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Background: Tortuous arteries may be associated with carotid dissection. The intima disruption caused 
by a carotid dissection is a possible cause of extracranial carotid artery aneurysms (ECAAs). The aim was 
to investigate if carotid tortuosity is also associated with ECAA in patients without presence or history of a 
carotid artery dissection. 
Methods: A retrospective case-control study was performed including 35 unilateral ECAA patients (cases) 
and 105 age- and sex-matched controls. Tortuosity was expressed as tortuosity-index (TI), curvature, and 
torsion measured on computed tomography angiography (CTA) data in 3Mensio Vascular and MATLAB by 
two independent investigators. Primary comparison was tortuosity in ipsi- versus contralateral carotid artery 
within the cohort of ECAA patients. Secondary comparison was tortuosity with ipsilateral carotid arteries in 
control patients. All observations were assessed on inter- and intra-operator reproducibility.
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Introduction

Extracranial carotid artery aneurysm (ECAA) is a rare 
vascular pathology (1,2). The clinical presentation and 
course are largely unknown but seem dependent on the 
etiology, carotid site, and size of the carotid aneurysm (2).  
Registry data from the ongoing international web-based 
Carotid Aneurysm Registry (CAR) (3) indicate that 
approximately one out of five patients presents with local 
symptoms (e.g., pulsatile mass), of which one sixth is 
affected by cerebral ischemia (stroke or transient ischemic 
attack). It has been suggested that tortuosity (such as sharp 
bends and kinks) in the course of the carotid artery may 
affect local hemodynamics, resulting in either dilated or 
stenotic lesions as a consequence (4-6). Moreover, tortuosity 
of the cervical arteries (both vertebral and carotid) has been 
suggested to be associated with arterial dissection, and in the 
carotid artery this intima disruption at its turn is a common 
cause of ECAA (1,7-9). Arterial tortuosity is commonly 
expressed as the tortuosity index (TI): the ratio of the length 
of curved, or central luminal line (CLL) of the artery and 
the straight line length between two anatomical landmarks 
(9-12). If carotid tortuosity is associated with carotid 
aneurysms without presence of arterial dissection, TI may 
be a candidate variable in future screening algorithms for 
ECAA and integration in prediction models for ECAA 
development. The objective of the present retrospective 
case-control study in patients without presence or history 
of carotid dissection, was to investigate if a high degree of 
carotid tortuosity is associated with ECAA. We present the 
following article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-89/rc) (13).

Methods

Participants

Ethical approval for this study was provided by the Medical 
Research Ethics Committee of University Medical Center 
Utrecht (UMCU) on 5th December 2018 (No. 18-834), 
and the study was conducted according to the principles 
of the Declaration of Helsinki (as revised in 2013) and in 
accordance with the Dutch Medical Research Involving 
Human Subjects Act (WMO). A retrospective case-control 
study was conducted from single-center data from the 
UMCU included in the CAR (The registry protocol has 
been published previously) (3). Briefly, any patient aged 
18-years or older diagnosed with an ECAA is included in 
this ongoing registry, independent of etiology or treatment 
strategy. Baseline characteristics and imaging follow-up data 
were collected in a prospective manner. Individual consent 
for this retrospective analysis was waived.

For the present study, a case was defined as a diagnosed 
ECAA patient included in the CAR. Cases were equally 
selected from the registry based on sex, age (younger and 
≥55 years old), shape of aneurysm (fusiform or saccular), and 
both small (maximum diameter ≤10.0 mm) and large (>10.0 
mm) ECAAs. The primary thin-slice (<1.0 mm) CTA of the 
carotids to confirm the ECAA diagnosis was used for this 
study. Age- and sex-matched controls were enrolled from 
subjects whom underwent a thin-slice CTA carotids as part 
of a trauma screening in the UMCU during the same study 
period. Cases and controls were matched in a ratio 1:3, 
with similar sex and age (range of 1 year). Both cases and 
controls were excluded and replaced if the arterial phase of 
the computed tomography angiography (CTA) was of poor 

Results: Carotid tortuosity was comparable within the cohort of ECAA patients (Spearman correlation 
0.76, P<0.001), yet distinctively higher in comparison with unilateral controls. After adjustment for patient 
characteristics, presence of ECAA was associated with TI (β 0.146, 95% CI: 0.100–0.192). All tortuosity 
observations showed excellent inter- and intra-operator reproducibility. 
Conclusions: Carotid tortuosity seems to be a risk factor for development of ECAA. Surveillance of 
individuals with increased carotid tortuosity therefore potentially ensures prompt diagnosis and treatment of 
ECAA. However, future research should investigate if persons with an increased tortuosity do indeed develop 
ECAA.
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quality. Additionally, cases were excluded in case of presence 
or history of carotid arterial dissection, mycotic, iatrogenic, 
dissecting, or bilateral ECAA. Controls were excluded in case 
of a trauma with direct impact on the neck region and/or a 
diagnosis of traumatic cervical artery dissection (Figure 1). 

