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Purpose: The purpose of this study was to investigate the incidence of short-term atherosclerosis 
in the common carotid arteries following radiotherapy. 
Methods: The mean radiation dose to the arteries was 49.30±15.83 Gy. A computational 
ultrasound method was introduced to investigate the elastic modulus. Ultrasonography was 
performed 2-3 cm inferior to the bifurcation region before and after radiotherapy, and sequential 
images were extracted from a video of each artery. Instantaneous movement of the arterial wall 
in the radial and longitudinal directions was extracted by implementing the maximum gradient 
and block matching algorithms, respectively. 
Results: There was a significant change in systolic blood pressure after radiotherapy (P=0.008). 
Irradiated arteries had significantly smaller systolic and end-diastolic diameters than non-
irradiated arteries (P<0.001). The shear modulus was significantly different between irradiated 
and non-irradiated arteries (3.10±2.03 kPa vs. 1.38±0.98 kPa, P<0.001). The shear and Young 
moduli of radiation-induced arteries were 2.25±1.50 and 1.57±0.59 times higher than those of 
the pre-irradiation arteries.
Conclusion: The arterial shear modulus can be considered as a new biomarker of radiation-
induced atherosclerosis in the common carotid artery.

Keywords: Ultrasonography; Carotid artery; Image processing; External radiotherapy; 
Shear modulus

Key points: Stiffness of the common carotid artery increases following neck region radiotherapy 
as an early side effect of irradiation. Shear modulus derived by ultrasonography is a new 
biomarker of radiation-induced atherosclerosis. Shear modulus is more sensitive than the Young 
modulus in the diagnosis of early effects of radiotherapy for arterial damages.
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Introduction

External radiotherapy is a common treatment for many head and 
neck malignancies [1-3]. Radiation-induced carotid atherosclerosis 
is a major late complication reported after external radiotherapy 
and occurs in 75% of cases [4]. Several recent studies have 
demonstrated that the intima-media thickness (IMT) changes as an 
early biomarker of radiation-induced atherosclerosis  [5-8]. It has 
also been reported that radiation-induced damage of the common 
carotid arteries resulted in vascular stenosis [1,2,9]. Despite all the 
above, unfortunately, the carotid artery is not considered a high-risk 
organ that should be avoided in the treatment of the neck area [6]. 
Furthermore, due to the structure of the carotid artery in the neck, 
new treatment design techniques inevitably deliver radiation to this 
artery. Thus, even today, with the treatment of cancers of the head 
and neck using intensity-modulated radiation therapy (IMRT), the 
carotid artery receives a significant and non-theoretical radiation 
dose, and the use of the IMRT treatment technique only leads to a 
dose reduction of about 10 Gy [4].

Healthy and abnormal tissues show different elastic behavior due 
to changes in tissue density. Therefore, by measuring tissue elasticity, 
normal and abnormal tissues can be distinguished from each other. 
In addition, the hemodynamic characteristics of radiation-induced 
carotid arteries, including the mean velocity of blood, systolic to 
diastolic velocity ratio, and blood volume flow, are reliable indicators 
of the severity of atherosclerotic injury [10]. 

The main goal of the present study is to introduce a novel 
noninvasive ultrasonographic method for testing the Young and 
shear elastic moduli of the common carotid arteries in patients 
whose arteries have received considerable radiation doses. Therefore, 
patients treated using three-dimensional conformal techniques 
were selected in this study, and patients treated with more modern 
techniques were excluded. It is noteworthy that the mean dose 
of the carotid artery must be limited to 70 Gy, as it is an at-risk 
organ [11], and dose delivery was done with consideration of the 
permissible range of doses based on the related therapeutic plans. 
At this stage, the received dose of patients' common carotid artery 
was extracted based on the appropriate treatment design program. 
Patterns of the biomechanical behavior of the carotid artery as a 
high-risk organ that is often neglected in clinical applications were 
presented. To confirm the reliability of the arterial shear elastic 
modulus as a tool for the diagnosis of radiation-induced carotid 
atherosclerosis, other well-known ultrasonographic biomarkers such 
as the Young elastic modulus and IMT were examined in each case. 
Differences in the arterial elastic behavior in the shear and radial 
directions were also compared as part of the data analysis.

