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Abstract—In low- and middle-income regions, a relatively large number of deaths occur from cardiovascular disease
or stroke. Carotid intima–media thickness (cIMT) and carotid lumen diameter (cLD) are strong indicators of car-
diovascular event risk and stenosis severity, respectively. The interactive open-source software described here,
Cimtool, is based on active contours for measuring these indicators in clinical practice and thus helping in pre-
ventive diagnosis and treatment. Cimtool was validated using carotid phantoms and real images obtained using
ultrasound. Expert users measured cIMT and cLD in regular practice and also with Cimtool. The results ob-
tained with Cimtool were then compared with the results for the manual approach in terms of measurement
agreement, time spent on the measurements and usability. Intra-observer variability when using Cimtool was also
analyzed. Statistical analysis revealed strong agreement between the manual method and Cimtool (p > 0.01 for
cIMT and cLD). The correlation coefficient for both cIMT and cLD measurements was r > 0.9. Moreover, this
software allowed the users to spend considerably less time on each measurement (3.5 min per study versus 50 s
with Cimtool on average). An open-source, interactive, validated tool for measuring cIMT and cLD clinically was
thus developed. Compared with the manual approach, Cimtool’s straightforward measurement flow allows the
user to spend less time per measurement and has less standard deviation. The coefficients of variation for mea-
surements and intra-observer variability were lower than those reported for recent automated approaches, even
with low-quality images. (E-mail: manterolaluis@conicet.gov.ar) © 2018 World Federation for Ultrasound in
Medicine & Biology. All rights reserved.
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INTRODUCTION

Motivation
Cardiovascular diseases (CVDs) are one of the leading
causes of disability and morbidity worldwide. Recent
reports indicate that around 16 million people have a stroke
every year. Additionally, these afflictions combined cause
more deaths than any other, with 8 million caused by CVDs
and 7 million caused by stroke (World Health Organization
[WHO 2016). Furthermore, a significant percentage (~70%)
of these deaths occur in low- and middle-income popu-
lations (Avezum et al. 2009; World Health Organization
(WHO 2014).

Carotid artery disease is a primary example of CVD
and is caused by atherosclerosis (Araki et al. 2014). Ath-
erosclerosis is a progressive process consisting of the growth
of lipid plaques that damage the endothelium of the ar-
teries. This accumulation narrows the lumen, blocking the
flow of blood and oxygen (Sobieszczyk and Beckman
2006). As the disease progresses, the plaque can break up,
resulting in emboli flowing downstream from the affect-
ed location, in turn leading to a stroke or myocardial
infarction. Therefore, carotid lumen diameter (cLD) is con-
sidered a strong biomarker for stenosis assessment (Araki
et al. 2016). Additionally, carotid intima–media thick-
ness (cIMT) is another well-established indicator for
monitoring CVD and predicting the occurrence of major
adverse cardiovascular events (Polak et al. 2010). Several
studies have reported threshold cIMT values that indi-
cate the presence of cardiovascular disease when exceeded
(Araki et al. 2015; Ikeda et al. 2013). Recent works have
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also revealed a strong relationship between cIMT values
and the severity of coronary artery disease (Golemati et al.
2007; Ikeda et al. 2015). Thus, it has been determined that
cIMT and cLD are strong, independent risk biomarkers
of significant interest for predicting and diagnosing car-
diovascular events.

B-Mode ultrasound (US) imaging is a non-invasive,
real-time and relatively inexpensive technique widely used
for the visualization and measurement of cLD and cIMT
(Shung 2015).

Previous works
On the one hand, manual measurements are tedious

and have higher intra-observer variability Molinari et al.
(2010). Consequently, reliability, accuracy, reproducibil-
ity and monitoring of the measures could be compromised,
because measurements are taken at a limited number of
points along the interface of the carotid (McCloskey et al.
2014). In this regard, several studies have discussed the
need for systems for carotid measurement computation
(Bots et al. 2007; Polak et al. 2010; Pursnani et al. 2014).
On the other hand, automated image-based identification
of the carotid tissue is very challenging (Molinari et al.
2010). Several aspects such as transducer frequency and
type, scanning protocol, orientation of the probe, control
gain, zooming and quality of the embedded software greatly
hinder that task (Bastida-Jumilla et al. 2013; Nicolaides
et al. 2011; Saba et al. 2014; Sanchez et al. 2012). Fur-
thermore, plaque growth at the interface of lumen and
tunicas could create variations in image contrast depend-
ing on its composition (Suri et al. 2005). In the presence
of poor image quality, interactive tools are mandatory to
correct errors because fully automated tools fail when blood
backscattering or side vessel shadows artifacts are present
(Delsanto et al. 2007).

