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Abstract—Common carotid intima�media thickness (CIMT) is a commonly used marker for atherosclerosis and
is often computed in carotid ultrasound images. An analysis of different computerized techniques for CIMT mea-
surement and their clinical impacts on the same patient data set is lacking. Here we compared and assessed five
computerized CIMT algorithms against three expert analysts’ manual measurements on a data set of 1088
patients from two centers. Inter- and intra-observer variability was assessed, and the computerized CIMT values
were compared with those manually obtained. The CIMT measurements were used to assess the correlation with
clinical parameters, cardiovascular event prediction through a generalized linear model and the Kaplan�Meier
hazard ratio. CIMT measurements obtained with a skilled analyst’s segmentation and the computerized segmen-
tation were comparable in statistical analyses, suggesting they can be used interchangeably for CIMT quantifica-
tion and clinical outcome investigation. To facilitate future studies, the entire data set used is made publicly
available for the community at http://dx.doi.org/10.17632/fpv535fss7.1. (E-mail: kristen.meiburger@polito.
it) © 2021 The Author(s). Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine
& Biology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Carotid artery intima�media thickness, Segmentation, Ultrasound imaging, Atherosclerosis, Car-
diovascular events, Open-source database.
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INTRODUCTION

The common carotid intima�media thickness (CIMT) is

measured by delineating the intima�media complex

contours and is commonly used as a surrogate marker

for atherosclerosis. The CIMT can be estimated via

B-mode ultrasound imaging of the common carotid

artery (CCA) (Stein et al. 2008), and increased CIMT

has been associated with augmented cardiovascular

risk (Oren et al. 2003). Importantly, large epidemio-

logical studies have reported the predictive value of

CIMT for myocardial infarction or stroke indepen-

dently of traditional cardiovascular risk factors

(Engelen et al. 2013). Furthermore, increased CIMT

was associated with future cardiovascular disease

events in high-risk participants (Lorenz et al. 2018).

Negative results on the independent predictive

value of CIMT for cardiovascular events, however, have

been also reported (Plichart et al. 2011). The additional

value of the CIMT measurement in risk classification on

top of existing risk scores was found to not be significant

in one study (Bots et al. 2014). No association between

CIMT progression over time and cardiovascular risk in

the general population was observed in one study

(Lorenz et al. 2018), partly because changes in the vessel

wall over time are too small and their assessment could be

complicated by measurement error (Lorenz et al. 2018).

A commonly reported limitation of CIMT measure-

ment techniques is the heterogeneity in methodological

approaches (Lorenz et al. 2018). CIMT estimation can

be influenced by measurement location (e.g., CCA vs.

other locations), the protocol used (e.g., single vs. multi-

ple angles acquisition) and reading system features (e.g.,

transducer central frequency). Furthermore, ultrasound

equipment setup (e.g., filters, image gain, depth and

time-gain compensation [TGC]) may affect the

robustness (Potter et al. 2008) and should be

standardized when using B-mode-based systems

(Bianchini et al. 2013). Additionally, the majority of

large prospective cohort studies on the predictive value

of CIMT used manual measurements with calipers,

which can be subject to inter-analyst/intra-analyst vari-

ability. Reducing manual measurement variability likely

comes at the cost of increased time and effort in the

assessment and offline reading.

Many computerized methods have been proposed to

extract the contours of the intima�media complex and

measure CIMT in longitudinal CCA ultrasound images

(Meiburger et al. 2018) (Fig. 1), typically reporting an

increase in measurement robustness and faster analysis

times (Saba et al. 2018). Segmenting the CCA can be

described as determining the position of the

lumen�intima (LI) and media�adventitia (MA) anatom-

ical interfaces. CIMT quantification is usually performed
on the CCA far wall, as recommended by the Mannheim

consensus (Touboul et al. 2012). Many segmentation

methods have been extensively described, categorized

and compared in several dedicated reviews

(Molinari et al. 2012a; Loizou 2014;

Meiburger et al. 2018). Briefly, methods are typically

based on edge operators (Faita et al. 2008;

Rocha et al. 2012); active contours, also referred to as

snakes (Loizou et al. 2007; Molinari et al. 2012b);

dynamic programming (Ilea et al. 2013;

Zahnd et al. 2017); adaptive thresholding

(Ilea et al. 2013); fuzzy c-means clustering

(Hassan et al. 2014); and more recently, machine learn-

ing approaches (Biswas et al. 2018; Zhou et al. 2019).

