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ARTICLE INFO ABSTRACT

Keywords: Background: To study the effect of age and gender on tortuosity of the descending thoracic aorta, and to evaluate

Aorta inter-observer agreement of tortuosity index (TI) measurements.

Tortuosity Methods: Contrast-enhanced CT scans of 182 patients were analyzed by an experienced radiologist using routine

Age o 3D imaging software. The descending aorta was defined by proximal and distal endpoints. The software gen-

Tortuosity index erated centerline length, and straight line distance between the 2 endpoints were measured. TI was calculated as:
[centerline length / straight line distance -1] * 100. Impact of age on TI of the descending aorta was assessed
using linear regression in both genders. To assess inter-observer agreement; TI measurements of 50 cases were
repeated by 3 other independent readers.
Results: The mean ( = SD) TI was 8.3 + 2.6 in men and 8.9 * 3 in women, with no significant difference
between the 2 genders, p = 0.208. Moderate positive correlation was observed between TI and age (r = 0.566,
p < 0.00001 and r = 0.569, p < 0.00001 in men and women, respectively). The 10-year-percent change was
higher in women than men (13.3% and 9.5%, respectively). Inter-observer agreement for TI was good, intra-class
correlation coefficient was 0.84 (95% CI: 0.76-0.89, p < 0.0001). Centerline length was poorly correlated to
age (r = 0.248, p = 0.048 in men and r = 0.369, p < 0.001 in women). Body-surface-area-indexed centerline
length was not significantly correlated to age (p = 0.948).
Conclusions: Tortuosity of the descending aorta increases with age in both genders. TI has acceptable inter-

observer agreement and was better correlated to age than centerline length measurements.

1. Introduction

Age is a known major cardiovascular risk [1]. Arterial aging leads to
structural changes in the elastin content of the arterial walls [2], and
therefore age-related changes progress faster in the central elastin-rich
arteries than in the muscular peripheral arteries [1,2]. The extent of
age-related changes is also affected by other risk factors including hy-
pertension, diabetes mellitus and renal disease among others.

Age-related changes result in stiffening and dilation of the aorta [3],
and there are plenty of studies that demonstrated a steady increase in
aortic diameter with age [4-6]. It is widely accepted according to
current guidelines to interpret normal limits of aortic diameter in re-
lation to age and gender [7].

Compared to the extensively studied diameter changes, fewer stu-
dies have addressed changes in aortic length with age. Most studies
demonstrated an increase in length of the ascending aorta and the
aortic arch with advancing age [8-11]. On the other hand, there is less

known about the changes in length of the descending aorta, and the
data available in the literature is controversial.

Several imaging modalities may be used for measuring the length of
the descending aorta, and CT is an established method with its 3D
capabilities allowing accurate and highly reproducible measurements.
Previous CT and MRI studies measured the centerline length of the
aorta with or without indexing to body proportions [8-10]. Another
way of evaluating vessel lengthening and tortuosity is the tortuosity
index, based on the ratio between the curvilinear vessel length and the
line distance between proximal and distal endpoints [12]. This method
is commonly used to evaluate aneurysms [13], and was used in a very
recent study to investigate aortic elongation [14].

This CT study was performed to investigate whether the tortuosity
index of the descending aorta increases with age; and the effect of
gender. The secondary outcome was to assess the inter-observer
agreement of the descending aorta tortuosity index.

Abbreviations: 3D, 3-dimensional; BSA, body surface area; CT, computed tomography; DA, descending aorta; MRI, magnetic resonance imaging; TI, Tortuosity index

* Corresponding author.

E-mail addresses: ahmedtawfik@edu.mans.eg (A.M. Tawfik), doniasobh2005@yahoo.com (D.M. Sobh), basmagadelhak@hotmail.com (B. Gadelhak),

hodasobh@gmail.com (H.M. Sobh), nihalbatouty@gmail.com (N.M. Batouty).

https://doi.org/10.1016/j.ejrad.2018.11.017

Received 22 July 2018; Received in revised form 15 September 2018; Accepted 19 November 2018

0720-048X/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/0720048X
https://www.elsevier.com/locate/ejrad
https://doi.org/10.1016/j.ejrad.2018.11.017
https://doi.org/10.1016/j.ejrad.2018.11.017
mailto:ahmedtawfik@edu.mans.eg
mailto:doniasobh2005@yahoo.com
mailto:basmagadelhak@hotmail.com
mailto:hodasobh@gmail.com
mailto:nihalbatouty@gmail.com
https://doi.org/10.1016/j.ejrad.2018.11.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejrad.2018.11.017&domain=pdf

A.M. Tawfik et al.