Our approach
Considering all previous premises, we have devel-

oped, assessed and made available online an open-
source, interactive tool called Cimtool for assisting
physicians in the assessment of both cLD and cIMT. An
adequate compromise between (i) accuracy and reliabil-
ity compared with sonographer’s manual readings and (ii)
robustness when using low-quality or heterogeneous images
was pursued. Carotid phantoms were previously devel-
oped (Manterola et al. 2017). These were imaged using
a regular ultrasound machine for a first assessment of our
system. Then, images from real patients with plaque, ar-
tifacts and different levels of zooming were used. On our
set of images, two expert users of carotid ultrasound
imaging measured cLD and cIMT both manually and using
Cimtool. Additionally, Cimtool intra-observer variability
and time spent with each measurement method was
analyzed.

METHODS

Development of Cimtool
Cimtool was developed using specialist software

(MATLAB, The MathWorks, Natick, MA, USA). Its ar-
chitecture is schematically represented in Figure 1. The
workflow is the same whether cLD or cIMT is to be mea-
sured, and it was developed to be simpler than the manual
approach without compromising accuracy. Measurement
methodology described in Wikstrand (2011) was fol-
lowed. First, a DICOM image provided by the ultrasound
machine must be loaded. After that, at least one point has
to be placed near the near lumen–intima interface when
measuring cLD or the far lumen–intima interface when
measuring cIMT. Normally, the more blurry or noisy is
the interface, the more points are required. After the user

Fig. 1. High-level schematic view of Cimtool. Contours over interfaces of interest are computed on a DICOM carotid image.
Measurements and statistics are then stored. cIMT = carotid intima–media thickness; cLD = carotid lumen diameter.
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completes placement of the points, a contour is calcu-
lated and drawn over the image as explained in the
following section. If the contour is unsatisfactory to the
user, it can be re-calculated without re-starting the process.
In the next step, the user indicates points on the far lumen–
intima interface (cLD) or far media adventitia (cIMT),
where another contour is calculated and drawn. After both
contours are accepted, the user must select a segment of
interest for measurement by clicking on the segment’s be-
ginning and end. Finally, two files are stored: one containing
measurement statistics such as average, median, mean and
standard deviation and another containing the chosen point
coordinates, the nodes of the contour and the distances
between those nodes (i.e., the measurements as detailed
below). A scheme of this workflow is provided in Figure 2,
for the case of cLD measurement; for cIMT measure-
ment, the workflow is analogous.

Contour deformable model
Active contours have been widely used for medical

image processing and specifically for cIMT identifica-
tion (Bastida-Jumilla et al. 2015; McInerney and
Terzopoulos 1996; Molinari et al. 2010). They provide an
extensible framework for detecting objects with blurry
boundaries in noisy images, such as in the present study.
The active contour model consists of a parametric closed
curve of N nodes. Based on an initial contour, the loca-
tion of each node of the curve X moves iteratively according
to the first-order ordinary differential equation of motion.
The equation to update node Xi from iteration i to i + 1
is

X X a b q pfi i i i i i+ = − + − −( )1
1

γ
α β ρ (1)

where αi, βi, ρi and fi are the stretching force, bending force,
inflation and edge attraction at Xi, respectively. Equation
(1) iteratively proceeds until the displacement of every node
does not exceed a given error tolerance (i.e., Xi+1 ~ Xi).

To use this framework in the present problem, some
adaptations were required. In a long-axis view of a carotid
artery, a contour representing the edge of a wall is not a
closed curve. A direct application of the deformable model
would generate an imbalance in the forces affecting the
first and last nodes, being propagated through the itera-
tions. This will lead to the curve curling over itself over
the boundaries of I. On the other hand, To solve this, the
image I is extended to right and left (Iext) with a matrix
of zeros of arbitrary width. When the deformation of the
curve stops, the nodes of the curve located in the added
regions are discarded.