Although many computerized methods exist, an analysis

of different methods and their clinical impacts on the

same patient data set is lacking.

The objective of this study was to compare five dif-

ferent computerized CIMT measurement methods on the

same large database. Their correlation with clinical

parameters used to assess cardiovascular risk was inves-

tigated, and potential differences in their ability to pre-

dict cardiovascular events were addressed. The main

focus of the study was addressing whether the various

computerized methods provide measurements compara-

ble with those performed manually. The database used

in this study, including the images used, clinical data,

manual segmentations and computerized segmentations

of all analyzed methods, has been made publicly avail-

able (http://dx.doi.org/10.17632/fpv535fss7.1).

METHODS

Database description

One thousand eighty-eight participants were ana-

lyzed in this study, which complies with the Declaration

of Helsinki. CCA ultrasound images were acquired from

both sides of the neck (2176 total images). The images

were acquired in the villages of Pedoulas, Nissou and

Kambos in Cyprus between 2003 and 2007 (694 partici-

pants, 1388 images) or at the Hypertension Outpatient

Clinic of the University in Pisa between 2011 and 2014

(394 participants, 788 images). All inhabitants from the

three villages in Cyprus were identified through the pop-

ulation list, and those over the age of 40 were invited to

participate. The ethics committee of the Cyprus Institute

of Neurology and Genetics approved the study. The

baseline results from the first two villages were pub-

lished as a cross-sectional study (Griffin et al. 2009).

The participants from Pisa were originally enrolled in

two studies, which were approved by the institutional

ethics committee and whose results have already been

published (Bruno et al. 2017, 2018). No clinical follow-

up was planned for the Pisa studies. All participants

http://dx.doi.org/10.17632/fpv535fss7.1


Fig. 1. Example of manual and computerized segmentation results (lumen�intima [LI] border: white, media�adventitia
[MA] border: red). A1, A2 and A3 =manual segmentations of analysts 1 (a), 2 (h) and 3 (panel i), respectively;
A10 = segmentations of analyst 1, traced 1 month after A1 (g); IMT = intima�media thickness; UCYCY = computerized
method from University of Cyprus; TUMDE =method from Technische Universit€at München; CNRIT = method from
Consiglio Nazionale delle Ricerche; INESCTECPT = method from INESC Technology and Science; POLITOIT = method

from Politecnico di Torino.

Table 1. Clinical characteristics of all participants

Parameter Entire database Cyprus Pisa

No. of participants (images) 1088 (2176) 694 (1388) 394 (788)
Ultrasound instrumentation Philips (ATL) HDI 5000 duplex scanner MyLab25 (Esaote)
Age (y) 62 § 11 61 § 10 64 § 13
Sex 546 females (50%) 316 females (46%) 226 females (57%)
Smoking (pack-years)* 418 (unknown) 260 (36§ 33) 158 (unknown)
Hypertension 582 (53%) 242 (35%) 340 (86%)
Diabetes 167 (15%) 91 (13%) 76 (19%)
Body mass index (kg/m2) 28.02 § 4.48 28.05 § 4.49 27.97 § 4.47
Glucose (mg/dL) 104.49 § 31.31 103.72 § 27.67 106.06 § 37.64
Total cholesterol (mg/dL) 218.47 § 42.16 226.64 § 42.76 202.61 § 36.08
HDL cholesterol (mg/dL) 51.55 § 14.07 50.35 § 12.53 53.89 § 16.44
LDL cholesterol (mg/dL) 131.48 § 32.05 136.08 § 30.64 122.45 § 32.88
Triglycerides (mg/dL) 146.35 § 85.93 151.64 § 90.97 135.99 § 74.14
Creatinine (mg/dL) 0.93 § 0.24 0.93 § 0.25 0.92 § 0.23
Apolipoprotein A1 (mg/L) — 1.44 § 0.24 —
Apolipoprotein B (mg/L) — 1.20 § 0.24 —
Follow-up cardiovascular events — 127 (18%) —

Values are expressed as the number (%) or mean § standard deviation unless stated otherwise.
HDL = high-density lipoprotein; LDL: low-density lipoprotein.
* Number of cigarette packs smoked per day multipled by years of smoking.
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provided written informed consent including acceptance

that the images can be used for future studies. The Man-

nheim consensus guidelines for image acquisition were

followed for all participants (Touboul et al. 2012). Other

clinical parameters were also recorded for each partici-

pant (Table 1). The Cyprus participants were followed

up until 2017 (mean follow-up: 11 § 3 y), and follow-up

cardiovascular events or deaths were registered. All

scans from Cyprus were performed using a Philips

(ATL) HDI 5000 duplex scanner (Seattle, WA, USA),

with a broadband L12-5 MHz linear array transducer.