Materials and Methods

Compliance with Ethical Standards
All procedures performed in studies involving human participants 
were in accordance with the ethical standards of the ethical 
committee of Tarbiat Modares University (6570.1393.REC.TMU.
IR), which approved the protocol of the study, and with the 1964 
Declaration of Helsinki and its later amendments or comparable 
ethical standards. Informed consent was obtained from all individual 
participants included in the study.

Study Population
A total of 24 consecutive head and neck carcinoma patients (57±15 
years; body mass index, 25±5 kg/m2; 15 men and 9 women) treated 
with external radiotherapy were studied before and after external 
radiotherapy (Imam Khomeini Hospital, Tehran, Iran). The procedures 
performed in the present study were approved by the Medical Ethics 
Committee of Tarbiat Modares University and were conducted in 
accordance with the 1964 Declaration of Helsinki. Informed consent 
was obtained from all individual participants included in the study. 
The radiation therapy procedure was carried out with a high-energy 
linear accelerator using 6 MV photon beams delivering 2 Gy per 
session over 5 consecutive days per week for 6 weeks (Varian 
Medical Systems, Palo Alto, CA, USA). The participants were adults. 
None of them had a history of diabetes, stroke, or vascular surgery. 
Patients’ resting blood pressure was recorded prior to each test. The 
tumors were in the oral cavity (38%), larynx (33%), parotid gland 
(8%), lymph tissue (8%), oropharyngeal region (1%), glomus (1%), 
and thyroid (1%). Nine patients had a history of chemotherapy, 
five had a history of smoking, four had a history of various vascular 
diseases, and three had hypercholesterolemia. According to the 
medical history form of the patients referred for radiation therapy, 
one patient had a benign tumor and 23 patients underwent 
radiation therapy due to a malignancy. Eight of those tumors were 
stage 1, four were stage 2, five were stage 3, and six were stage 4.

Treatment Planning
All patients were treated with directly planned fields of radiotherapy 
using a single isocenter. In order to determine the dose of the 
carotid artery in each patient, consecutive computed tomography 
scan images were examined. Using the RT Dose treatment design 
software (Madison, WI, USA), the patients’ common carotid artery 
was contoured from 2-3 cm before the carotid artery bifurcated 
to the end of the common carotid artery (Fig. 1A). Finally, a three-
dimensional volume of the common carotid artery was obtained 
(Fig. 1B). Then, based on the dose-volume histogram curve and the 
area under the curve (Fig. 1C), the mean dose that the carotid artery 
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received in each session was determined and the total mean dose 
was estimated based on the number of treatment sessions and the 
total mean dose received by the target.  

Ultrasonography
All patients underwent common carotid artery ultrasound imaging 
before and after the completion of radiotherapy. Common carotid 
artery ultrasonography was performed the day before radiotherapy 
and 6 weeks after radiotherapy. In this study, the systolic blood 
pressure (Pmax) and the diastolic blood pressure (Pmin) were measured 
in the radial artery using a calibrated digital sphygmomanometer. 

Physical parameters were extracted by processing the ultrasound 
images of the carotid artery. The subjects were placed in the supine 
position for at least 10 minutes before the start of imaging to bring 
their heart rate and blood pressure to a uniform state. B-mode 
imaging of the common carotid artery was performed at a distance 
of 2-3 cm from the bifurcation in the longitudinal view during three 

cardiac cycles at a 4.4-cm focal depth with 65 frames per second 
(6-11 MHz linear transducer; SSI-6000 model, Kai-Li Ultrasound, 
Shenzhen, China). Color Doppler imaging was also performed at a 
60° angle from the patient’s common carotid artery to determine 
the peak systolic velocity (Vp) and the end-diastolic velocity (Ve) 
before and after radiotherapy. Consecutive images were recorded in 
the system memory for transfer to a personal computer. To perform 
each exam, the probe was positioned at the lateral side of the neck 
in the longitudinal view. Internal diameter, IMT, and longitudinal 
displacement of the common carotid artery were measured offline 
using two algorithms designed in MATLAB software (7.10.0.499, 
MathWorks, Natick, MA, USA) that allowed a quantitative 
assessment of the time rate changes from consecutive images. The 
maximum gradient algorithm was used to evaluate the time rate 
changes of internal diameter and IMT, as discussed in previous 
reports [12,13]. The block matching algorithm was also utilized to 
assess the instantaneous changes of longitudinal displacement of 