For stretching and bending forces, some adapta-
tions were done as well. As the user places points close
to the edge of interest, the force ρi can be disregarded,
leaving the edge attraction fi as the only external force.
Furthermore, as no a priori information on concavity or
convexity of contours could be assumed, the bending force
βi must be set to 0. Then, eqn (1) is re-written as

X X a pfi i i i+ = − −( )1
1

γ
α (2)

To compute fi, Iext was first filtered using a median
filter with a 3 × 3 window. This filter is useful for general

Fig. 2. Cimtool workflow for calculation of carotid lumen diameter. The process for measurement of carotid intima–media
thickness is analogous. (a) Image is loaded. (b) Points are placed over near lumen–intima interface. (c) Contour for near lumen–
intima interface is calculated. If the contour is not satisfactory, it can be re-calculated without re-starting the entire process. (d)
Points are placed over far lumen–intima interface. (e) Contour for far lumen–intima interface is calculated. (f) Segment of in-

terest is chosen.
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despeckling purposes (Lo Vercio et al. 2016). Then, a gauss-
ian gradient Gσ filter is applied. Because of the horizontal
disposition of the edges (i.e., artery walls),

f G Ii
y y

ext= ∂
∂

∂
∂

∗( )σ

The values γ = 10, a = 0.15, p = 1 and σ = 0.3 were
experimentally determined and used in our experiments.

Contour distance
As lumen–intima, intima–media and media–adventitia

interfaces are relatively parallel and horizontally dis-
posed, computing the distance between two nodes of the
curves by counting the number of pixels in their columns
seems a natural choice. However, as these interfaces are
irregular, considering two nodes in the same column might
not be an accurate representation (Fig. 3). For this reason,
the closest point was obtained by searching in the per-
pendicular direction. As illustrated in Figure 3(a), from the
node Xi in interface 1, two nodes Xi−n and Xi+n are
selected. A straight segment S intersecting Xi−n and Xi+n is
computed, and then a perpendicular segment to S di-
rected toward interface 2 is retrieved.

To compute the actual distance, a mask of the image
I is created, setting to 1 all the pixels between the inter-
faces and setting to 0 the rest (Fig. 3b). Starting on Xi

1 ,
an iterative process starts in the direction of the perpen-
dicular slope. By use of subpixel steps, the process stops
when a zero value is found. Then, the Euclidean dis-
tance between Xi

1 and Xi
2 is computed. It is worth

mentioning that the real size of a pixel is obtained from
the DICOM image provided by the ultrasound machine.

This process is repeated for all the nodes in the curve
corresponding to interface 1, resulting in a set of mea-
surements. Then, the mask is flipped and a new set of
measurements are obtained in the same way. The final mea-

surements are calculated by averaging these two sets.
Finally, mean, median and standard deviation are computed.

Experimental setup

Carotid phantoms. We developed phantoms to assess
the viability of the tool for measuring cLD and cIMT. These
were made with layers of gelatin and porcine meat that
resembled a carotid artery when subjected to ultrasound
analysis. Further details on the development of these phan-
toms can be found in Manterola et al. (2017). Ultrasound
images of the phantoms were taken using a compact
console ultrasound system (Esaote MyLab40, Esaote Group,
Genova, Italy) with linear transducer LA523, as illus-
trated in Figure 4. Cimtool was also tested on ultrasound
images of real carotid arteries taken with the same
equipment.

Validation. Fifteen ultrasound images of a single carotid
phantom and 70 images of the common carotid arteries of pa-
tients were analyzed separately. Fifty-five percent of the patients
were male; the age range was 15–55 yrs. All patients were ex-
amined as in a routine checkup. The protocol for this research
was evaluated and approved by the institutional ethics and re-
search committee. The study was carried on in agreement with
the Declaration of Helsinki and the Guideline for Good Clin-
ical Practice of the European Medicines Agency. Written
informed consent was obtained from the participants or their
responsible person. For each image, a segment of interest 2.5 cm
wide or larger was considered. For cIMT measurements in par-
ticular, Cimtool checks that a minimum of 150 points (i.e., active
contour nodes) can be computed in the selected region, ac-
cording to the Manheim Consensus (Touboul et al. 2012). Then,
cIMT and cLD were manually calculated according to the
normal practice (Fig. 4). Expert users placed 15 points per in-
terface and averaged manually the distances between them for
every image (Fig. 5). The same indicators were then mea-

Fig. 3. Distance computation. (a) Xi
1 is the current node on interface 1, and Xi+1

1 and Xi−1
1 are the nodes used to calcu-

late the perpendicular node Xi
2 on interface 2 to compute d, which is the correct distance between the curves. The black

dashed line indicates the distance if the column corresponding to Xi
1 is used. (b) Binary mask with the calculation at

the pixel level.
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sured using Cimtool. Measurements with Cimtool were
performed twice to assess intra-observer variability.