Several images were saved for each subject, and the best

ones were chosen by the operator who acquired the

images and then used in this study. Ultrasound parame-

ters were preset (central TGC, 170-dB dynamic range,

low persistence, high frame rate) and remained constant

for all acquisitions. All scans from Pisa were obtained

by a trained operator using a MyLab25 device

(ESAOTE, Florence, Italy) with a LA523 4-13 MHz lin-

ear array transducer. For each side, one anterior scan and

one lateral scan using 10-s clips were saved, and the best

frame was extracted for analysis. A dedicated preset

(central TGC, average: 96 dB, range: 84 dB�102 dB,

dynamic range, no persistence) was created and used for

all exams. For both data acquisition protocols, the best

image or frame chosen was one that presented the high-

est qualitative visual contrast between the carotid lumen

and intima�media complex.

The pixel dimension of the images included in the

entire data set presented a mode equal to 0.064 mm/pixel,

with a minimum of 0.038 mm/pixel and a maximum of

0.267 mm/pixel. The pixel dimension, also referred to as

the calibration factor, of each image is included in the

publicly available data set.

Manual and automated CIMT measurement methods

For all 2176 images, both manual and computerized

measurement methods were performed.

Manual measurements. A gold standard reference

was generated to evaluate the accuracy of each segmen-

tation method, despite the lack of absolute ground truth

inherent to ultrasound in vivo data. Manual reference

tracing annotations were performed on each image by an

experienced analyst A1 (L.Gi. from Torino, >10 y of

experience in carotid sonography) and were considered

the gold standard. The full exploitable width of each

image was determined to (i) exclude regions of potential

poor image quality, and (ii) follow the Mannheim con-

sensus guidelines (Touboul et al. 2012). Then, the con-

tours of both LI and MA anatomical interfaces were

manually traced within the previously determined width.

The entire procedure was performed again by A1 1

month later to assess intra-analyst variability (denoted as
A10) and by two other expert analysts, A2 (G.V., >25 y

of experience in carotid sonography) and A3 (for the

Cyprus database: M.G., >25 y of experience in

carotid sonography; for the Pisa database: L.Gh., >25

y of experience in carotid sonography) to assess

inter-analyst variability. The annotations performed

by A1, A10, A2 and A3 were blinded from each

other. Manual segmentations were performed with

care using a graphical interface developed specifically

for this purpose, with the exception of A3 (see Sup-

plementary Data, online only).
Computerized measurements. Five computerized

segmentation methods developed by the authors coming

from five different research groups were employed on all

images. All methods produce the LI and MA tracings;

some require user interaction, while others are

completely automatic. For simplicity, each technique is

named by the institution it derives from with a subscript

that indicates the country where the research group is

located. The methods are based on the first-order abso-

lute moment [CNRIT] (Faita et al. 2008;

Bianchini et al. 2013), anisotropic Gaussian derivative

filters [INESCTECPT] (Rocha et al. 2012;

Rouco et al. 2018), dynamic programming [TUMDE]

(Zahnd et al. 2017, 2019), snakes [UCYCY]

(Loizou et al. 2007) and dual snakes [POLITOIT]

(Molinari et al. 2012b).

Detailed descriptions of each method are provided

in the Supplementary Data (online only).

