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Abstract
Impact of arterial stiffness on aortic morphology has not been well evaluated. We sought to investigate the association of brachial-
ankle pulse wave velocity (baPWV) with aortic calcification and tortuosity.
A total of 181 patients (65.4±10.4 years, males 59.7%) who underwent computed tomographic angiography and baPWV

measurement within 1 month of study entry were retrospectively reviewed. Aortic calcification was quantified by the calcium scoring
software system. Aortic tortuosity was defined as the length of themidline in the aorta divided by the length of linear line from the aortic
root to the distal end of the thoraco-abdominal aorta. In simple correlation analyses, baPWV was correlated with aortic calcification
(r=0.36, P< .001) and tortuosity (r=0.16, P= .030). However, these significances disappeared after controlling for confounders in
multivariate analyses. Factors showing an independent association with aortic calcification were age (b=0.37, P< .001),
hypertension (b=0.19, P= .003), diabetes mellitus (b=0.12, P= .045), smoking (b=0.17, P= .016), and estimated glomerular
filtration rate (b=–0.25, P= .002). Factors showing an independent association with aortic tortuosity were age (b=0.34, P< .001),
body mass index (b=–0.19, P= .018), and diabetes mellitus (b=–0.21, P= .003).
In conclusion, baPWV reflecting arterial stiffness was not associated with aortic calcification and tortuosity. Traditional

cardiovascular risk factors were more influential to aortic geometry. Further studies with a larger sample size are needed to confirm
our results.

Abbreviations: baPWV = brachial-ankle pulse wave velocity, BMI = body mass index, cfPWV = carotid-femoral pulse wave
velocity, CT = computed tomography, CTA = computed tomographic angiography, eGFR = estimated glomerular filtration rate, IQR
= interquartile range, MDCT = multidetector computed tomography, PWV = pulse wave velocity.
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1. Introduction

Arterial stiffness represents adverse structural and functional
changes in the vessel wall. Aging as well as mechanical and
chemical stresses, such as arteriosclerosis, blood pressure, and
chronic inflammation, are involved in loss of compliance that
processes through loss of elastic fibers, increased collagen
deposition, and vessel wall calcification, leading to arterial
stiffening.[1,2] In clinical practice, information on arterial stiffness
is useful and important, because it has been suggested that the
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measurement of arterial stiffness is an independent predictor of
cardiovascular mortality and morbidity.[3–5]

Pulse wave velocity (PWV) is the most widely used tool to
measure arterial stiffness.[6,7] Although carotid-femoral PWV
(cfPWV) has been considered a gold standard, the cfPWV
measurement requires technical skill and causes inconvenience to
patients during femoral artery palpation.[1] As a more recently
introduced method for arterial stiffness, brachial-ankle PWV
(baPWV) is easy, simple, and timesaving to measure.[8] In
addition, as the prognostic value of baPWV has been proven in
previous clinical studies and meta-analyses.[9–11] baPWV may be
a reliable tool to measure arterial stiffness.
The aorta should provide not only tunnels for blood flows but

also vascular buffering to each of the left ventricular contractions,
for its distensibility and stiffness were very important in our
circulatory system. Distensibility and stiffness are determined by
the diameter, wall thickness, and histological structures of
vessels, such as smooth muscle cells, elastin, collagen, and fibrin
fibers.[12] Vascular calcification is one of the mechanisms that
develop arterial stiffness.[1,13] With recent advances in multi-
detector computed tomography (MDCT), aortic calcification has
been quantified using computed tomography (CT) to evaluate
atherosclerosis and cardiovascular risk.[14] Besides aortic calcifi-
cation, aortic tortuosity can be measured simultaneously using
computed tomographic angiography (CTA) datasets. Recent
studies show the usefulness of measuring aortic tortuosity for the
evaluation of aortic aneurysm prior to endovascular repair.[15,16]
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Although several studies have reported that aortic calcification
had a significant correlationwith arterial stiffness,[17–21] there has
been a lack of data on the association between arterial stiffness
and aortic tortuosity. This study aimed to evaluate the
association of baPWV with the calcification and tortuosity of
the aorta assessed by CTA.
2. Materials and methods

