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Abstract. Cardiovascular risk is normally assessed using clinical risk factors but it can be
refined using non-invasive infra-clinical markers. Intima-Media Thickness (IMT) is recognized
as an early indicator of cardiovascular disease. Carotid Wall Stress (CWS) can be calculated
using arterial pressure and carotid size (diameter and IMT). Generally, IMT is measured during
diastole when it reaches its maximum value. However, it changes during the cardiac cycle and
a time-dependant waveform can be obtained using B-mode ultrasound images. In this work we
calculated CWS considering three different approaches for IMT assessment: (i) constant IMT
(standard diastolic value), (ii) estimated IMT from diameter waveform (assuming a constant
cross-sectional wall area) and (iii) continuously measured IMT. Our results showed that
maximum wall stress depends on the IMT estimation method. Systolic CWS progressively
increased using the three approaches (p<0.001). We conclude that maximum CWS is highly
dependent on wall thickness and accurate IMT measures during systole should be encouraged.

1. Introduction

Several studies have aimed at detecting cardiovascular diseases in an early stage and thus improve risk
prediction [1-3]. Besides traditional risk factors (such as age, smoking and hypertension), different
infra-clinical factors were studied in order to refine the risk assessment of a given patient. This is the
case of Intima-Media Thickness (IMT), Pulse Wave Velocity (PWV) [4-6], arterial compliance [7],
mechanical stress in the arterial wall [8], to name a few. In this work we propose a new approach to
calculate the arterial wall stress at the level of the common carotid artery.

The carotid wall stress depends on the blood pressure and the arterial geometry. Normally, the
artery is represented as a cylinder with a thick wall. Using B-mode ultrasound it is possible to estimate
arterial diameter and IMT [9][10]. During diastole, diameter variations are slow and IMT tends to
reach its maximum value, thus making it the preferred moment for IMT estimation during the cardiac
cycle [11]. However, using modern equipment and digital image processing techniques, we have
shown that it is possible to assess diameter and IMT waveforms during the entire cardiac cycle [10].
The continuous assessment of IMT and carotid diameter allows the calculation of the time-varying
arterial wall stress.

The aim of this work was to compare different maximum stress values assuming that IMT: (i) was
constant and its value was estimated during diastole, (ii) was calculated assuming constant Cross-
Sectional Wall Area (CSWA) from diameter measures and (iii) was continuously estimated with the
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proposed algorithm [10]. For this purpose, a cohort of healthy volunteers and intermediate
cardiovascular risk patients was evaluated using B-mode ultrasound sequences.

2. Materials and methods

2.1. Study population

The population under study was comprised of healthy volunteers and cardiovascular patients.
Volunteers were prospectively recruited under the following inclusion criteria: being less than 30
years old, non-smokers, non-diabetics and not having been diagnosed with neither hypertension nor
hypercholesterolemia. Intermediate cardiovascular risk patients were retrospectively selected by the
Echocardiography and Vascular Doppler Unit of the Favaloro Foundation Hospital. Table 1 shows
clinical data of volunteers and patients.

Table 1. Clinical data of the subjects. Values are expressed as mean + standard
deviation or n (%). We used a T-test to compare continuous variables and a
statistic for dichotomous variables.

Parameter Volunteers Patients p
Number of subjects 45 19 -
Age, years old 21.8+1.6 544+78 <0.01
Male, n (%) 25 (56%) 14 (74%) n.s.
Body mass index, kg/m 23 £3 28+ 6 <0.01
Systolic pressure, mmHg 121+ 14 130+ 12 <0.01
Diastolic pressure, mmHg 77+8 74+£9 n.s.
Pulse pressure, mmHg 44 £ 12 56+9 <0.01
Smokers, n (%) 0 (0%) 12 (63%) <0.01
Hypertensive, n (%) 0 (0%) 11 (58%) <0.01
Hypercholesterolemia, n (%) 0 (0%) 13 (68%) <0.01
Diabetes, n (%) 0 (0%) 2 (11%) <0.05
Heart rate, bpm 74+ 11 68+ 11 <0.05
Carotid plaques, n (%) 0 (0%) 9 (47%) <0.01
Femoral plaques, n (%) 0 (0%) 11 (58%) <0.01