2. Methods
2.1. Patients

This retrospective study was approved by our institutional review
board. We retrieved all post-contrast CT scans of the thorax in the
period between July 2017 and January 2018. Patients' records were
reviewed and patients with cardiovascular disease, hypertension, dia-
betes mellitus, renal disease or history of smoking were excluded. The
CT scans were reviewed to exclude cases with aortic aneurysms or
dissections as well as marked mediastinal shift or significant spinal
deformities. Poor quality scans with excessive motion or suboptimal
vascular contrast were also excluded. Final number of patients was 182.

2.2. CT Image analysis and tortuosity index calculation

Images were retrieved on a standard workstation (ADW 4.6 GE
Healthcare, USA) with commercially available volume viewer software.
A 3D volume-rendered angiogram was reformatted. A radiologist with
experience in cardiovascular imaging defined the descending aorta by 2
points, the proximal at the isthmus (2 cm distal to subclavian artery)
[71, and the distal just above the celiac axis. An automated centerline
between the 2 points was then generated. The centerline length of the
descending thoracic aorta and the straight line length between the 2
points were documented (Fig. 1). The tortuosity index was calculated
by the formula: [centerline length / straight line length -1] * 100 [15].
In addition, the mid DA diameter was measured in the perpendicular
plane. The weight and height data were available in 94 patients; the
body index was calculated according to a modified Gehan and George
formula [16].

2.3. Inter-observer agreement of the tortuosity index

To assess the inter-observer agreement, the post-processing and
measurements for the first 50 cases were also measured by 3 other in-
dependent readers. Readers were blinded to the age of the patient and
to other's results.

2.4. Statistical analysis

Continuous data were presented as mean * standard deviation
(SD). Data was tested for normality using Kolmogorov-Smirnov test.
Differences between the means were assessed using t-test in normally-
distributed data and Mann-Whitney test in otherwise. Simple linear
regression analysis was used to assess the association of each of TI,
centerline length and diameter with age in each gender. Multiple re-
gression analysis was used to assess the effect of both age and gender on
TI.

The inter-observer agreement of TI measurement between the 4
readers was assessed by intra-class correlation coefficient (single mea-
surement, absolute agreement, 2-way random-effects model [17]. The
measurement error for repeated TI measurements was calculated as the
within-subject standard deviation. The coefficient of variation was
calculated as the ratio of the within-subject standard deviation to the
overall mean. The repeatability was calculated as 2.77 * the within-
subject standard deviation [18].

3. Results

The study included 182 patients (median age 53 years), 64 males
and 118 females. The mean age + SD was 46.9 + 14.6 years in males
and 50 *+ 16.4 years in females, with no significant difference,
p = 0.398. The means ( + SDs) of the TI, centerline length and dia-
meter of the descending aorta are listed in Table 1. The mean TI was 8.3
in males and 8.9 in females, with no significant difference between the
2 genders, p = 0.208. The centerline length and the diameter were
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significantly greater in men than women, p = 0.00006 and 0.03, re-
spectively. The time taken for obtaining all measurements was less than
1 min.

3.1. Impact of age (and gender) on tortuosity index of the descending aorta

There was moderate positive correlation between TI and age in both
genders, with comparable strength, (r = 0.566, p < 0.00001 and
r = 0.569, p < 0.00001 in males and females respectively), Fig. 2. The
linear regression equation was TI = 4.614 + 0.079 * Age for males and
TI = 2.96 + 0.119 * Age for females. The 10-year percent change in TI
was calculated as the regression estimate (beta) multiplied by 10 di-
vided by the mean value. The percent change was higher in females
than males (13.3% and 9.5%, respectively), Table 2.

Multiple regression analysis with age and gender as factors affecting
TI revealed that the effect of age was still significant (p < 0.0001),
while the gender had no significant effect (p = 0.451).

3.2. Impact of age on Centerline length

The absolute centerline length was poorly correlated to age in males
(r = 0.248, p = 0.048) and females (r = 0.369, p < 0.001). The cen-
terline length indexed to BSA in 94 cases was not significantly corre-
lated to age (p = 0.948).