2.1. Study population

This study was performed in a single center. Between January
2010 and January 2016, a total of 241 subjects who underwent
both baPWV measurement and thoracoabdominal CTA within
one month of study entry were retrospectively included. CTAwas
performed to evaluate cardiac symptoms such as chest pain, to
preoperatively examine patients for cardiac surgery, including
valve replacement, coronary artery bypass graft surgery, and to
detect aortic aneurysm. In addition, the baPWV measurement
was performed to evaluate atherosclerotic burden on subjects,
which was determined by the attending physician. We exclude 60
patients with the following conditions: aortic aneurysm (maximal
aortic diameter >40mm) (n=15) and abnormal ankle-brachial
index (<0.9 or≥1.4) (n=45). Finally, 181 subjects were included
in this study. Approval of the study protocol was obtained from
the institutional review board of BoramaeMedical Center (Seoul,
Republic of Korea; 16–2016-23). Written informed consent was
waived by the institutional review board because of the
retrospectively designed study and routine nature of the
information.
2.2. Study data

Body mass index (BMI) was calculated by dividing weight in
kilograms by the squared of height in meters (kg/m2). Data on
underlying medical conditions, including hypertension, diabe-
tes mellitus, hyperlipidemia, and smoking, were acquired.
Hypertension, diabetes mellitus, and dyslipidemia were defined
based on the previous diagnosis or current medications for
controlling them. Smoking was defined as a history of smoking
during the last year. Coronary artery disease included previous
myocardial infarction or coronary revascularization. Venous
blood for laboratory study was sampled after more than 8
hours of fasting. The white blood cell count, hemoglobin,
creatinine, total cholesterol, low-density lipoprotein cholester-
ol, high-density lipoprotein cholesterol, triglyceride, and C-
reactive protein were measured. Patient with chronic kidney
disease was defined as who had an estimated glomerular
filtration rate (eGFR) below 60mL/min/1.73m2. The eGFR was
calculated by the following formula: 175� serum creatinine–
1.154�age–0.203(� 0.742 if a woman). Left ventricular ejection
fraction was calculated by Simpson’s biplane method in
transthoracic echocardiography. Information on cardiovascu-
lar medication was collected by reviewing the subject’s medical
records.

2.3. baPWV measurement

The baPWVwas measured by the volume-plethysmography (VP-
1000; Colinc Co. Ltd., Komaki, Japan) according to the
manufacturer’s recommendations.[10,22] Patients were examined
in the supine position after more than 5 minutes of rest. Caffeine
consumption and cigarette smoking were forbidden, and regular
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medications were allowed before the examination. The cuffs
were mounted on both upper arms and ankles. The blood
pressure, heart rates, pulse volume waveform, and phonogram
were measured simultaneously. We measured baPWV by
estimating the difference of pulse wave time between the brachial
and posterior tibial arteries. The mean value of left and right
baPWV was analyzed and used in the analysis. These measure-
ments were made by one experienced operator who was blind to
information on patients. The coefficient of variation in baPWV
measurement for intra-observer reliability was 5.1% in our
laboratory.[22]
2.4. CT acquisition and post-processing

Thoraco-abdominal CT angiography (n=174) or thoracic CT
angiography (n=7) were performed with a 16-channel MDCT
scanner (Light-Speed; GE Healthcare, Little Chalfont Bucks,
UK) (n=160) or a 64-channel MDCT scammer (Brilliance;
Philips Medical Systems, Cleveland, OH, USA) (n=9) or a 128-
channel MDCT scanner (Brilliance or Ingenuity; Philips Medical
Systems) (n=12). The sequence for performing CT scans
includes both non-contrast media enhancement and contrast-
enhanced scans in the cranio-caudal direction. Thoraco-
abdominal or thoracic CTA was evaluated from the bulb level
of the carotid to the kidney mid-pole level or inguinal area. The
120 to 140mL bolus of Iopamidol (Iopamiro 300; Bracco,
Milan, Italy) were injected intravenously, followed by flushing
with 20mL of saline (3.0mL/s); contrast-enhanced scans were
achieved. Helical scan data were achieved by collimation of
64�0.625mm, 16�1.5mm, or 64�0.6mm, with a 0.42 or 0.5
seconds of the rotation speed, a 1.11 to 1.25 of pitch, and 120
kilovolts (peak). The effective milliampere-seconds set by the
automatic tube current modulation technique were and between
120 and 200. We reconstructed transverse datasets in 1.2mm or
1.5mm thickness in increments of 1.2mm or 1.5mm. The image
results were wired to the workstation (iSP, Philips Medical
Systems) for analysis.
2.5. Quantification of aortic calcification and measurement
of aortic tortuosity

