defining the lumen-intima and the mediaadventitia interfaces was manually traced on a single frame
of the cine-loop acquisition. These contours were then automatically adapted according to gray level Nakagami probability distribution modeling, and propagated to segment the carotid artery wall on all remaining frames [21, 22]. Noninvasive elastography was then applied to the segmented area
to generate 2D displacement maps between consecutive ultrasound frames. Elastography provided axial and lateral translations, strain and shear strain (axial and lateral indicate respectively the directions along and perpendicular to the
Fig. 1 Example of a
measurement window shown on a
static image of the common
carotid artery. The segmented
wall region and measurement
window are the green line and
white rectangle, respectively.
Pixels within both the segmented
wall and measurement window
(magenta region) were used to
compute the two-dimensional
displacements corresponding to
the window center point
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ultrasound beam). Translations are rigid displacements within
the cardiac cycle. The axial strain indicates a compression or
dilation of the vessel wall produced by the pulsating blood
pressure. The shear strain corresponds to an angular deformation due to the mechanical heterogeneity of the vessel wall.
Two-dimensional displacement images were computed using
local overlapping measurement windows of size 6.3 ×
0.9 mm2 (20 × 40 pixels); pixels within the window but outside the segmented carotid artery wall were excluded from
estimation (Fig. 1).
CAS, as a percentage, measures the range of variation in
axial strain within a cardiac cycle. CAT, in millimeters, reflects
the total amplitude of the axial translation of the vessel wall as
it distends. CAS/CAT indicates strain per unit axial translation. Max |SSE|, as a percentage, is the peak axial shear strain
during a cardiac cycle. CLT, in millimeters, represents the total
amplitude of the movement from left to right in a longitudinal
view of the carotid artery. IMT was calculated from the automatically detected contours and was averaged along the entire
segmented vessel wall and over the entire length of the cineloop (more than one cardiac cycle), excluding the adventitia.
Each outcome was averaged over all available cardiac cycles.

Statistical analysis
Taking into consideration the variables we wished to include
in the study, we prospectively calculated a sample size of 90
participants to achieve a power of 80% for a significance level
of p < 0.05. We used univariate unpaired two-tailed Student’s t
test and chi-square analyses to compare demographic, clinical,
and biological variables between the normal weight and
overweight/obese groups. We also assessed correlations between systolic and diastolic pulse pressure and the four
NIVE parameters and IMT, using Pearson’s correlation coefficient. P < 0.05 indicated statistical significance throughout.
All categorical and linear variables were included in a
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Results

Fig. 2 Flow chart of the visit from which 120 children were randomly
selected for NIVE assessment, n = 60 in each group

multivariate model (ANOVA) while controlling for age, sex,
Tanner stage, blood pressure, and LDL. We applied
Bonferroni correction to confidence intervals as well. The
reproducibility of the elastography parameters was evaluated
by an interobserver agreement analysis in 18 patients who had
two video sequences for the same side performed by two
independent operators. A two-way ANOVA analysis was
done for the 120 participants for the correlation between
weight group and operator for all the NIVE-derived measures.
All analyses were performed using SAS version 9.3 and
MedCalc version 17.2.

A flow chart of the cohort from which the two groups were
obtained is shown in Fig. 2. Demographic and social profiles
have been previously described [19]. Of the 120 randomly
selected children, 35 (58%) and 38 (63%) were boys, in the
normal and elevated BMI groups, respectively (Table 1).
Mean age (95% confidence interval) was slightly older in
the elevated BMI group as compared to normal BMI group
(12.0 years (11.8–12.2) vs. 11.4 years (11.2–11.7), respectively; p < 0.001). The two groups also differed significantly with
respect to LDL, systolic and diastolic blood pressure, and
Tanner stage. Three children in the normal BMI group had
borderline high LDL blood levels while one child in the elevated BMI group had borderline LDL and another had high
LDL; the remainder had acceptable levels, as per American
Academy of Pediatrics standards (< 2.85 mmol/L). Only one
child had high systolic blood pressure, defined as > 95th percentile for age and sex, and that was in the elevated BMI
group. There were 26 children (43%) with Tanner stage ≥ 2
in the normal BMI group and 43 (72%) in the elevated BMI
group.
Pearson correlation analysis did not show any relationship
between blood pressure and NIVE-derived measures and IMT
in the elevated BMI group (Table 2). In the normal BMI
group, there was a weak correlation between systolic blood
pressure and Max |SSE| (r = 0.316, p = 0.013). There was also
a weak correlation between pulse pressure and Max |SSE| (r =
0.259, p = 0.045) (Table 2). There was no collinearity between
blood pressure and outcomes.
ANOVA multiple comparisons for primary outcome variables were done between groups and adjusted for age, sex,
Tanner stage, blood pressure, and LDL. After Bonferroni