Both for the manual method and Cimtool, measure-
ments from an image I are blocks of data (i.e., distances
between the caliper points or the nodes of the contours,
respectively). For every image along a region of interest
≥2.5 cm, n1 distances were computed for the manual ap-
proach and n2 distances for Cimtool (n1 < < n2). Caliper
points in the manual measurements and nodes in Cimtool
do not correspond one to one.

To determine the appropriate statistical test to be used
on the data, two aspects were assessed: (i) the normality
of the residuals and (ii) the homoscedasticity (i.e., the ho-
mogeneity of the variances). It is important to note that
if (i) and (ii) are not true, statistical tests cannot be assumed
to be valid. For (i), a Shapiro–Wilk test was carried out.
The null hypothesis of this test is that the residuals’ dis-
tribution of the measurements is normal. For (ii), a variance
test F = S1/S2 with Na − 1 and Nm − 1 degrees of freedom
(Na = 12750 and Nm = 1275) was performed. The null hy-
pothesis in this case is that the variances are homogeneous.
Both phantoms and real images measurements presented
homoscedasticity and not normality of the residuals, which
are the pre-conditions for applying a non-parametric anal-
ysis of variance (ANOVA) test such as Kruska–Wallis. This
test was then carried out to detect statistically significant
differences between measurements.

Additionally, the expert users measured each image
twice when using Cimtool so that intra-observer reliabil-
ity could be evaluated. An ANOVA test was performed
comparing both sets of measurements for each indicator
(cIMT and cLD). Also, the time spent on measuring cLD
and cIMT with both methods was recorded.

RESULTS

Statistical validation
Normality of the residuals was determined using the

Shapiro–Wilk test. The null hypothesis was rejected
(p < 0.01) for cLD and cIMT in both cases (phantoms and
real images).

Homoscedasticity was determined using the vari-
ance test F = S1/S2. The null hypothesis was accepted with
p > 0.01 for cLD and cIMT in both cases (phantoms and
real images).

Provided homoscedasticity and non-normality of the
residuals, a non-parametric ANOVA (Kruskal–Wallis) test
was used. The test revealed that there are no statistically
significant differences between the measurement methods
(see Table 1). Bland–Altman plots revealed a mean cIMT
difference of −0.02 ± 0.03 and a cLD difference of
−0.03 ± 0.19 (Fig. 6). The correlation coefficient r2 > 0.9
was obtained for both cIMT and cLD measurements.

Fig. 4. Left: Real carotid image revealing the measurements of interest in this study. Right: Analogous carotid phantom ul-
trasound image revealing the same measurements.

Fig. 5. Manual approach using Esaote MyLab40 for carotid lumen diameter measurement. The cardiologist placed as many
caliper points as possible inside the region of interest and then manually averaged the distances between corresponding points.
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Table 1. Kruskal–Wallis test of cLD and cIMT calculations*

Case Type n Mean SD Median p†

cIMT
Phantom Manual 225 1.30 mm 0.16 mm 1.30 mm 0.21

Cimtool 2250 1.29 mm 0.11 mm 1.22 mm
Real Manual 1050 0.62 mm 0.06 mm 0.56 mm 0.26

Cimtool 10,500 0.59 mm 0.02 mm 0.52 mm
cLD

Phantom Manual 225 11.94 mm 0.31 mm 12 mm 0.36
Cimtool 2250 11.99 mm 0.26 mm 12.03 mm

Real Manual 1050 5.9 mm 0.56 mm 6.1 mm 0.4
Cimtool 10,500 5.65 mm 0.46 mm 5.7 mm

cIMT = carotid intima–media thickness; cLD = lumen diameter; SD = standard deviation.
* Number of distances considered for each approach.
† p values > 0.01 indicate that there is no statistically significant difference between the manual and Cimtool measurements for either case.

Fig. 6. Bland–Altman and correlation plots. Each point in the plots corresponds to the mean cLD and cIMT measured for an
image. (a) cIMT measurements. (b) cLD measurements. cIMT = carotid intima–media thickness; cLD = carotid lumen diam-
eter; CV = coefficient of variation; RPC = reproducibility coefficient; SD = standard deviation; SSE = sum of squared errors

of prediction.
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Results validation
Intra-observer variability was assessed. An ANOVA

test comparing both sets of measurements for each indi-
cator (cIMT and cLD) indicated that there were no
statistically significant differences (p = 0.77 and p = 0.62
respectively). The coefficients of variation were also cal-
culated (1.8% for cIMT and 2.1% for cLD).