Non-contrast enhanced axial CT images were examined by an
experienced cardiothoracic radiologist using the workstation.
The calcium scoring software system was used to quantify aortic
calcification, and the threshold was 130 Hounsfield units.[23] The
calcification was semi-automatically read by the dedicated
radiologist’ on each axial CT image (Fig. 1). After scanning
the whole thoracic aorta, the calcification was scored in the
workstation. The wall calcifications in the thoracic aorta were
detected from the aortic root, which is just above the left main
coronary artery, to the level of the diaphragmatic crura, which is
the bottom of both ventricles. The calcifications within the
subclavian or carotid arteries were not read, and the abdominal
aortic calcifications were not measured, because it is difficult to
differentiate between the calcification and the adjacent vertebrae
on the dedicated software. Using dedicated software, the
thoracoabdominal aorta and its midline were automatically
extracted from the aortic root and the iliac bifurcation.
Tortuosity of the aorta, which was defined as the length of the
midline in the aorta divided by the length of linear line from the
aortic root to the distal end of the thoracoabdominal aorta, was
calculated (Fig. 2). The distal ends were the iliac bifurcation for



Figure 1. Measurement of aortic calcifications. Three-dimensional volume rendering image of thoracoabdominal CT angiography shows multiple atherosclerotic
wall calcifications in the aorta, which are depicted as white patches. (A) Post-processing in the dedicated work stations enables the automated detection of bone
and aortic calcifications. Semi-automated identification of aortic calcification was necessary for defining the aortic calcifications to differentiate the aortic calcium
from the bone or calcified lymph nodes. Axial image obtained at the level of aortopulmonary window shows the red-colored aortic calcifications. (B) The total amount
of aortic calcification measured 30,539.
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the thoracoabdominal aorta and the thoracoabdominal aorta
junction for the thoracic aorta.

2.6. Statistical analysis

Consecutive variables are expressed as mean ± standard
deviation, and categorical variables are expressed as percentages.
Figure 2. Measurement of aortic tortuosity. Three-dimensional volume rendering im
aortic root and the aortic bifurcation is 221.5mm. (A) Curvedmultiplarnar reconstruc
the aortic bifurcation. (B) Straightened multiplanar reconstruction image shows that
(= 221.5/473.2).

3

We compared continuous variables between groups using
Student’s t test, and categorical variables using the chi-square
test. Simple and multivariable linear regression analyses were
performed to investigate whether baPWV is an independent
factor for aortic calcification and tortuosity by adjusting for age,
sex, BMI, hypertension, diabetes mellitus, hyperlipidemia,
smoking, and eGFR, which were known to be associated with
age of thoracoabdominal CT angiography shows that the distance between the
tion image shows the centerline of the whole aortic lumen from the aortic root to
the length of the center line is 473.2mm. Aortic tortuosity was estimated at 0.47
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Table 2

Pulse wave velocity and aortic geometry measurements.

Measurement Value (n=181)

Brachial-ankle pulse wave velocity
Systolic blood pressure, mmHg 129±19
Diastolic blood pressure, mmHg 76.0±11.5
Heart rate, per minutes 71.0±13.4
Ankle-brachial index 1.13±0.11
Mean brachial-ankle pulse wave velocity, cm/s 1,698±435
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arterial stiffness and aortic calcification.[7,14] Variance inflation
factor was quantified for the multicollinearity of variables. In
multivariate regression analysis, we performed relative weight
analysis for which of these factors was most important in our
regression model.[24] To assess the relationship between age and
aortic geometry, we used Pearson correlation method. A P value
of < .05 was used to verify statistical significance. All statistical
analyses were conducted using R version 3.4.1 (http://www.r-
projec-t.org).
Aortic wall calcification (AWC) 6,990±9,695
Log (AWC) 3.3±0.9
Aortic tortuosity 1.9±0.2

Values are expressed as mean ± standard deviation.
3. Results

3.1. Clinical characteristics of the study patients

The demographic and clinical characteristics of the study patients
are shown in Table 1. The mean age was 65.4±10.4 years, with
108 men (59.7%). The mean BMI was 24.2±3.4kg/m2. The
prevalence of coronary artery disease, heart failure, stroke, and
chronic kidney disease were 65.2%, 27.1%, 8.3%, and 39.2%
respectively. Hypertension, diabetes, and hyperlipidemia were
noted in 127 (70.2%), 64 (35.4%), and 80 (44.2%) patients,
respectively. Seventy-one patients (39.2%) were smokers. Major
laboratory findings did not deviate from their normal ranges.
Renin-angiotensin system blockers, b-blockers, calcium channel
blockers, and statins were already prescribed for 47 (26%), 95
(52.5%), 103 (56.9%), and 133 (73.5%) patients, respectively.
Table 2 demonstrates the results of baPWV, aortic calcifica-

tion, and aortic tortuosity measurements. The mean value of
average baPWV was 1698±435cm/s and median value was
Table 1

Clinical characteristics of the study patients.