2.2. Continuous diameter and IMT measurement

Each subject underwent an ultrasound examination performed by a professional with a high resolution
device (Philips HD11XE) and a 10 MHz linear transducer. Five-second sequences of B-mode
ultrasound images of the common carotid artery were recorded. All sequences were acquired during a
single breath-hold. For volunteers, both left and right carotid arteries were registered. For patients,
only the available registers in one or two carotids were processed. We developed a software that
imported the sequences and measured frame-by-frame diameter and IMT, thus obtaining continuous
waveforms. A detailed explanation of the software can be found in [10]. Briefly, the user selected a
Region Of Interest (ROI) in the first image of every sequence. Each column of pixels within the ROI
was considered as a vector of grey level intensity. Three interfaces were detected in each column: (i)
near wall intima-lumen, (ii) far wall lumen-intima and (iii) far wall media-adventitia. The algorithm
searched for the maximum gradient of intensity to determine their locations. The definitive interfaces
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were considered as the mean value of all columns in the ROI. Diameter was considered as the distance
between (i) and (ii) and IMT as the distance between (ii) and (iii).

For every sequence, IMT values were smoothed with a 3-point moving-average filter. The
waveforms were separated in heartbeats using extreme diameter values. For each beat, diastole and
systole were considered as the points where minimum and maximum diameter occurred, respectively.
Diastolic and systolic diameters and IMTs were averaged for all the heartbeats (a minimum of three)
obtaining four values for each sequence: diastolic diameter (Dy), systolic diameter (D), diastolic IMT
(IMT,y) and systolic IMT (IMT;). Blood pressure was measured in the brachial artery with an
automatic oscillometric device (Omron BP742).

2.3. Stress calculation

Normal stress in a body is defined as the extending force divided by the area of the cross-section:

= ()

where 7 is normal stress, F is the force and A is the cross-sectional area. We considered the artery
as a perfect cylinder with a thick wall in which only an internal pressure is acting (blood pressure).

With this model, we can define medial radius R as follows:
T, +1;
R=—= @)

where 7, and r; are external and internal radius of the cylinder, respectively. Wall stress at R can be
expressed in terms of external and internal radii [12]:
2P (1r,1;)?
T = ( e l) (3)
(rez - Tiz)R
where P is blood pressure. We measured continuous diameter (D) and IMT in volunteers and

patients using B-mode ultrasound sequences and calculated 7, and r; as follows:

D
Ti = —
2 (4)

D
Te = +IMT

Diastolic wall stress was calculated using diastolic pressure, diameter and IMT values. Systolic
wall stress was calculated in three different ways, using the same systolic diameter and pressure but
changing IMT estimation. IMT was considered as: (i) standard IMT measured in diastole (IMT,), (ii)
estimated systolic IMT assuming a constant CSWA (IMT ) and (iii) systolic IMT measured with the
proposed algorithm (IMTj). In the case (i), IMT4 was considered constant and the diastolic standard
value was used. In the case (ii), IMT; o, was calculated considering that the arterial wall is
incompressible [13], i.e., its CSWA remains constant within the cardiac cycle. CSWA can be
calculated as follows:

CSWA =m IMT(D + IMT) 5)

Assuming a constant CSWA value during the cardiac cycle, IMT; . can be calculated with
diameter and IMTj:

—Dg + \/DSZ + 4IMT4(D4 + IMT,) 6)
IMTs_est = 2

No longitudinal stretch was considered. However, it has been shown that the carotid arterial length
changes during systole and this change affects significantly the mechanical properties of the arterial
wall [10]. For this reason, we also proposed the case (iii), and we measured IMT during systole to
obtain its actual value.
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3. Results

3.1. Diameter and IMT measurements
Table 2 shows mean diastolic and systolic diameter and IMT values for volunteers and patients. A

Student’s t-test was used to compare values.

Table 2. Obtained values of diastolic and systolic diameter and the three
estimations of IMT. Values are expressed as mean * standard deviation.

Parameter Volunteers Patients p
Number of carotids 90 27 -
Dy (mm) 516048 5.73+0.88 <0.01
D, (mm) 6.00+0.56 6.25+0.93 n.s.
IMT, (mm) 045+0.09 0.58+0.11 <0.01
IMT; o (mm) 0.40+0.08 0.54+0.10 <0.01
IMT, (mm) 0.37+0.09 0.53+0.12 <0.01

Both in patients and in volunteers D4 was lower than D; (p<<0.01) and IMT,4 was higher than IMT;
(p<0.01) and IMT; o (p<0.01). IMT; o was higher than IMT; in volunteers and in patients (p<0.01
and p<0.05, respectively).