3.3. Impact of age on diameter of the descending aorta

The descending aorta diameter was more strongly correlated to age
in males than females, (r =0.829, p < 0.00001 and r = 0.725,
p < 0.00001 in males and females respectively). The 10-year percent
change was higher in males than females (7.9% and 6.4%, respec-
tively).

3.4. Inter-observer agreement of the Tortuosity index

The inter-observer agreement for TI was good, Fig. 3. The intra-class
correlation coefficient between TI measurements by the 4 readers was
0.84 (95% CL 0.76 - 0.89, p < 0.0001). The measurement error
(within-subject standard deviation) was 1.27. The coefficient of varia-
tion was 13%. The repeatability was 3.5, i.e. the difference between 2
measurements for the same subject is expected to be less than 3.5 in
95% of cases.

4. Discussion
4.1. Impact of age (and gender) on tortuosity index of the descending aorta

In this study we demonstrated that the descending aorta tortuosity
increases with age. There was moderate positive correlation between TI
of the DA and age (r = 0.56). Overall, the TI was not significantly
different between men and women. The association between TI and age
was similar in both genders, and the effect of gender on the association
between TI and age was not significant. However, it is worth noting that
men had higher regression constant (i.e. TI at 0 age) than women. On
the other hand, women had higher regression coefficient and hence
higher percent change every year of age. This means that at younger
age men have higher TI than women, while at older age group the re-
verse becomes true.

In a very recent study, Adriaans et al. investigated age related
changes of the tortuosity ratios of the aorta. However, in their results,
only the tortuosity of proximal DA (from left subclavian artery to level
of pulmonary bifurcation) was associated with age, but not the distal
DA. The correlation was weak in their study (r = 0.38) [14]. One
technical difference in our study is that the multi-planar reformat was
used for straight line distance measurement rather than the 3D image.
Another point of difference is that the we did not include the most
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Table 1
Tortuosity index, centerline length and diameter of the descending aorta ac-
cording to gender.

Male Female Difference P value
Tortuosity Index 83 = 26 89 =3 0.6 = 0.4 0.208
Centerline length (cm) 185 = 2.5 17.2 = 2.2 1.2 +£ 0.36 0.00006*
Diameter (mm) 234 = 4.1 2215 + 2.9 1.26 + 0.52 0.03*

Data are presented as mean = SD. * Statistically significant.

proximal segment of DA just distal to the left subclavian artery; as it is
inherently curved, and therefore better assessed by radius of curvature
rather than tortuosity ratio; hence this segment was included in several
other studies which demonstrated age-related changes in aortic arch
curvature with unfolding and widening of the curve [9,10,19]. On the
other hand, the tortuosity ratio is more appropriate for assessment of
originally straight-shaped arteries (e.g. the DA distal to the isthmus).
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Fig. 1. Tortuosity index measurement in 2 different patients. Upper panel: 30-year old female. (A) Volume rendered CT image showing proximal and distal
endpoints of measurement and centerline length (18.3 cm). (B) Multi-planar reformatted CT image showing the straightline length between the same 2 endpoints
(17.3 cm). The TI was [18.3 / 17.3 -1] * 100 = 5.8. (C) Curved reformat showing slight tortuosity of the descending aorta. Lower panel: 66-year old female. (D)
Volume rendered CT image showing centerline length (19 cm). (E) Multi-planar reformatted CT image showing the straight line length (17.2 cm). The TI was 10.5.
(F) Curved reformat showing marked tortuosity of the descending aorta.

4.2. Impact of age on Centerline length

The association between the absolute centerline length of the DA
and age was poor, and even when the centerline length was indexed to
BSA, the correlation with age was not significant. This highlights the
advantage of the TI as a ratio between the centerline length and straight
line distance between the 2 end points of the vessel, while the mere
centerline length measurement is clearly affected by body size.

There is some discrepancy between the results of previous studies
that used centerline length measurement. In 2 previous studies, in ad-
dition to our results, no significant correlation was present between the
length of the DA and age [8,9]. Three other studies demonstrated an
increase in the length of the DA with advancing age [10,14,19]. The
variable results might have been caused by lack of agreement on the use
of either the absolute centerline length, or the length adjusted to BSA;
to body-mass index or to the subject's height. Another cause of varia-
bility is the use of different definitions of the DA.
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Fig. 2. Tortuosity index in relation to age in both genders. The linear regression lines are indicated for both genders.