By use of all manual and computerized segmenta-

tions, the final CIMT value was computed using the

polyline distance method (see Supplementary Data,

online only). The coefficient of variation (CV), defined

as the ratio between the standard deviation and the

mean, was computed for each image to estimate the per-

centage variation of the CIMT measurement. Three

cases were analyzed: (i) all nine CIMT measurement

methods, (ii) four manual CIMT measurements and (iii)

five computerized CIMT measurements.
Statistical analysis

All statistical analysis in this study was done using

R statistical software Version 3.6.2. First, the mean

signed difference (bias) and absolute bias of the CIMT

values against the manual A1 values were computed as

CIMTbias ¼ CIMTmethod � CIMTA1 ð1Þ

CIMTAbsBias ¼ jCIMTmethod � CIMTA1j ð2Þ
where method refers to either the manual CIMT values

(i.e., A2, A3, A10) or the automatic CIMT measurements

(i.e., UCYCY, TUMDE, CNRIT, INESCTECPT,
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POLITOIT). A Wilcoxon paired test was also done to test

for statistically significant differences between the CIMT

measurements.

The remaining statistical analysis can be divided

into three main parts:

Inter-analyst/intra-analyst variability. Investigat-

ing inter- and intra-analyst variability is relevant as a cer-

tain level of discrepancy is expected between different

manual tracings and measurements. Although errors are

unavoidable when generating manual references, it is

insightful to quantify the agreement between different

expert analysts, and to compare it with the degree of

accuracy from computerized methods. To assess this var-

iability, the difference between CIMT values was com-

puted, and a regression and Bland�Altman analysis

were performed.

Correlation of mean CIMT with clinical parameters.

The mean CIMT (average between left and right CIMTs of

each participant) was correlated with the clinical parame-

ters available for the entire database (Table 1, first column).

The Spearman correlation coefficient, r, was computed,

and a regression analysis was carried out, computing the b

coefficients and 95% confidence intervals.

Prediction of cardiovascular events. A stepwise

logistic regression analysis was used to model a general-

ized linear model (GLM) for the prediction of follow-up

cardiovascular events for the Cyprus participants who

did not have any baseline cardiovascular event

(N = 590). The data set contained 1.7% cases with miss-

ing values, concentrated mainly in the blood test parame-

ters, and these entries were removed. Because there was

a class imbalance between participants (i.e., 18% of the

participants presented a subsequent follow-up event),

resampling was done with the automatic synthetic
Table 2. CIMT values and mea

Segmentation method No. of unprocessed images CIMT value

A1 0 725 § 215
UCYCY 0 769 § 162
TUMDE 0 713 § 170
CNRIT 10 (0.45%) 714 § 159
INESCTECPT 102 (4.69%) 849 § 374
POLITOIT 0 834 § 160
A10 0 780 § 220
A2 0 920 § 299
A3 0 780 § 224

A1, A2 and A3 =manual segmentations of analysts 1, 2 and 3, respec
UCYCY = computerized method from University of Cyprus; TUMDE =method
glio Nazionale delle Ricerche; INESCTECPT = method from INESC Technolo

* Ninety-five percent confidence interval in parentheses.
y Paired Wilcoxon test p value < 0.05.
minority oversampling technique method

(Chawla et al. 2002). The data set was divided into a

training set (80%) and a test set (20%), maintaining the

same class imbalance ratio. All clinical parameters and

the mean CIMT value were initially included, and a

logistic regression with stepwise feature selection was

employed (residual sum of squares in both directions

with Akaike information criterion). To evaluate the pre-

dictive value of the CIMT alone, a Kaplan�Meier sur-

vival analysis was done, and the hazard ratios were

computed using the CIMT values as the explanatory var-

iable and a cardiovascular event as the outcome, and

employing the Cox proportional hazards model. The

CIMT values were divided into four distinct groups:

<650, 650�750, 750�850 and >850 mm. These values

were determined by approximating the 25th, 50th and

75th percentiles of all CIMT measurements (equal to

649, 737 and 849 mm, respectively).

RESULTS

CIMT measurements

The CIMT values obtained are reported in Table 2.

The overall values are provided, as are the CIMTbias

with 95% confidence intervals and CIMTAbsBias when

compared with A1. Specifically, the CIMTAbsBias versus

A1 was equal to 171 § 144 mm, 114 § 117 mm, 120 §
123 mm, 202 § 271 mm and 179 § 138 mm for the com-

puterized methods (respectively UCYCY, TUMDE,

CNRIT, INESCTECPT and POLITOIT). Only the TUMDE

and CNRIT CIMT measurements did not have statisti-

cally significant differences compared with the A1

CIMT measurements. For the other expert manual trac-

ings, the CIMTAbsBias versus A1 was equal to 140 § 143

mm, 255 § 230 mm and 188 § 180 mm for A10, A2 and

A3, respectively, always with a statistically significant

difference. Two computerized methods (CNRIT and

INESCTECPT) were not able to process all images
n signed difference (bias)