Clinical data

Vascular risk factors, including hypertension, diabetes 
mellitus, smoking, connective tissue disease (CTD), 
rheumatoid arthritis, and statin use of the cases were 
obtained from the CAR database. ECAA was defined 
as ≥150% fusiform dilatation of the carotid artery in 
comparison with the contralateral side, and saccular 
aneurysms of any size were accepted (14). Patient 
characteristics of the controls were obtained by patient chart 
review. The following definitions were used throughout 
the study: hypertension was defined as the use of any 
blood pressure lowering medication, or blood pressure  
>140/90 mmHg on repeated measurements. Diabetes was 
defined as usage of any blood glucose lowering medication. 
Current smoking was considered as tobacco usage within 
the last six months. CTD was defined as any genetically 
proven disorder, e.g., Marfan, Loeys-Dietz, or vascular 
Ehlers-Danlos syndromes. Rheumatoid arthritis was 
registered if diagnosed by a rheumatologist. 

Imaging protocol

All CTA studies were performed using a 64- or 128-slice 

CT scanner (Philips Brilliance; Philips Medical Systems, 
Best, The Netherlands). Median slice thickness was  
0.67 mm (range, 0.62–0.90 mm), increment 0.33, 
collimation 64×0.625 and pitch 1.2. Radiation exposure 
parameters were 100–120 kV and 150–300 mamp second. 
The field of view was set per patient. Injection of 65 mL 
intravascular contrast (Lopromide, Schering, Berlin, 
Germany) was followed by a saline bolus of 40 mL, both at 
a flow rate of 6.0 mL/s.

Imaging analysis

Every CTA scan was analyzed according to a pre-defined 
protocol with software of 3mensio Vascular (version 9.2, 
Pie Medical Imaging B.V., Maas tricht, the Netherlands). 
Using the vessel tool, a 3D image of the carotid arteries was 
generated. The central luminal line (CLL) of the carotid 
artery was automatically created and manually corrected. 
The carotid arteries were segmented in the curved planar 
reformation (CPR) of the vessel, measured from skull base 
to carotid bifurcation (internal carotid artery; ICA), and to 
the origin of the common carotid artery (CCA). The origin 
of the CCA was defined as the first slice in perpendicular 
plane in which the CCA was visible. The CLL length of 
the total carotid artery was calculated by adding lengths 
of ICA and CCA (Figure 2). The TI was measured on the 
CPR image as a ratio of the CLL length of the vessel to the 
straight line length between the two endpoints: TI = CLL 
length/Straight line length.

Additionally, coordinates of the 1.0 mm interpolated 

Patients with imaging in CAR 
n=160

Controls selected
Age + sex matched: n=105

-Power calculation: 35 patients
-Excluded for poor quality of imaging
-Selection of patients included:
• 50/50 left/right ECAA
• 50/50 female/male
• 50/50 younger/older than 55 years
• 50/50 small/large aneurysm
• 50/50 fusiform/saccular aneurysm

Patients excluded: n=125

Cases selected
n=35

Figure 1 A flow diagram of the case and control selection. CAR, Carotid Aneurysm Registry; ECAA, extracranial carotid artery aneurysm.