Characteristic Value (n=181)

Age, years 65.4±10.4
Male sex, n (%) 108 (59.7)
Height, cm 160±9
Weight, kg 62.5±11.1
Body mass index, kg/m2 24.2±3.4
Combined medical problems, n (%)
Coronary artery disease 118 (65.2)
Heart failure 49 (27.1)
Stroke 15 (8.3)
Chronic kidney disease 71 (39.2)
Hypertension 127 (70.2)
Diabetes mellitus 64 (35.4)
Dyslipidemia 80 (44.2)
Smoking 71 (39.2)

Laboratory findings
White blood cell count, per mL 7210±2440
Hemoglobin, g/L 12.9±2.0
Estimated glomerular filtration rate, mL/min per 1.73m2 67.8±27.4
Total cholesterol, mg/dL 158±45
Low-density lipoprotein cholesterol, mg/dL 100±37.2
High-density lipoprotein cholesterol, mg/dL 43.2±13
Triglyceride, mg/dL 121±66.2
C-reactive protein, mg/dL 1.5±3
Left ventricular ejection fraction, % 58.7±13.4

Concomitant medications, n (%)
Renin-angiotensin system blocker 47 (26.0)
b-blocker 95 (52.5)
Calcium channel blocker 103 (56.9)
Statin 133 (73.5)

Values are expressed as mean ± standard deviation.
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1643cm/s (interquartile range [IQR], 1407–1916cm/s). The
mean value of aortic calcification, log of aortic calcification, and
aortic tortuosity were 6,990±9,695, 3.3±0.9, and 1.9±0.2,
respectively, and median values were 3,360 (IQR, 1,083–9,424),
3.5 (IQR, 3.0–4.0), and 1.8 (IQR, 1.7–2.0), respectively.
3.2. Associations of clinical factors and baPWV with aortic
calcification and tortuosity

Table 3 shows the results of simple and multiple linear regression
analyses of factors associated with aortic calcification. In simple
linear regression analyses, aortic calcification was associated with
age, hypertension, diabetes mellitus, eGFR, and baPWV.
However, multiple linear regression analysis demonstrates that
independent factors associated with aortic calcification were age
(b=0.37, P< .001), hypertension (b=0.19, P= .003), diabetes
mellitus (b=0.12, P= .045), smoking (b=0.17, P= .016), and
eGFR (b=–0.25, P= .002). In multivariate analysis, baPWV
showed no statistically significant correlation with aortic
calcification (P= .123). Age, BMI, diabetes mellitus, eGFR,
and baPWV showed a significant correlation with aortic
tortuosity in simple linear regression analyses (Table 4).
However, age (b=0.34, P< .001), BMI (b=–0.19, P= .018),
and diabetes mellitus (b=–0.21, P= .003) showed a significant
association with aortic tortuosity in multiple linear regression
analysis. The correlation between baPWV and aortic tortuosity
was not observed in multiple linear regression analyses (P= .518).
The correlation of age with aortic calcification (b=0.53,
P< .001) and tortuosity (b=0.35, P< .001) is shown using a
Table 3

Simple and multiple linear regression analyses showing factors
associated with aortic calcification.

Variable Simple Multiple

b P b P VIF

Age 0.53 <.001 0.37 <.001 1.53
Sex �0.02 .800 �0.06 .419 1.45
Body mass index �0.03 .682 0.09 .181 1.42
Hypertension 0.34 <.001 0.19 .003 1.18
Diabetes mellitus 0.21 .006 0.12 .045 1.06
Hyperlipidemia �0.01 .886 0.08 .164 1.05
Smoking 0.08 .269 0.17 .016 1.43
eGFR �0.44 <.001 �0.25 .002 2.02
baPWV 0.36 <.001 0.10 .123 1.28

baPWV=brachial-ankle pulse wave velocity, eGFR=estimate glomerular filtration rate, VIF= variance
inflation factors.
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Table 4

Simple and multiple linear regression analyses showing factors
associated with aortic tortuosity.