(mm) CIMTBias vs. A1 (mm)* CIMTAbsBias vs. A1 (mm)

— —
�44 (�474; 386)y 171 § 144
12 (�307; 332) 114 § 117
10 (�325; 344) 120 § 123

�125 (�734; 485)y 202 § 271
�109 (�497; 279)y 179 § 138
�55 (�431; 321)y 140 § 143
�195 (�749; 359)y 255 § 230
�57 (�552; 438)y 188 § 180

tively; A10 = segmentations of analyst 1, traced 1 month after A1;
from Technische Universit€at München; CNRIT = method from Consi-

gy and Science; POLITOIT = method from Politecnico di Torino.
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because of either faulty LI and MA profile determination

(CNRIT, n = 10) or unsuccessful automatic lumen detec-

tion (INESCTECPT, n = 102). The CV for all nine meth-

ods employed (i.e., four manual and five computerized

CIMT measurements for each image) was 20 § 10%.

The CV considering only the four manual measurements

was 21 § 12%. Interestingly, for the five computerized

CIMT measurements, the CV was 17 § 11%.

To provide a brief outlier analysis, the 75% quartile

of all absolute CIMT errors of the computerized methods

compared with A1 was computed, and values above this

threshold value were considered outliers. In 62 images

(<3%), all of the computerized measurement methods

produced outlier CIMT measurements. After visual

inspection, the two main reasons were a hypo-echoic LI

border or a noisy lumen close to the LI border. In a few

cases, an overestimation/underestimation of the manual

A1 CIMT measurement based on visual analysis proved

to be faulty. Finally, the impossibility of completely

respecting the Mannheim consensus guidelines

(Touboul et al. 2012) (i.e., curved/inclined artery, slight

presence of plaque) was the reason for failure in a few

cases. Interestingly, the manual measurement CV for the

outlier images (29 § 17%) was much higher than that

for the non-outlier images (21 § 11%), suggesting that

the images were difficult to evaluate manually and that

the discrepancy in the computerized technique’s meas-

urements is a feature of these images and not an overall

defect.
Inter-observer/intra-observer variability

On the left side of Figure 2 (a, c, e and g) are the

regression analysis results for inter/intra-observer vari-

ability. The Spearman correlation coefficient between

A1 and A10 was r = 0.63; it decreased to r = 0.45

between A1 and A2, to r = 0.33 between A1 and A3 and

to r = 0.23 between A2 and A3. On the right side of

Figure 2 are the Bland�Altman analyses, where the

CIMT bias and 95% confidence interval can be appreci-

ated.

The regression and Bland�Altman analysis of the

computerized methods versus A1 CIMT measurements

are provided in Figures 3 and 4, respectively.
Correlation results

Spearman correlation coefficients between the clini-

cal parameters and mean CIMT values are listed in Sup-

plementary Tables S1 and S2 (online only). The mean
Fig. 2. Inter-observer/intra-observer analysis. Left: Correlatio
intervals). Right: Bland�Altman analyses (black solid line rep
mean § 1.96£ standard deviation): (a, b) A1 versus A2; (c,d)
A1, A2 and A3 =manual segmentations of analysts 1, 2 and 3

month after A1. IMT = intim
CIMT values computed with manual and computerized

methods correlated significantly with all the clinical

parameters, except low-density lipoproteins (LDL), for

at least four methods; age was moderately positively cor-

related for all methods. Other clinical parameters exhib-

iting strong correlations with the CIMT measurements

were sex, hypertension and creatinine levels.
Prediction results

Table 3 provides the area under the curve (AUC)

results obtained using a stepwise logistic regression

model to predict cardiovascular events. The mean CIMT

value was chosen as a significant parameter in eight of

the nine cases analyzed (88.9%). The right side of

Table 3 depicts the clinical parameters and which param-

eters were selected or rejected. Three clinical parameters

were always chosen: age, packs of cigarettes smoked per

day £ years of smoking (pack-years), and high-density

lipoprotein. To further verify if there is an added predic-

tive value of the CIMT measurements, the GLM analysis

was also done without including the CIMT parameter

and computing again the AUC. The results can be seen

in the last row of Table 3.