Fig. 1. A typical description of a three-dimensional (3D) clinical plan with contouring of the common carotid artery.
A. The common carotid artery was countered. B. The arterial volume under irradiation with three fields was reconstructed in 3D dimensions. 
C. A 3D view of the position of the common carotid artery by the radiation therapy volume was illustrated. D. A dose-volume histogram for 
the contoured common carotid artery versus the planning target volume (PTV) for one patient shows that the delivered mean dose to the 
common carotid artery is as high as that of the PTV.
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τ=
32ηQ
πD3 

, (1)

where η  is the blood viscosity (0.03 poise), D  is the internal 
diameter of the lumen, and Q is the blood volume flow. The blood 
volume flow at the peak systolic (Qp) and end-diastolic (Qe) phases 
are defined as below [10]:

Qp=π ( Dmax )
2

×VP, 2

 (2) 

Qe=π ( Dmin )
2

×Ve, 2
 (3)

where Dmax indicates the peak systolic internal diameter, Dmin 
indicates the end-diastolic internal diameter, Vp indicates the peak 
systolic blood velocity, and Ve indicates the end-diastolic blood 
velocity. 

Shear strain is defined as the angular deformation of the arterial 
wall (θ) due to longitudinal movements following a load of axial 
stress. It can be shown that, when the shear force (F) is applied to 
the arterial wall thickness (H), a longitudinal movement (M) occurs 
along the length of the artery (L). Hence, the shear strain (εl) can be 
determined as [16]:

εl=arctg(
M

). 
H

	 (4)

To estimate the shear strain of the artery, the maximum value of 
the IMT is assumed to be the arterial wall thickness. Moreover, the 

the arterial wall from sequential ultrasonic images. This algorithm 
has been described in detail elsewhere [13]. Fig. 2 shows the 
procedure of assessing the changes of arterial wall thickness in the 
radial and longitudinal directions using the maximum gradient and 
the block matching algorithms, respectively. 

To summarize, the time-dependent movements of internal 
diameter, IMT, and longitudinal displacement of each vessel were 
determined by computational approaches (Fig. 3) to determine 
biomechanical behavior in response radiation-induced damage.

In Fig. 4, time-dependent changes of blood flow velocity in the 
common carotid artery of a patient are shown before and after 
radiotherapy. By recording the Doppler spectrum, blood flow 
velocities at peak systole (Vmax), end-diastole (Vmin), and mean (Vmean) 
were measured (cm/s). 

Basic Equations 
The intima-media layer is adjacent to the bloodstream, and the 
adventitia layer is adjacent to the tissues; this proximity causes it 
to move slightly. To analyze the shear elastic behavior of an organ, 
the shear elastic modulus was defined based on the longitudinal 
movements of tissue in response to a constant load. The shear 
elastic modulus is defined as the ratio between the shear stress 
and the strain caused by it [14]. The shear stress of the artery (τ) is 
estimated using the following equation [15]: 

Fig. 2. Methodology of processing ultrasound images to estimate the arterial wall thickness movements. 
A. The arterial wall was measured using the maximum gradient algorithm at the circumferential direction. B. The arterial movement was 
measured using the block matching algorithm at the axial direction.

A B
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Fig. 3. Time-dependent changes in the common carotid artery of a patient throughout three cardiac cycles. 
Internal diameter (A), intima-media thickness (IMT) (B), and longitudinal displacement (C), before (left side) and after (right side) 
radiotherapy are plotted. 
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longitudinal movement of the common carotid artery corresponds 
to the difference between the maximum and minimum longitudinal 
displacement (∆L=Lmax-Lmin) during the cardiac cycle [12,17]. Thus, 
the shear strain of the common carotid artery can be given simply 
as:

εl=arctg(
∆L

).
IMT

 (5)

Therefore, the shear elastic modulus (ES) was calculated as the 
ratio between the shear stress and shear strain as:

ES=
(τmax-τmin) ,  
εl

 (6)

where τmax and τmin are the maximum and minimum shear stress 
quantities during the cardiac cycle, respectively. 

The Young modulus of the carotid artery (E) is determined by the 
following equation [13,18]:

E=
(Pmax-Pmin) . 