Table 2
Linear regression analysis of each of TI, centerline length and diameter of the descending aorta in relation to age.
Male Female
R Beta % change P value R Beta % change P value
Tortuosity 0.566 0.079 9.5% < 0.00001 0.569 0.119 13.3% < 0.00001
Index + 0.015 + 0.016
Centerline 0.248 0.034 1.8% 0.048 0.369 0.056 3.2% < 0.001
length (cm) + 0.017 + 0.013
Diameter 0.829 0.185 7.9% < 0.00001 0.725 0.143 6.4% < 0.00001
(mm) + 0.016 + 0.013
R = correlation coefficient; Beta = regression estimate; % change = 10-year percent change.
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Fig. 3. Scatterplot of paired readers TI measurements. The line of perfect agreement is shown. The closer the data points to this line, the better the agreement.
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4.3. Impact of age on diameter of the descending aorta

In line with the current literature [4-6], the diameter of the DA was
greater in men than women and there was moderate association to age.
In addition, the correlation with age was stronger in men than women
as well as the 10-year percent change.

4.4. Inter-observer agreement for TI

The inter-observer agreement of the TI measurements between the 4
readers was good, and the repeatability of the measurement was ac-
ceptable.

Other advantages of TI measurement are that it is readily performed
on routine contrast enhanced CT scans using routine commercial soft-
ware; it is easy, needs no pre-experience or learning curve and is not
time consuming. The measurement is applicable to use with MRI as
well.

4.5. Importance of tortuosity of the DA

But why is it important to study the tortuosity and lengthening of
the descending aorta and the effect of age? First, the descending aorta
length has a direct impact on the aortic pulse wave velocity (PWV), an
accepted measurement of central arterial stiffness in humans that is
calculated based on the carotid-to-femoral distance divided by the time
delay between carotid and femoral pulse waves [8]. The ascending
aorta is excluded from such measurement, but an extensively long and
tortuous descending aorta theoretically causes underestimation of the
distance factor in PWV calculations [2]. Second, a recent study de-
monstrated that the degree of aortic tortuosity on routine chest X-ray
may be an indicator of LV diastolic function [20]. Another study de-
monstrated correlation between aortic tortuosity on chest X-ray on one
hand and visceral fat obesity and ankle-brachial index on the other
[21]. CT provides more accurate measurement of aortic tortuosity and
could be used to explore the relationship between tortuosity and dif-
ferent atherosclerotic determinants and results.

Third, knowledge of the effect of age on length and tortuosity of the
aorta in non-diseased aortas is the base for understanding the patho-
genesis of aortopathies including aortic aneurysm formation and dis-
section [22].

Finally, aortic tortuosity is important to study before interventional
procedures, nonetheless stent graft deployment for thoracic en-
dovascular aortic repair (TEVAR) of aortic aneurysms, as higher aortic
tortuosity increases the risk of endoleaks and other major complications
[13].

4.6. Tortuosity of other vessels

Other than the aorta, arterial tortuosity was described in the retinal,
carotid and cerebral arteries, as well as veins. The mechanical factors
involved in vessel tortuosity are complex, and it is thought to result
from varying degrees of effects of high blood pressure or flow, reduced
axial tension, and weakening of the arterial wall due to elastin de-
gradation. Studies have linked vessel tortuosity to age, hypertension,
genetic defects and diabetes mellitus [12]. In the current study we at-
tempted to demonstrate the effect of age on otherwise healthy arteries;
that is the reason why patients with hypertension and other cardio-
vascular risk factors were excluded from this study.

4.7. Study limitations

The main limitation to this study is its retrospective nature. The
blood pressure measurements among other clinical and laboratory
findings were not available and we relied on patient's history for ex-
clusion of known cardiovascular disease, hypertension, diabetes or
smoking. Further prospective studies are encouraged with assessment
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of the effect of various risk factors on the tortuosity of the aorta in-
cluding atherosclerotic plaque burden.

5. Conclusions

In conclusion, this study demonstrated that the tortuosity of the
descending aorta increases with age in both genders. The tortuosity
index as a measurement of descending aorta tortuosity has an accep-
table repeatability and was better correlated to age than centerline
length measurements which are gender- and body size-dependent.
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