In Figure 5 are the Kaplan�Meier cardiovascular

event analysis plots. A net increase in cardiovascular

event risk with CIMT group increases (p < 0.05) is illus-

trated for all methods with the exception of the comput-

erized technique UCYCY. The hazard ratio analysis

results obtained by dividing the CIMT measurements

into quartiles are reported in Table 4; the highest CIMT

quartile was associated with a significantly higher hazard

ratio in comparison to the lowest CIMT quartile for all

methods, except the computerized technique UCYCY

and the manual measurement A3. The manual measure-

ments A1 and A10 and the computerized techniques

TUMDE and CNRIT had statistically significant higher

hazard ratios for all three quartiles in comparison to the

lowest CIMT quartile.
DISCUSSION

In this study, five different computerized CIMT

measurement methods and four manual segmentations

were compared in terms of measurement variability and

clinical significance.

First, this study indicated that variability is lower

between computerized segmentations than skilled analy-

sts’ manual segmentations. The inter- and intra-observer

reproducibility of manual CIMT measurements is
n analyses (black dotted lines represent 95% prediction
resents the mean difference; black dotted lines represent
A1 versus A3; (e,f) A1 versus A10; (g, h) A2 versus A3.
, respectively; A10 = segmentations of analyst 1, traced 1
a�media thickness.



Fig. 3. Correlation analysis of computerized methods compared with expert analyst A1. Black dotted lines represent
95% prediction intervals. IMT = intima�media thickness; UCYCY = computerized method from University of Cyprus;
TUMDE = computerized method from Technische Universit€at München (TUM) in Germany; CNRIT = computerized
method from Consiglio Nazionale delle Ricerche (CNR) in Pisa, Italy; INESCTECPT = method from INESC Technology
and Science (INESCTEC) in Porto, Portugal; POLITOIT = computerized method from Politecnico di Torino in Turin,

Italy.
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Fig. 4. Bland�Altman analysis of computerized methods compared with expert analyst A1. The black solid line repre-
sents the mean difference; black dotted lines represent the mean § 1.96£ standard deviation. IMT = intima�media
thickness; UCYCY = computerized method from University of Cyprus; TUMDE = computerized method from Technische
Universit€at München (TUM) in Germany; CNRIT = computerized method from Consiglio Nazionale delle Ricerche
(CNR) in Pisa, Italy; INESCTECPT = method from INESC Technology and Science (INESCTEC) in Porto, Portugal;

POLITOIT = computerized method from Politecnico di Torino in Turin, Italy.
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Table 3. Area under the curve values for prediction of cardiovascular events*

CIMT = carotid intima�media thickness; GLM = generalized linear model; A1, A2 and A3 =manual segmentations of analysts 1, 2
and 3, respectively; A10 = segmentations of analyst 1, traced 1 month after A1; UCYCY = computerized method from the University of
Cyprus; TUMDE =method from Technische Universit€at München; CNRIT = method from Consiglio Nazionale delle Ricerche; INESC-
TECPT = method from INESC Technology and Science; POLITOIT = method from Politecnico di Torino. HDL = high-density lipopro-
teins; LDL = low-density lipoproteins.

* The right side of the table depicts which clinical parameters were chosen (shaded squares) in the final GLM model for each CIMT
measurement. The black square depicts variables that were not included in the GLM model.
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typically an obstacle, especially when considering large

databases and cohort studies, as it depends on analyst

effort and concentration. The variability of the comput-

erized methods versus the gold standard (A1) was simi-

lar to that found during the inter-analyst and intra-

analyst variability analyses. This finding suggests that

the measurements obtained using computerized methods

are as accurate as the measurements obtained using a

gold standard skilled analyst’s manual segmentation.

Indeed, the CV was higher between analysts (21% §
12%) than between computerized techniques (17% §
11%). Intra-observer variability of a completely auto-

matic and fully deterministic method will be zero,

whereas a semi-automatic method may exhibit some var-

iability because of a different manual initialization, but

previous studies reported that this variability is negligi-

ble (Saba et al. 2018). Moreover, the segmentation errors

found in this study are comparable to those of other com-

puterized techniques that have been employed on other

databases (Molinari et al. 2012a; Biswas et al. 2018).