Quantitative Imaging in Medicine and Surgery, Vol 12, No 11 November 2022 5021

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(11):5018-5029 | https://dx.doi.org/10.21037/qims-22-89

CLL were exported from 3mensio Vascular, and analyzed 
with an in-house MATLAB (vR2019b, MathWorks®, 
Natick, Massachusetts, USA) based script to calculate the 
curvature and torsion of the total carotid artery. Applied 
equations for calculation of the extrinsic linear curvature 
and torsion are described in Appendix 1. Based on literature 
(4,5,15), the following cut-off values were applied; low 
(≤0.15), medium (>0.15 and ≤0.3), high (>0.3) curvature, and 
low (≤5.0), and high (>5.0) torsion values across the CLL 
of the entire carotid artery from CCA origin up to skull 
base. Total number of curvature and torsion categories per 
study subject were reported (Figure 3). All measurements 
were performed by two independent operators, of which 
the second was blinded for the outcomes of this study. 
Case or control status of the study subjects was blinded 
for both operators while measuring carotid tortuosity. 
To assess intra-operator variability, 35 scans (20%) were 

randomly selected and measured twice with a minimum 
wash-out period of 2 weeks. Both the operators were 
trained with five test patients, and the sequence of study 
patient measurements was determined by randomization to 
overcome a potential effect from learning. 

Sample size calculation

The literature was reviewed for previous TI measurements 
of the extracranial carotid arteries for an accurate sample 
size calculation (8-10,12,16). For the healthy carotid artery, 
a mean TI of 1.2 was used, for the ECAA-affected carotid 
artery mean TI of 1.35, with standard deviation of 0.25. As 
a result, we obtained a sample size of 35 cases and 105 1:3 
matched controls, 140 patients in total, one-sided with a 
power of 80% and type I error of 5%, calculated by use of 
the package ‘epiR’ (17).

Outcome and statistical analysis

The primary parameter of interest was the difference of TI 
of the affected ipsilateral ECAA carotid artery compared 
with the contralateral artery within one ECAA patient, in 
order to correct for all confounding factors. The secondary 
parameter of interest was defined as the difference in TI 
in the affected carotid artery of ECAA patients compared 
with ipsilateral control carotids, adjusted for potential 
confounding factors. Additionally, number of curvature and 
torsion values of the carotid artery were analyzed in these 
groups. All observations were assessed in terms of inter- 
and intra-operator reliability and agreement. Reliability 
was assessed by use of Intraclass correlation coefficient 
(ICC; model: two-way mixed, type: absolute agreement) 
with 95% confidence intervals (CI). Bland-Altman analysis 
was used to assess agreement for TI (18,19). Normality 
was tested by the Shapiro-Wilk test. Non-parametrically 
distributed continuous and categorical baseline differences 
were compared with Mann Whitney U test, and χ2 test 
respectively. 

Carotid tortuosity within the ECAA patient

Continuous measures within one ECAA patient were 
compared by use of the paired t-test (parametrical), or 
Wilcoxon signed rank test (non-parametrical data). The 
correlations between continuous values were assessed with 
Pearson (parametrical) or Spearman correlation (non-
parametrical data). 

Figure 2 Segmentation example of the aneurysmal right ICA. 
The carotid tortuosity index was calculated for every study 
patient as ratio of the length of the CLL and the straight-line 
length. The carotid artery was measured from skull base (A) until 
carotid bifurcation (B), and origin of the CCA (C). The CLL for 
the ICA is indicated in blue, for the CCA in red. The CLL of the 
total carotid artery was calculated by adding ICA and CCA CLL 
length. The straight lines are indicated in yellow and green. ICA, 
internal carotid artery; CLL, central luminal line; CCA, common 
carotid artery.

https://cdn.amegroups.cn/static/public/QIMS-22-89-Supplementary.pdf
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Figure 3 Example of curvature and torsion measures of the left carotid artery. The colored line represents the central luminal line of the 
total CA, left: curvature across the total CA divided in low (green; ≤0.15), medium (orange; >0.15 and ≤0.30), and high curvature (red; 

>0.30), right: torsion divided in low torsion (green; ≤5.0), and high torsion (red; >0.5). Applied equations are summarized in Appendix 1. 
CA, carotid artery.
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Carotid tortuosity compared in ECAA patients and controls 

Cases and controls  were compared by use of  the 
independent t-test, or Mann-Whitney U-test. Multiple 
l inear regression analysis was used to correct for 
confounding. Potential confounders were selected based on 
a univariate analysis (P<0.1) and literature (5,7,9,12,20-22). 
Regression coefficients with 95% CI were reported, and P 
values <0.05 were considered statistically significant. The 
distribution of the residuals was checked with a Q-Q plot. 
All statistical analyses were conducted using SPSS v25.0 
(IBM SPSS Statistics for Windows, Version 25.0. Armonk, 
NY: IBM Corp.) and Rstudio v3.4.1 (RStudio Team (2016). 
RStudio: Integrated Development for R. RStudio, Inc., 
Boston, MA, www.rstudio.com). 