Table 2 provides the time spent on measuring as well
as the number of points placed with each method.

Cimtool yielded good results on real images, some
of which were of low quality and/or showed atheroscle-
rotic plaque (see Fig. 7).

DISCUSSION

A thorough statistical analysis proved that the inter-
active measurement tool described in this work, Cimtool,
can accurately measure the major indicator of cardiovas-
cular risk (cIMT) and a stenosis indicator widely accepted
in the literature (cLD). It is important to remark that cLD
measured from a B-mode ultrasound image such as in this
study is not sufficient to diagnose the grade of stenosis;
it should be combined with a Doppler flow study for a
correct assessment (Naylor et al. 2018). Moreover, a recent
work indicated that the mean value of cLD for the pop-
ulation in this study corresponded to a healthy individual

Table 2. Qualitative aspects*

Type
Points
placed

Computed
distance

Time per
image SD

Manual 5100 2550 3.5 min 0.6 min
Cimtool 809 12,750 0.9 min 0.2 min

SD = standard deviation.
* Users placed 5100 caliper points for manual measurements and 809

for measurements using Cimtool (30 and 9.5 points per image, respective-
ly). Experts spent 3.5 min per image for the manual approach and 0.9 min
per image with the tool, on average. Cimtool computed 12,750 distances,
and the manual approach computed 2550 distances.

Fig. 7. Use of Cimtool in measuring real images reveals (a, c, e) contours over the far lumen–intima and intima–media in-
terfaces (cIMT) and (b, d, f) contours over the near and far lumen–intima interfaces (cLD).
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in the context of an epidemiological study (Diaz et al.
2017).

Analysis of Figures 2 and 5 reveals that the mea-
surement workflow for each image with Cimtool is easier
than in the manual method. For the latter, the expert places
as many points as possible every time while taking care
that they are in line with the corresponding points in the
other interface to ensure a meaningful measurement.

The strong agreement with expert manual measure-
ments indicates that Cimtool can be used to measure either
cLD or cIMT. The active contour approach was especial-
ly useful because it provides more control over detection
of the interfaces, especially when unclear or noisy bound-
aries are present. Automatic detection approaches can
sometimes present problems (Bastida-Jumilla et al. 2013;
Nicolaides et al. 2011; Saba et al. 2014; Sanchez et al.
2012), which occur frequently when using low-cost ul-
trasound equipment or probes (see Fig. 7).

Cimtool allows computation of far more measure-
ments in less time and with lower standard deviation than
the manual method (Table 1). An intra-observer evalua-
tion of Cimtool indicated its strong reliability based on
an ANOVA test performed over two sets of measure-
ments. The coefficients of variation for the measurements
and intra-observer variability were lower than those re-
ported by Ring et al. (2016) and Araki et al. (2016). Also,
expert users spend considerably less time using Cimtool
compared with the manual method (Table 2).

Current results suggest that Cimtool can be used for
assessment of real carotid ultrasound images (Fig. 7). Pro-
vided a data set, it can also be used to characterize a
population according to cIMT or cLD, for the early
detection and preventive treatment of cardiovascular
events.

Cimtool is open source and can be used on a stan-
dard computer. It is freely available online, unlike most
applications for cIMT and cLD measurement, facilitat-
ing research based on this software as well as its use by
any physician or sonographer. Cimtool can be run as a
MATLAB script, or it can be compiled to run as an ap-
plication on any operative system.

CONCLUSIONS

An interactive tool (Cimtool) for measuring carotid
intima–media thickness and carotid lumen diameter was
developed. Those two indicators are the most accepted
biomarkers for cardiovascular event risk and carotid ste-
nosis assessment, respectively. Cimtool is based on an active
contour scheme that allows the user to easily determine
whether an interface detection is satisfactory or not. Cimtool
was statistically validated using purposely developed
carotid-like phantoms and real images, and measure-
ments obtained with Cimtool were found to agree strongly

with manual measurements and to have noise robust-
ness. An Intra-observer analysis revealed reliability and
repeatability between measurements. Our software is open
source and it is available for free.
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