More specifically, in Biswas et al. (2018) a CIMT error

equal to 126 § 134 mm was obtained with a deep learn-

ing technique on 396 images, whereas in

Molinari et al. (2012a), an absolute CIMT error was

equal to at best 150 § 169 mm and at worst 224 §
252 mm when comparing five computerized techniques

on a database of 665 images.
Interestingly, a rather high value of statistically

significant differences were found between not only

between the CIMT values obtained by the computer-

ized methods and the A1 manual measurements, but

also between the manual measurements (i.e., A1 vs.

A2, A1 vs. A10). This again attests to the high vari-

ability found between the observers in this study.

Two of the five computerized methods (TUMDE and

CNRIT) provided CIMT measurements that were not

significantly different from the A1 manual measure-

ments, when considering the paired Wilcoxon test.

This can also be observed in Figure 3, where these

two methods exhibit a higher correlation coefficient,

and in Figure 4, where the mean error is equal to

0.1 mm for both of these methods. While exhibiting

a statistically significant difference when computing

the paired Wilcoxon test, the other methods still

manifest a statistically significant correlation with

the A1 manual CIMT measurements. As the

Bland�Altman plots in Figure 4 indicate, the other

three methods (i.e., UCYCY, INESCTECPT, POLI-

TOIT) do not indicate a specific trend, but present an

overall larger bias as they all tend to overestimate

the CIMT value. This can also be observed in

Figure 5, where these three computerized methods

indicate a larger number of subjects belonging to

IMT group 4 (CIMT >850 mm).



Fig. 5. Kaplan�Meier cardiovascular event analysis plots, considering four CIMT groups: <650 mm, between 650
and 750 mm, between 750 and 850 mm and >850 mm. A1, A2 and A3 = manual segmentations of analysts 1, 2
and 3, respectively. A10 = segmentations of analyst 1, traced 1 month after A1; UCYCY = computerized method
from University of Cyprus; TUMDE = method from Technische Universit€at München; CNRIT = method from Con-
siglio Nazionale delle Ricerche; INESCTECPT = method from INESC Technology and Science; POLI-

TOIT = method from Politecnico di Torino.
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Beyond the accuracy of contour segmentation and

CIMT quantification, it is crucial to determine the reli-

ability of clinical information that can be inferred from

either manual tracings or computerized measurements.

The results here demonstrate that:

� Both manual and computerized CIMT measurements

exhibited a similar correlation with clinical parame-

ters (Supplementary Tables S1 and S2, online only).
� All approaches yielded a comparable parameter set

when constructing a GLM (Table 3).
� The hazard ratio analysis and Kaplan�Meier cardio-

vascular event analysis plots revealed overall compa-

rable results between computerized and manual

CIMT measurements, with one computerized mea-

surement (UCYCY) and one manual measurement

(A3) exhibiting slightly lower performance (Table 4

and Fig. 5).



Table 4. Hazard ratio results for cardiovascular events (N = 183).

Hazard group A1 UCYCY TUMDE CNRIT INESCTECPT POLITOIT A10 A2 A3

Group 1
IMT <650 mm

% Events 0.33 0.08 0.26 0.17 0.15 0.04 0.16 0.09 0.26
H ratio 1 1 1 1 1 1 1 1 1
95% CI N/A N/A N/A N/A N/A N/A N/A N/A N/A
p Value N/A N/A N/A N/A N/A N/A N/A N/A N/A
CIMTAbsBias (mm) 0 § 0 209 § 110 78 § 64 83 § 65 138 § 112 187 § 94 108 § 87 217 § 162 185 § 151

Group 2
IMT �650 mm
IMT <750 mm

% Events 0.25 0.26 0.32 0.38 0.20 0.20 0.28 0.13 0.23
H ratio 1.7 1.1 1.6 2.3 1.4 1.3 1.8 1.1 0.84
95% CI 1.2�2.5 0.6�2.0 1.1�2.4 1.5�3.5 0.86�2.3 0.6�2.8 1.1�2.8 0.6�2.1 0.55�1.3
p Value 0.006 0.769 0.014 <0.001 0.179 0.514 0.010 0.736 0.402
CIMTAbsBias (mm) 0 § 0 135 § 112 70 § 58 65 § 53 141 § 191 123 § 91 92 § 71 202 § 170 143 § 136