Results 

From the CAR database, 35 unilateral ECAA cases 
were selected based on sex, age, shape and size of 
the ECAA. Thus, patients with bilateral ECAA were 
excluded. Out of >3,000 trauma patients, 105 eligible 
control patients, matched for age and sex, were included. 
Baseline characteristics of the separate patient groups are 
summarized in Table 1. Half of the patients (51%) were 
men with a median age of 62 years (range, 25–82 years). No 
statistically significant differences in cases and controls were 
observed in terms of cardiovascular medical history. CTD 
was seen in 2 patients (6%, P=0.058) in the case group, 
against no CTD patients in the control group. However, 

no statistically significant difference was seen which might 
be due to the small number of cases. Reported maximum 
diameters of either saccular or fusiform ECAAs were 
median 13.5 mm (range, 4.5–40.5 mm).

Inter- and intra-operator reproducibility

In total, 175 TI measurements were performed in 140 
unique subjects (35 ECAA cases, 35 contralateral ECAA 
controls and 105 control trauma patients). The TI 
measurements were performed on the ICA, the CCA and 
the total CA. Excellent inter- and intra-operator reliability 
was observed with ICCs ≥0.9 (Table S1). Bland-Altman 
plots showed no systematic bias and limits of agreement 
were exceeded by less than 10% of the total dataset 
indicating normal differences (Figures S1,S2). No difference 
was seen in the TI measurements observed by the operator 
blinded for the outcomes and the operator not blinded for 
outcomes (data not shown). 

Carotid tortuosity within the ECAA patient

Measures of TI, curvature and torsion of the different 
subfields of the carotid arteries of included ECAA patients 
are shown in Table 2. No distinctive differences in the 
unilateral ECAA artery and contralateral non-affected 
extracranial carotid artery in any of the subfields (ICA, 
CCA, or total CA) were seen. The highest TIs overall were 
observed in the ICA. Medium and high curvature numbers 
were rare across both carotids, indicating similar counts of 

Table 1 Baseline characteristics of study population

Variables ECAA patients (n=35*) Control patients (n=105) P value

Male, n [%] 18 [51] 54 [51] 1

Age at scan, years, median [range] 62 [25–82] 62 [25–82] 0.983

Carotid side, n [%]

Right 18 [51] 54 [51] 1

Hypertension, n [%] 16 [46] 34 [32] 0.179

Rheumatoid arthritis, n [%] 3 [9] 6 [6] 0.688

Diabetes mellitus, n [%] 3 [9] 7 [7] 0.706

Connective tissue disorder, n [%] 2 [6] 0 0.058

Statin use, n [%] 14 [40] 27 [26] 0.133

Smoking, n [%] 4 [11] 15 [14] 0.782

*, for one case no medical history was available. ECAA, extracranial carotid artery aneurysm.

http://www.rstudio.com
https://cdn.amegroups.cn/static/public/QIMS-22-89-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-22-89-Supplementary.pdf
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Table 2 Tortuosity measures in cases, compared with own contralateral carotid artery

Tortuosity index
Ipsilateral ECAA carotid artery, median 

(range) (n=35)
Contralateral carotid artery, median 

(range) (n=34*)
P value

ICA

Overall 1.387 (1.066–2.145) 1.346 (1.022–2.028) 0.369

Left carotid 1.398 (1.072–1.840) 1.357 (1.022–1.681) 0.163

Right carotid 1.335 (1.066–2.145) 1.287 (1.026–2.028) 0.795

CCA

Overall 1.108 (1.016–1.694) 1.089 (1.010–1.864) 0.573

Left carotid 1.108 (1.021–1.424) 1.084 (1.014–1.406) 0.055

Right carotid 1.105 (1.016–1.694) 1.143 (1.010–1.864) 0.344

Total CA

Overall 1.245 (1.046–1.793) 1.229 (1.023–1.943) 0.726

Left carotid 1.249 (1.046–1.553) 1.227 (1.023–1.491) 0.381

Right carotid 1.241 (1.080–1.793) 1.233 (1.028–1.943) 0.586

Curvature (counts)**

Low (≤0.15) 186 (147–230) 195 (148–240) 0.565

Medium (0.16–0.30) 40 (23–60) 39 (5–360) 0.280

High (>0.30) 5 (0–15) 5 (0–20) 0.312

Torsion (counts)**

Low (≤5.0) 227 (177–525) 229 (177–259) 0.627

High (>5.0) 7 (1–13) 7 (1–16) 0.599

*, one patient with contralateral occlusion; **, only 33 vs. 30 segmentations available for curvature and torsion calculation across total CA. 
ECAA, extracranial carotid artery aneurysm; ICA, internal carotid artery; CCA, common carotid artery; CA, carotid artery. 

sharp bends in both carotids. Lastly, nearly similar numbers 
of torsion were observed. Spearman correlation between 
the ipsi- and contralateral TI of the total carotid artery was 
0.758 (P<0.001).