Table 1 Group comparison of
BMI z-score, age, sex, Tanner
stage, blood pressure, and LDL
BMI z-score, mean (95% CI)
Age (years), mean (95% CI)
Sex male, n (%)
Tanner stage, n (%)
1
2
3
4
5
Systolic blood (mmHg), mean (95% CI)
Diastolic blood pressure (mmHg), mean
(95% CI)
LDL (mmol/L), mean (95% CI)

Normal BMI group
(n = 60)

Elevated BMI group
(n = 60)

p value

− 0.73 (− 0.92; − 0.54)
11.4 (11.2; 11.7)
35 (58)

1.96 (1.83; 2.08)
12.0 (11.8; 12.2)
38 (63)

< 0.001
< 0.001
0.70

34 (57)
17 (28)
6 (10)
3 (5)
0 (0)
93 (91; 95)
48 (46; 49)
2.14 (2.00; 2.27)

Threshold of statistical significance set at p < 0.05
BMI body mass index

17 (28)
18 (30)
16 (27)
7 (12)
2 (3)
100 (97; 103)
52 (50; 54)
2.36 (2.20; 2.53)

0.007

< 0.001
< 0.001
0.033
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Pearson correlation coefficients and p values for blood pressure and outcomes in both groups of children with normal and elevated BMI
CAS

CAT

CLT

|SSE|

Normal BMI Elevated BMI Normal BMI Elevated BMI Normal BMI Elevated BMI Normal BMI Elevated BMI
Systolic blood pressure

r = 0.008
p = 0.94

Diastolic blood pressure r = 0.062
p = 0.63
r = − 0.039
p = 0.76

Pulse pressure

r = 0.111
p = 0.40

r = 0.057
p = 0.66

r = 0.112
p = 0.39

r = 0.158
p = 0.23

r = − 0.042
p = 0.74

r = 0.316
p = 0.013

r = 0.116
p = 0.37

r = − 0.166
p = 0.20

r = − 0.167
p = 0.19

r = 0.097
p = 0.45

r = 0.240
p = 0.06

r = 0.202
p = 0.12

r = 0.174
p = 0.18

r = 0.077
p = 0.56
r = 0.127
p = 0.33

r = − 0.042
p = 0.75
r = 0.00
p = 0.99

r = 0.147
p = 0.25
r = 0.259
p = 0.045

r = 0.016
p = 0.90
r = − 0.018
p = 0.88

BMI body mass index, CAS cumulated axial strain, CAT cumulated axial translation, CLT cumulated lateral translation, |SSE| maximal shear strain

correction, only CAT and CAS/CAT remained significant between groups, with a lower CAT and a correspondingly higher
CAS/CAT ratio in the normal BMI group as compared to the
elevated BMI group (Table 3). Using unadjusted values, Max
|SSE| was also significantly lower in the normal BMI group
(0.48% vs. 0.53% for normal and elevated BMI groups, respectively; p = 0.04). Figure 3 shows NIVE curves for the
same parameters.
IMT was significantly lower in the normal BMI group as
compared to the elevated BMI group (0.32 mm vs. 0.36 mm,
respectively), with an adjusted mean difference of 0.03 (95%
CI 0.007–0.054, p = 0.013), before Bonferroni correction.
After Bonferroni correction, however, this was no longer significant (Table 3). There was no correlation between IMT and
CAT in either group (r = 0.177, p = 0.17 in the normal BMI
group and r = 0.088, p = 0.50 in the elevated BMI group).
The intraclass correlation coefficient (ICC) was good for
CAT (0.61), fair for CAS/CAT (0.55), CLT (0.42), Max |SSE|
(0.42), and NIVE-derived IMT (0.52). ICC was weak for
CAS (0.19). The two-way ANOVA analysis did not show
correlation between group category (normal versus elevated
BMI) and operator for all the NIVE-derived measures (CAS
Table 3