((Dmax-Dmin)/Dmin)
 (7)

Pulse pressure, as the applied stress, is considered to be the 
difference between systolic phase pressure (Pmax) and diastolic phase 
pressure (Pmin). The relative deformation of the vessel in the radial 
direction (radial strain) is also calculated based on the maximum 
systolic diameter (Dmax) and the minimum diastolic diameter (Dmin) of 
the artery in a cardiac cycle.

A schematic image of the steps of the study for each patient is 
shown in Fig. 5. 

Statistical Analysis 
In the present study, the paired-sample t test with 95% confidence 
intervals (with P<0.05 interpreted as showing statistical 
significance) was used to compare the differences between the 

physical and mechanical parameters of irradiated and non-irradiated 
arteries within the same patients (pre-and post-irradiation). The 
maximum sample size for the paired-sample t test analysis was 
estimated using a confidence level of 95% and a power of 90%. 
The statistical analysis was performed using SPSS version 21.0 (IBM 
Corp., Armonk, NY, USA). 

Results

The mean doses received by the tumors and common carotid arteries 
are shown in Table 1. As demonstrated in Table 1, the mean dose 
received by the common carotid arteries was 17.6% lower than 
that received by the planning target volume. Therefore, a significant 
amount of the prescribed dose was received by the common carotid 
arteries.

The physical parameters were measured at the peak systolic and 
end-diastolic phases using two image processing algorithms to 
estimate the shear elastic modulus before and after radiotherapy 
(Table 2). These parameters included the peak systolic diameter 
(Dmax), end-diastolic diameter (Dmin), the blood volume flow at peak 
systole (Qmax), and end-diastole (Qmin), IMT, and maximum (Lmax) and 
minimum longitudinal displacements of the arterial wall (Lmin).  

Treatment of the neck area with ionizing irradiation led to a 

Table 1. Mean dose (Gy) delivered to the PTV and CCA of head 
and neck cancer patients

PTV (Gy) CCA (Gy) CCA/PTV

Dose (Gy) 59.83±11.28 49.30±15.83 0.82±0.24

PTV, planning target volume; CCA, common carotid arteries.

Fig. 4. Blood flow velocities in the common carotid artery extracted using Doppler ultrasonography, before (A) and after (B) external 
radiotherapy.

A B
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significant increase in the mean value of the IMT (0.64±0.12 
vs. 0.56±0.09 mm, P<0.001). The minimum values of IMT were 
0.32±0.08 and 0.37±0.09 mm before and after radiotherapy, 
respectively (P<0.001). The calculated characteristics of the shear 
elastic modulus, including the shear stress in the peak systolic and 
end-diastolic phases, longitudinal stretching of the vessel, shear 
strain, and shear modulus, were determined before and after 
radiotherapy (Table 3). A significant increase was found in the 
shear elastic modulus following head and neck cancer treatment 
(P<0.001). The systolic blood pressure and diastolic blood pressure 

of the patients were measured as 115±14 mmHg and 78±11 
mmHg before radiotherapy. After radiotherapy, the corresponding 
values were 128±16 mmHg and 75±10 mmHg, respectively. Systolic 
blood pressure significantly changed after radiotherapy (P<0.001). 

In Table 4, the results of the mean and standard deviation of 
the Young modulus and axial strain in the wall of the common 
carotid artery in patients before and after radiotherapy are shown. 

Table 2. Physical characteristics of the common carotid artery 
extracted using image processing algorithms before and after 
external radiotherapy

Parameter Pre-irradiation Post-irradiation P-value
Peak systolic diameter (mm) 6.42±0.67 5.63±0.67 <0.001

End-diastolic diameter 
(mm)

5.56±0.58 4.92±0.55 <0.001

Peak systolic volume flow 
(cm3/s)

15.49±3.64 12.97±4.44 0.003

End-diastolic volume flow 
(cm3/s)

3.13±0.88 2.09±0.77 <0.001

Maximum intima-media 
thickness (mm)

0.80±0.14 0.92±0.14 <0.001

Maximum longitudinal 
displacement (mm)

3.46±0.18 3.54±0.15 <0.001

Minimum longitudinal 
displacement (mm)

2.65±0.18 2.93±0.16 <0.001

Values are presented as mean±standard deviation.