Carotid tortuosity compared in ECAA patients and controls

Significant differences in TI were observed when comparing 
the ECAA affected extracranial carotid artery with unilateral 
controls (Table 3). This difference remained intact when 
using the Bonferroni correction (α=0.00357). Furthermore, 
TI was higher in the ICA than CCA or total carotid artery. 
Both medium and high curvature counts across the total CA 
were higher within cases compared to controls (P<0.001). 
In contrast, for high torsion counts, no differences were 
observed. 

Multiple linear regression was performed on TI 

measures of total carotid artery in unilateral cases and 
controls. Covariates were age ≥65 years, sex, carotid side, 
hypertension, CTD, and lastly presence of ECAA. Presence 
of ECAA (B 0.146, 95% CI: 0.100–0.192, P<0.001) was 
independently associated with an increased TI. The 
multiple linear regression can be seen in Table 4. The 
residuals followed a normal distribution.

Discussion

The present retrospective case-control study showed that 
carotid tortuosity is similar in the affected ipsi- versus 
non-affected contralateral carotid artery within ECAA 
patients, but distinctively higher in comparison with control 
patients. The difference in tortuosity between cases and 
controls remained significant after adjustment for potential 
confounding factors. Excellent inter- and intra-operator 
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Table 3 Tortuosity measures of cases and sex- and age-matched controls (unadjusted for confounding)

Tortuosity index Ipsilateral ECAA carotid artery, median (range) (n=35) Control carotid artery, median (range) (n=105) P value

ICA

Overall 1.387 (1.066–2.145) 1.122 (1.009–2.048) <0.001

Left carotid 1.398 (1.072–1.840) 1.150 (1.017–2.048) <0.001

Right carotid 1.335 (1.066–2.145) 1.112 (1.009–1.641) <0.001

CCA

Overall 1.108 (1.016–1.694) 1.051 (1.008–1.373) 0.010

Left carotid 1.108 (1.021–1.424) 1.050 (1.008–1.287) 0.029

Right carotid 1.105 (1.016–1.694) 1.056 (1.010–1.373) 0.182

Total CA

Overall 1.245 (1.046–1.793) 1.105 (1.018–1.570) <0.001

Left carotid 1.249 (1.046–1.553) 1.109 (1.021–1.570) <0.001

Right carotid 1.241 (1.080–1.793) 1.103 (1.018–1.501) <0.001

Curvature (counts)*

Low (≤0.15) 186 (147–230) 189 (139–234) 0.716

Medium (0.16–0.30) 40 (23–60) 24 (2–52) <0.001

High (>0.30) 5 (0–15) 0 (0–11) <0.001

Torsion (counts)*

Low (≤5.0) 227 (177–525) 200 (159–252) <0.001

High (>5.0) 7 (1–13) 6 (2–12) 0.203

*, Only 33 vs. 92 segmentations available for curvature and torsion calculation across total CA. ECAA, extracranial carotid artery aneurysm; 
ICA, internal carotid artery; CCA, common carotid artery; CA, carotid artery. 

Table 4 Multiple linear regression

Variables B 95% CI P value t-value

Presence of ECAA 0.146 0.100 to 0.192 <0.001 6.327

Age, older than 65 years 0.071 0.031 to 0.111 0.001 3.506

Aneurysm side, right 0.018 −0.020 to 0.56 0.347 0.944

Female gender 0.033 0.072 to 0.005 0.087 1.722

CTD −0.079 −0.244 to 0.085 0.342 −0.953

Hypertension 0.032 −0.009 to 0.074 0.127 1.535

B, unstandardized coefficient B; ECAA, extracranial carotid artery aneurysm; CTD, connective tissue disease.