p = 0.51, CAT p = 0.64, CAS/CAT p = 0.13, CLT p = 0.76,
Max |SSE| p = 0.56) and for IMT (p = 0.93).

Discussion
NIVE measurements were able to discern differences in common carotid CAT in children with elevated BMI as compared
to children with normal BMI, irrespective of age, sex, blood
pressure, and Tanner stage. NIVE had previously been shown
to detect decreased vascular elasticity in adults with aging, and
in men as compared to women [16]. While NIVE has been
proven reliable and reproducible in adults [16], and of clinical
relevance to characterize atherosclerotic plaques [17, 18], this
is the first time it has been studied in great detail in children.
Several studies in the literature have tried to evaluate the
complex relationship between arterial stiffness and obesity.
Recent meta-analyses have shown increased arterial stiffness
in obese children and adolescents as compared to non-obese
controls [23, 24]. One of these presented moderate evidence of
a relationship with PWV [23], while the other showed a strong
relationship with both PWV and β-stiffness index [24]. NIVE

Adjusted and unadjusted ANOVA analysis comparing the 6 outcomes between the two groups of children with normal and elevated BMI

CAS (%)
CAT (mm)
CAS/CAT
CLT (mm)
Max |SEE| (%)
IMT (mm)

Normal BMI group (n = 60)

Elevated BMI group (n = 60)

Adjusted mean differences

Mean

STD

Mean

STD

p value

Mean

95% CI

6.108
0.516
13.348
0.981
0.480
0.322

1.786
0.176
6.467
0.336
0.128
0.052

5.722
0.675
9.540
0.905
0.528
0.357

1.862
0.243
4.814
0.341
0.126
0.053

0.25
< 0.001
< 0.001
0.22
0.04
< 0.001

− 0.230
0.163
− 4.200
− 0.097
0.024
0.030

− 1.336
0.033
− 7.670
− 0.304
− 0.051
− 0.002

p value
0.876
0.292
− 0.729
0.109
0.099
0.062

0.58
< 0.001*
0.001*
0.21
0.38
0.013

p values are calculated using Student’s t test for unadjusted mean differences and multiple linear regression for adjusted means (adjusted for age, gender,
Tanner stage, blood pressure, and LDL). To account for multiple comparisons, threshold for statistical significance was set at p < 0.008 using the
conservative Bonferroni correction; 95% CI is also corrected for Bonferroni
CAS (%), cumulated axial strain; CAT (mm), cumulated axial translation; CAS/CAT, ratio cumulated axial strain over cumulated axial translation; CLT
(mm), cumulated lateral translation; Max |SSE| (%), maximal shear strain; IMT, intima-media thickness
*Considered statistically significant using Bonferroni correction
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Fig. 3 a Graph showing axial strain curves provided by the spatially
averaged strain within the segmented area of the carotid artery from
every elastogram during systole and diastole. Four cardiac cycles are
displayed in this example. The curve represents the cumulated axial
strain (CAS) computed between two successive radiofrequency images.
The parameter CAS indicates the magnitude of the cumulated strain averaged over all cycles. A negative value for strain indicates vascular tissue
compression and hence luminal enlargement (systole), whereas a positive
value corresponds to vascular tissue relaxation and hence luminal diameter reduction (diastole). b Graph of the cumulated axial translation
(CAT) or displacement of the vessel wall. The parameter CAT corresponds to the magnitude of the cumulated translation averaged over all
cycles. c Same as above, for instantaneous and cumulated lateral translation (CLT)