Table 3. Shear stress (τmax, τmin), longitudinal stretching of the 
vessel (ΔL), shear strain (εl), and shear modulus (Es) of the 
common carotid artery before and after radiotherapy 

Parameter Pre-irradiation Post-irradiation P-value

τmax (Pa) 1.82±0.46 2.28±0.69 0.002

τmin (Pa) 0.56±0.24 0.55±0.20 0.821

ΔL (mm) 0.81±0.25 0.61±0.20 <0.001

εl (radian) 1.04±0.36 0.67±0.24 <0.001

Es (kPa) 1.38±0.98 3.10±2.03 <0.001
Values are presented as mean±standard deviation.
A P-value of <0.05 was considered to indicate statistical significance.

Fig. 5. Schematic diagram showing the steps to measure the shear modulus behavior of the common carotid arteries in response to 
external radiotherapy. CT, computed tomography; 3D CRT, three-dimensional conformal radiotherapy; DVH, dose volume histogram.
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Table 4. The Young modulus and axial strain of the common 
carotid artery in patients before and after radiotherapy

Parameter Pre-irradiation Post-irradiation P-value

Strain (%) 15.74±6.17 14.33±6.28 0.356

Young modulus (kPa) 35.26±13.34 55.36±20.96 <0.001

Values are presented as mean±standard deviation.
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Decreased strain after radiotherapy indicates increased arterial 
wall stiffness. This result confirmed our hypothesis. However, the 
difference was not statistically significant, which could have been 
due to the small sample size in this study. The Young modulus was 
significantly greater in the radiation-treated arteries than in the 
baseline measurements (P<0.001). 

The Young modulus and shear modulus after external irradiation 
were 1.57±0.59 and 2.25±1.50 times higher than the baseline 
measurements, respectively. Our findings show that arterial stiffness 
in the radial and longitudinal directions is a response to external 
radiotherapy.

Discussion

A healthy arterial wall is characterized by a normal elastic modulus 
in the shear and circumferential directions [19]. Therefore, local 
stress in the shear direction plays a particularly important role in the 
diagnosis of the early and long-term responses of arteries [15].

There is evidence of ischemic strokes and transient ischemic 
attacks due to radiation-induced atherosclerosis of the carotid 
artery [20]. The most well-known biomarkers of radiation-induced 
atherosclerosis are vascular stenosis, an increased IMT, and arterial 
stiffening [5]. External radiotherapy has a greater effect on the 
Young modulus than on other arterial biomarkers [18]. Moreover, it 
is thought that the short-term effects of radiation-induced disease 
are characterized by an inflammatory response focused on initial 
changes in the vascular endothelium, followed by fibrosis and 
necrosis in the adventitia and media layers of the carotid artery [5]. 
However, no report has yet investigated the axial and shear elastic 
moduli of the carotid artery in response to ionizing radiation.

It has been widely reported that ultrasonic characteristics are 
sensitive to structural changes of the common carotid artery 
following radiotherapy of the neck region [5,10,18,21,22]. Among 
the various biomechanical testing protocols, B-mode ultrasonography 
as a real-time imaging technique is a relatively convenient tool 
to determine the stiffness of the common carotid artery in the 
circumferential direction, as reflected by the Young elastic modulus 
[18]. Doppler ultrasound imaging also allows the measurement 
of blood flow parameters to determine the local shear stress of 
vessels [15]. In previous studies, late carotid artery damage has 
been reported in patients who underwent external beam radiation 
therapy to the neck after more than 6 months, as well as at later 
follow-up visits in subsequent years [3,18]. Significant stenosis of 
this artery has also been described as a late radiation injury in other 
reports [1,20]. However, how the mechanical behavior of the artery 
wall changes due to the acute effects of radiation is unclear, and no 
published study has yet investigated this issue 

Extracting the radial motion of the carotid artery wall is 
a method to estimate the elastic modulus [1,2,5,9]. Recent 
evidence has shown that a higher value of the elastic modulus in 
the circumferential direction is a potentially viable biomarker of 
radiation-induced carotid atherosclerosis. Furthermore, the influence 
of external irradiation on arterial stiffness was found to be much 
greater than its influence on other characteristics of the vessels [18]. 