reproducibility was observed in all TI measurements.
Arterial tortuosity is a commonly observed, though its 

pathological and clinical relevance are still under debate. 
Both TI (9,21) and curvature (5,15,21) of the carotids 
were investigated in patients with intracranial aneurysms, 

and even though the methods used to assess tortuosity 
varied, associations of high tortuosity with aneurysm 
formation were reported. The finding that arterial bends 
affect hemodynamic forces was confirmed by several 
computational hemodynamic studies (5,15,23). Fluctuating 
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wall shear stresses caused slow flow within aneurysms, 
and areas with highest curvature were prone to aneurysm 
formation (4,15,23). The present study confirms the 
association of high arterial tortuosity, defined as a high TI, 
and the presence of aneurysm in the extracranial carotid 
artery. Available literature reports that most ECAAs are 
located within the ICA (24-26), and in this subfield the 
highest values of TI were measured (Tables 2,3). This study 
shows that carotid tortuosity is a non-invasive measure 
easily calculated from standard imaging CT protocols and 
is therefore a promising candidate variable in radiological 
characterization of ECAA. At this point, optimal treatment 
and follow-up of ECAAs, or patients with increased 
tortuosity of the carotid arteries, is largely unknown (2,27). 
The European Society for Vascular Surgery (ESVS) clinical 
Guidelines on carotid and vertebral artery disease do not 
include recommendations on ECAAs, nor on surveillance of 
patients with tortuous ICAs (28).

Invasive endovascular or surgical treatment seems to be 
indicated in ECAA patients with symptoms and/or growing 
aneurysms (27). Even though open surgery remains the 
gold standard for these patients, significant comorbidities as 
a cranial nerve deficit should be considered. Endovascular 
repair should also be considered in poorly accessible 
distal aneurysms and hostile necks (29). The effect of 
carotid tortuosity and its potential to hamper endovascular 
treatment options of ECAA remains to be investigated. 
In a recent study higher TI was associated with occlusion 
after endovascular repair of popliteal aneurysms (30). Also, 
previous research on patients with thoracic aneurysms 
treated with Thoracic Endovascular Aneurysm Repair 
(TEVAR) showed impressive stent displacement forces 
in patients with thoracic tortuosity (31). Even though 
the blood pressure is likely to differ within the carotids, 
the tortuous anatomy could mimic displacement forces 
after carotid stenting and cause migration of the stent. 
Defining a future quantitative tortuosity threshold for 
endovascular therapy, will aid in selecting eligible patients 
for endovascular stenting of ECAA. 

Although our study was powered on the difference 
in TI for case and control patients, we have additionally 
analyzed the ipsi- and contralateral artery within ECAA 
patients, in contrast to other studies (5,21,32). Confounding 
factors for tortuosity were corrected for in this analysis. 
The affected ECAA carotid artery showed overall higher 
numerical TI values than the contralateral side, but no 
significant differences were observed, neither in curvature 
nor in torsion values (Table 2). This may be a result of 

type-II statistical error, however, since only 35 patients 
with ECAA were studied. Similar bilateral TI was also 
observed in a sample of unilateral extracranial artery 
dissection patients (9). In this study, it was suggested that 
the side of the dissection might be determined by the side 
of injury. However, this could not be further investigated. 
Nevertheless, the exact moment of development of both 
dissection and ECAA is difficult to pinpoint. The time 
difference between de the development and detection of the 
ECAA will therefore remain unknown. Future longitudinal 
research is warranted to overcome antecedent-consequent 
bias and should focus on whether the contralateral side 
develops ECAAs in time as well. Bilateral tortuosity may 
indicate that these patients have a generalized tortuous 
vascular subtype, such as the monogenetic disease 
“arterial tortuosity syndrome” (33), although it remains 
unclear if this predisposes for bilateral ECAA disease. 
It is possible that arterial tortuosity could be used as 
surrogate marker of a vascular subtype, prone to aneurysm 
formation. Furthermore, it is imaginable that ECAAs 
with large diameters affect the carotid geometry more, 
and growth of the aneurysm sac could potentially affect 
future endovascular options. As the present study was not 
powered on the difference in tortuosity for aneurysm size, 
stratification into large (>10 mm) and small (≤10 mm) 
ECAA did not influence the results within the ECAA 
patient (P>0.338, data not shown). Our study results can 
be used as baseline values for future research to investigate 
the difference in arterial tortuosity stratified in ECAA size. 
Besides age (7,12,20) and aneurysm presence (5,21,34), male 
sex, hypertension (22), and CTDs (35) were suggested to 
be associated with tortuosity. In the present analysis, these 
findings for age and aneurysm presence were confirmed. 