Group 3
IMT �750 mm
IMT <850 mm

% Events 0.17 0.36 0.20 0.20 0.15 0.36 0.25 0.22 0.25
H ratio 1.8 1.2 1.9 2.1 1.4 2.1 2.3 1.8 1.47
95% CI 1.2�2.8 0.68�2.2 1.2�2.9 1.3�3.3 0.81�2.3 1.0�4.4 1.5�3.7 1.0�3.2 0.98�2.2
p Value 0.005 0.502 0.003 <0.001 0.233 0.490 <0.001 0.039 0.063
CIMTAbsBias (mm) 0 § 0 110 § 105 71 § 52 69 § 50 111 § 154 91 § 71 105 § 79 169 § 131 149 § 105

Group 4
IMT �850 mm

% Events 0.25 0.31 0.22 0.25 0.46 0.40 0.31 0.56 0.26
H ratio 2.5 1.3 3.4 5.1 3.0 2.6 3.7 2.2 1.21
95% CI 1.7�3.7 0.71�2.3 2.2�5.2 3.3�8.1 1.93�4.5 1.3�5.5 2.4�5.7 1.3�3.7 0.81�1.8
p Value <0.001 0.413 <0.001 <0.001 <0.001 0.009 <0.001 0.003 0.346
CIMTAbsBias (mm) 0 § 0 202 § 391 173 § 402 183 § 399 186 § 408 166 § 387 170 § 386 214 § 396 268 § 398

A1, A2 and A3 =manual segmentations of analysts 1, 2 and 3, respectively; A10 = segmentations of analyst 1, traced 1 month after A1;
UCYCY = computerized method from University of Cyprus; TUMDE =method from Technische Universit€at München; CNRIT = method from Consi-
glio Nazionale delle Ricerche; INESCTECPT = method from INESC Technology and Science; POLITOIT =method from Politecnico di Torino;
IMT = intima�media thickness; H ratio = Hazard ratio; CI = confidence interval.
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With respect to the GLM analysis, it can be

observed that when excluding the CIMT variable, the

test set AUC is equal to 0.665, which is overall lower

compared with the value when the GLM analysis is done

using the computerized and manual CIMT values.

Hence, we can infer that the CIMT provides added pre-

dictive value for cardiovascular events, but considering

the data set presented here in this study, the added pre-

dictive value is not significant. According to the

Kaplan�Meier cardiovascular event analysis, a slight

difference can be observed with respect to the TUMDE

and CNRIT methods, as they exhibit a less than 50%

event-free probability by year 10. This could be owing

to the strict IMT group limits used for all methods and

the inclusion of a larger number of subjects that did have

an event throughout the study time in IMT group 4

(CIMT >850 mm) for these two methods. Still, the

majority of the other methods exhibit a similar trend,

albeit less noticeable, and also still generally present low

p values, attesting that this observation cannot really dif-

ferentiate these two methods from the others (excluding

UCYCY and A3) statistically.

Finally, it is noted that no individual computerized

method investigated in this study was found to always

perform substantially better or worse than the others.

The TUMDE and CNRIT methods exhibited promising

results in particular when considering the nominal CIMT

value by itself, as there was no statistically significant

difference with A1 (paired Wilcoxon test). The other

methods also exhibited promising results as none tended
to systematically underestimate CIMT, which is impor-

tant when screening for cardiovascular disease. More-

over, all methods exhibited high linear correlations with

the expert manual segmentations, which is significant

when considering the relevance of following up patients

and observing not only a one-time CIMT value but also

its evolution.
CONCLUSIONS

In this study, five different computerized CIMT

measurement methods were compared on the same large

database. The comparison was done both in terms of cor-

relation with clinical parameters that are used to assess

cardiovascular risk and in terms of similarities or differ-

ences in their ability to predict cardiovascular events.

The main concluding finding of this study is the fact

that computerized methods can be used instead of a

skilled analyst’s manual segmentation for CCA segmen-

tation, CIMT quantification and clinical outcome investi-

gation. Furthermore, it was found that the two

approaches (i.e., manual and computerized) performed

similarly, while computerized methods have the advan-

tages of a favorable time efficiency, full reproducibility

and easy standardization.

The full data set involved in this study (1088 partic-

ipants and 2176 images, clinical information, manual

reference tracings and segmentation contours from all

compared methods) has been made publicly available

for the community. It is the authors’ intention to
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facilitate future studies by different groups—potentially

also in the field of deep learning—by providing a large

annotated data set.
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