However, no study has yet investigated the axial displacement 
associated with radiation-induced atherosclerosis. Therefore, the 
aim of the present study was to determine the shear modulus of the 
common carotid arteries as a useful biomarker of radiation-induced 
damage. The short-term effects of ionizing radiation increased 
the Young modulus and shear modulus in the common carotid 
arteries. The arterial Young modulus and shear modulus increased 
by 54.01% and 124.64%, respectively, after external radiotherapy. 
Thus, the shear elastic modulus is a more accurate biomarker for 
assessing radiation-induced carotid atherosclerosis. 

The arterial Young modulus was reported to increase by 13.74% 
as a long-term effect of radiation-induced common carotid 
atherosclerosis [18]. Gujral et al. [18] showed that the stiffness 
of arteries increased after radiotherapy for at least 2 years, during 
which period it seemed that vascular repair mechanisms were taking 
place. 

Recently, it has been noted that endothelial cell stiffening 
occurred after fractionation radiotherapy in the short term [23,24]. 
A sigmoid curve was fitted between the absorbed dose and elastic 
response [23]. However, there was no dose-response curve between 
the carotid absorbed dose and arterial stiffness in an 8-year period 
for patients who received head and radiotherapy [25]. Another 
study showed a significant increase in carotid artery stenosis 
after radiotherapy, but the delivered dose to the common carotid 
arteries after IMRT is lower than that following the 3D conformal 
radiotherapy [26]. Previous studies have focused on the Young 
elastic modulus after radiotherapy, but the shear elastic modulus 
has not been investigated in vessels with radiation-induced damage.

In some previous studies [5-8], the IMT of the carotid artery was 
reported as a reliable biomarker of late toxicity. Furthermore, as an 
interesting outcome, Andreassi et al. [27] reported that long-term 
low-dose ionizing radiation led to an increase in the IMT, 1.69% and 
5.45% for the left and right arteries, respectively, and this increase 
served as a useful biomarker of carotid damage. Our results show 
that the carotid IMT increased by 15% as an early effect of external 
radiotherapy (Table 2).

The shear modulus of radiation-exposed arteries was significantly 
higher than those of the vessels prior to radiotherapy (Table 3). This 
variation was associated with a significant increase in the IMT and 
Young modulus as well-known biomarkers of radiation-induced 
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atherosclerosis (Table 2). However, the shear modulus changes were 
significantly different from those of any other radiation-induced 
biomarker, such as the lumen diameter, IMT, and blood volume flow. 
Therefore, the shear modulus can be introduced as the most useful 
biomarker to diagnose carotid stiffness following head and neck 
radiotherapy.

Nonetheless, a necessary condition of the present study was that 
a considerable mean dose was delivered to the common carotid 
arteries (to increase the arterial stiffness as a short-term effect). 
A previous report showed that the mean dose of the common 
carotid artery, as an at-risk organ, should be <70 Gy [20]. The mean 
absorbed dose of the common carotid arteries in this study was 
significant but remained within the limit. Therefore, the changes 
in arterial parameters resulted from the considerable mean dose 
received by the common carotid arteries.

The main goal of the present study was to investigate the 
possibility of introducing the shear modulus as a new biomarker 
of radiation-induced atherosclerosis. This study contained three 
limitations: (1) due to anatomical differences among patients, the 
mean absorbed dose delivered to the common carotid arteries was 
not exactly equal; (2) the long-term effects of irradiation have not 
been investigated; and (3) the small number of patients increases 
the magnitude of probable errors. Therefore, the long-term effects 
of radiotherapy on the shear behavior of the common carotid artery 
should be investigated in more patients. 

It is clear that the biomarkers extracted by processing ultrasound 
images are noninvasive, safe, and easy to perform. The present 
study was performed to characterize the arterial shear modulus 
after radiotherapy as a biomarker of arterial disease. Therefore, a 
quantitative estimate of shear modulus for radiation-induced arteries 
is suggested when modern radiation therapy modalities (e.g., IMRT, 
radiosurgery, tomotherapy, and proton therapy) are implemented to 
treat cancers in the head and neck region.

External radiotherapy involving the head and neck may lead to 
carotid stiffening, an increased IMT, and internal diameter reduction 
in the short term after cancer treatment. In particular, the shear 
modulus is introduced as a reliable biomarker of radiation-induced 
carotid atherosclerosis. This study supports the hypothesis that the 
biomechanical properties of the arterial walls rapidly change in 
response to external radiotherapy.
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