Limitations

Selection of a dissection-free study sample is challenging. 
Arterial dissection may be asymptomatic, and radiological 
identification of the characteristic intima flap or mural 
hematoma is hampered by time-dependent vascular 
remodeling. The potential influence of dissection on carotid 
tortuosity and ECAA, is therefore not a potential residual 
confounder. Secondly, assessment of curvature and torsion 
have been rarely investigated for the extracranial carotid 
arteries. In order to report our results accessibly, we defined 
cut-off values according to the existing literature (4,5,15) 
to indicate degree of curvature and torsion (Figure 2).  
Suitable thresholds and their clinical applicability remain 
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to be investigated. In addition, curvature and torsion values 
were solely available for the total CLL and thus the entire 
carotid artery. Further optimization of software should be 
performed to enable discrimination and assess curvature 
and torsion in the ICA and CCA separately. As in every 
medical imaging derived study, the present results are 
highly dependent on the quality of the scan. Deviating 
head- and neck-postures while scanning could influence 
carotid geometry, in particular the length of the straight 
line of the carotid artery. Since we observed angulation in 
only a few subjects, both cases and controls, we consider 
this influence negligible. Lastly, manual correction of the 
automatically generated CLL by the 3mensio Vascular 
software was necessary in every study subject causing 
potential variability of the results. Despite these manual 
corrections, reproducibility of the present tortuosity 
measures between operators was excellent mainly due to 
our detailed pre-defined scoring protocol. Quantitative 3D 
tortuosity measures by use of well-defined protocols are 
therefore the recommended first step in future research on 
tortuosity. Ultimately, fully automatic TI measurements can 
be computed by machine learning and could be integrated 
in future screening algorithms for ECAA (36). 

Conclusions

This retrospective case-control study showed that carotid 
tortuosity is similar in both carotids within ECAA patients, 
though significantly higher in comparison with age- and 
sex-matched controls. Carotid tortuosity therefore seems 
to be associated with ECAA development. Future research 
should investigate if persons with an increased tortuosity do 
indeed develop ECAA and would benefit from surveillance 
of their carotid arteries.
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Appendix 1 

For calculation of the curvature of the central luminal line 
(CLL) of the carotid artery, the following equation of the 
extrinsic linear curvature was used (18):

 
[1]

To calculate torsion of the CLL, the following equation 

derived from the theory described by Pressley (19) was 
used:

 
[2]

Where x,y,z are the CLL cartesian coordinates, ' is the 
first derivative, '' is the second derivative and ''' is the third 
derivative.

Figure S1 Bland-Altman plots showing agreement of two operators on tortuosity index (TI) measurements of 175 carotids according to the 
three subfields [internal carotid artery (ICA), common carotid artery (CCA), total carotid artery (CA)]. The dash-dotted line in the middle 
represents the mean difference of the TI between the two operators, and the dotted lines represent the upper and lower limits of agreement 
(mean difference ± 1.96 × standard deviation).

Supplementary
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Figure S2 Bland-Altman (18,19) plots showing intra-operator agreement of operator 1 (blinded) in the left panel, and operator 2 on the 
right on tortuosity index (TI) measurements of 35 carotids according to the three subfields [internal carotid artery (ICA), common carotid 
artery (CCA), total carotid artery (CA)]. The dash-dotted line in the middle represents the mean difference of the TI between the two 
operators, and the dotted lines represent the upper and lower limits of agreement (mean difference ± 1.96 × standard deviation).
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Table S1 Intraclass correlation coefficients for both inter- and intra-operator reliability (18,19)

Inter-operator (n=175)
Intra-operator (n=35)

Operator 1* Operator 2

ICC (95% CI) ICC (95% CI) ICC (95% CI)

ICA 0.983 (0.977-0.988) 0.998 (0.997-0.999) 0.982 (0.965-0.991) 

CCA 0.921 (0.849-0.959) 0.978 (0.956-0.994) 0.921 (0.849-0.959)

Total CA 0.980 (0.973-0.985) 0.996 (0.993-0.998) 0.980 (0.962-0.990)

*, indicates blinded operator. ICC model: two-way mixed, type: absolute agreement. ICC, intraclass correlation coefficient; CI, confidence 
interval; ICA, internal carotid artery; CCA, common carotid artery; CA, carotid artery. 