3.2. Wall stress results
Diastolic and systolic wall stresses for volunteers and patients are shown in figure 1. From left to right:
diastolic wall stress, systolic wall stress using IMTj, systolic wall stress using IMT; . and systolic

wall stress using IMT;.
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Figure 1. Minimal (diastolic) and maximal (systolic) wall stress in the carotid artery
wall for volunteers and patients. Bars indicate standard error.
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Wall stresses in systole for the three IMT estimations were higher than in diastole (p<<0.001). It can
be observed that as systolic IMT approaches the real, smaller, value (from left to right), wall stress
increases (p<0.001). Finally, we observed that wall stresses were systematically higher in volunteers
with respect to patients (p<0.05 for systolic wall stress with IMT, and p<0.01 for the rest).

4. Discussion

We have found that there are significant differences in the estimation of the maximum stress exerted
over the carotid artery, depending on the IMT estimation method. These differences were significant
for both volunteers and patients. It can be observed in figure 2 that as IMT decreases, stress increases.
Accordingly, if IMT is continuously assessed during the cardiac cycle, higher maximum stresses were
found.

In figure 1, it is noteworthy that patients had a lower maximum wall stresses than volunteers,
despite having a significantly higher systolic pressure. Probably, higher arterial pressure triggers an
IMT increase as a protection mechanism to preserve arterial wall stress. This IMT increase reduces
stress, according to equations (1) and (3). Whether this compensation mechanism was entirely
responsible of the lower values of wall stresses found in patients with respect to volunteers, need to be
further investigated.

This study had some limitations that need to be addressed. Firstly, it is arguable whether measuring
IMT in systole is possible, since its value is near the ultrasound resolution. Nonetheless, it has been
reported that technology advances allowed for accurate IMT estimation even in young subjects, where
IMT wvalues tend to be smaller [14]. The use of automated algorithms become indispensable [10].
Finally, we used the brachial pressure to calculate carotid wall stress, although central pressure should
have been employed. Some studies have shown an amplification phenomenon, which makes systolic
pressure in the periphery (e.g. in the brachial artery) higher than central pressure (e.g. in the carotid
artery) [13]. In order to have more accurate results, central pressure could be estimated from brachial
pressure and continuous Cross-Sectional Area (CSA) estimations [15]. Meinders et al proposed an
exponential model and an iterative algorithm that converges into central pressure. We have tested this
algorithm in a volunteer using brachial diastolic and systolic pressure and continuous carotid diameter
estimations (from which continuous CSA was calculated). Figure 2 shows (on the left hand) the
exponential fit between CSA and blood pressure and (on the right hand) A) estimated central pressure
waveform, B) measured carotid diameter waveform, C) IMT estimations using (i) standard diastolic
IMT (IMTy), (ii) estimated IMT assuming constant CSWA (IMT; ) and (iii) continuously measured
IMT (IMT;) and D) calculated wall stress with the three different IMT assumptions. Note the
incremental wall stress values for cases (i), (ii) and (iii) (also observed in figure 1). This preliminary
test showed that central systolic pressure resulted 131 mmHg when brachial systolic pressure was 133
mmHg (1.5% error). As a future work, we can repeat this analysis for all subjects although pressure
differences should remain negligible.
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Figure 2. On the left: exponential estimation of central pressure using CSA. Dashed line is the estimated
function and solid line represents the range of the representative volunteer. On the right: A) estimated pressure
waveform, B) measured diameter waveform, C) IMTy, IMT, ¢ and IMT; (dashed-dotted, dashed and solid lines,
respectively) and D) calculated wall stress with the three approaches of IMT (same line types as in C)).

5. Conclusion
In this work we proposed a method to calculate the maximum carotid wall stress using continuous

IMT measurements. We verified that IMT estimation methods can significantly modify carotid wall
stress estimation. The estimation of true IMT values during systole was possible using an image
processing algorithm that continuously measured simultaneous IMT and diameter values. The carotid
wall stress is highly dependent on wall thickness and accurate IMT measures during systole should be

encouraged.
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