demonstrated biomechanical differences in arterial function in
children with elevated BMI as compared to those with normal
BMI. In fact, NIVE could be a potential surrogate for PWV, as
it analyzes movement in subsegments of the arterial wall itself.
This has been demonstrated in the study of the feasibility of
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pulse wave imaging in the adult carotid artery [25]. NIVE
looks at the elasticity and IMT at the same time.
NIVE reflects the fact that the arterial wall deforms proportionally to pulse pressure during systole and diastole, due to
the cyclical driving force inducing wall compression and dilatation. Intuitively, with an increase in blood pressure, the
strain magnitude should increase. The maximal shear strain
has been shown in adults to assess plaque stability [26]. In
children, we found a significantly higher Max |SSE| in the
elevated BMI group. This difference did not prevail, however,
after adjusting for age and blood pressure. This finding is not
surprising, given the central role of blood pressure in shear
strain generation. It is in agreement with the factors that led to
the recommendations for standardization of the assessment of
subclinical atherosclerosis in children, namely, taking blood
pressure into account in the interpretation of elasticity and
IMT values [27].
After controlling for blood pressure (both systolic and diastolic were higher in the elevated BMI group of our cohort),
and using Bonferroni correction, CAT remained significantly
higher in children with elevated BMI as compared to those
with normal BMI (Table 3). CAT reflects the range of variation in axial translation of the artery as the vessel wall deforms
with the cardiac cycle and the lumen size changes accordingly.
Moreover, the strain per unit translation (CAS/CAT) was also
significantly higher in the normal BMI group even though
CAS did not differ between groups. Lower CAS/CAT ratio
in the elevated BMI group reflects stiffer arteries deforming
less for a similar translation attributed to the pulse pressure. It
is proposed as an additional NIVE parameter because it is
easier to interpret than CAT alone. The fact that CAS did not
differ between groups may be related to the compensatory
higher axial motion of the stiffer wall. NIVE results thus indicate certain differences in the mechanical properties of the
vessel wall in children with elevated BMI, confirming previous findings of subclinical arteriosclerosis in obese children
and adolescents [3, 4], a phenomenon not explained by blood
pressure alone.
Elevated IMT is associated with obesity in children
[28–30]. IMT measurement techniques in the pediatric
population generally rely on B-mode ultrasound and RF
echotracking–based ultrasound, using manual or
automated/semi-automated techniques. IMT measurements obtained with NIVE segmentation algorithms represent an average value over the entire cardiac cycle and
vessel segment. These algorithms include maximum likelihood and iterative methods of exploration selection,
based on RF probability distribution data defining image
speckle. As with other techniques [28–30], IMT measured
by NIVE in our cohort was significantly higher in the
elevated BMI group. After Bonferroni correction, however, this difference was no longer significant; notably,
Bonferroni represents a conservative approach and is
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prone to produce a higher false negative result. Weberruß
et al did not find a relationship between BMI and IMT
using a semi-automated B-mode technique [31]. This
could be related to the poor correlation within the IMT
measurement techniques as our results show. Our IMT
measurements using NIVE were also lower than the RF
echotracking curves published in the literature (mean of
0.4 mm for 15-year-old boys, according to Engelen et al
[32]). This could be attributed to the mathematical calculations of IMT inherent in these algorithms, or perhaps to
differences in age and sex, as our cohort was children of
both sexes, 10–13 years old.
There were several limitations to our study. First, all children in the cohort had an obese parent, introducing potential
bias. Prospective studies are therefore needed to test the validity and reproducibility of our results. Second, as there were
many covariables, and as a conservative statistical approach is
to be used, a larger sample is required to evaluate CAS and
Max |SSE| as potential markers. Third, the technique we used
to obtain IMT should be compared to other techniques to
validate its accuracy; we did not use electrocardiogramguided measurements or different insonation angles [9].
Lastly, calculation of interobserver variability showed a good
to fair agreement for most NIVE-derived measures while one
parameter (CAS) had a weak agreement. In general, the ICC
values were in the range of agreement found for IMT measurement in children [12].
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