Variable Simple Multiple

b P b P VIF

Age 0.35 <.001 0.34 <.001 1.53
Sex 0.00 .952 �0.08 .306 1.45
Body mass index �0.21 .005 �0.19 .018 1.42
Hypertension 0.15 .051 0.14 .057 1.18
Diabetes mellitus �0.16 .029 �0.21 .003 1.06
Hyperlipidemia �0.05 .499 0.01 .841 1.05
Smoking 0.00 .985 0.02 .851 1.43
eGFR �0.25 .001 0.05 .633 2.02
baPWV 0.16 .030 0.05 .518 1.28

baPWV=brachial-ankle pulse wave velocity, eGFR= estimate glomerular filtration rate, VIF= variance
inflation factors.
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scatter plot in Figure 3. Age was the most important factor
associated with both aortic calcification and tortuosity in relative
importance analyses (Fig. 4). The eGFRand hypertensionwere the
second and third most common factors associated with aortic
calcification, while diabetes mellitus and BMI were those with
aortic tortuosity. The value of aortic tortuosity was significantly
low in patients with diabetes mellitus than in those without (1.8±
0.2 versus 1.9±0.2,P= .019) (Fig. 5). A negative linear correlation
between aortic tortuosity and BMI is demonstrated in Figure 6.

4. Discussion

Our study aimed to investigate whether noninvasively measured
arterial stiffness can predict aortic calcification and/or tortuosity.
Aging, hypertension, diabetes mellitus, smoking, and renal
impairment were associated with increased aortic calcification,
while aging, low BMI, and non-diabetes were associated with
increased aortic tortuosity even after controlling for potential
confounders. Increased baPWV was associated with both
increased aortic calcification and tortuosity in univariate
analyses; however, their associations disappeared in multivariate
Figure 3. (A) Aortic calcification and (B)
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analyses. Aging was the most powerful factor affecting both
aortic calcification and tortuosity in our analyses. To the best of
our knowledge, this is the first report investigating the association
between baPWV and aortic calcification/tortuosity, although the
results were negative.
Several studies have shown that arterial stiffness is associated

with aortic calcification. Guo et al[21] showed in that middle-aged
men, annual changes in aortic calcification were significantly
associated with arterial stiffness progression and incidence of
aortic calcification during the follow-up period among patients
without it at baseline. However, this result was derived from
healthy men (hypertension 23%, diabetes 7%), and they made
groups of aortic calcium scores, although the cutoff values are
unknown. Shih et al[25] demonstrated a significant association
between aortic arch calcification measured by chest X-ray and
baPWV in hemodialysis patients. However, they did not include
hypertension or smoking as covariates, and chest X-ray is not a
reliable modality for the evaluation of aortic calcification.
Contrary to these results, there was no significant association
between baPWV and aortic calcification in our study. Other
traditional cardiovascular risk factors, such as aging, hyperten-
sion, diabetes mellitus, smoking, and lower eGFR, showed more
strong associations with aortic calcification. These discrepant
results among studies were due mainly to different study
populations. Our results were obtained from patients with high
cardiovascular risk profiles undergoing both CTA and baPWV.
In addition, there could be the possibility that our data did not
reach statistical significance in the association between baPWV
and aortic calcification due to the relatively small number of
study patients.
Our results showed that aging, hypertension, diabetes mellitus,

smoking, and renal impairment were associated with increased
aortic calcification. Aging and hypertension may put long-term
mechanical and chemical stresses on the vessel wall, contribute to
its structural changes.[2] Diabetes can aggravate vascular
calcification through the mechanism of vascular inflammation
with vascular smooth muscle cells.[26] Smoking, an important
contributor to atherosclerosis, can affect vessel inflammation and
worsen vascular calcification.[27] An abnormal balance between
aortic tortuosity increased with age.

http://www.md-journal.com


Figure 4. Relative importance for (A) aortic calcification and (B) aortic tortuosity. baPWV=brachial-ankle pulse wave velocity, eGFR=estimated glomerular filtration
rate.
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calcium and phosphorous induced by renal impairment can cause
vascular calcification.[28]

Aging was the most important contributor to increasing aortic
tortuosity in this study. Cuomo et al[29] reported the association
of age-related changes in regional wall properties and geometry
with computational modeling of the human aorta. They showed
that tortuosity was increased with age by comparing the 30-year-
old baseline model with the 40-, 60-, 75-year-old models.
Continuous stresses on elastin fibers induce fragmentation and
reduction in the vessel wall, and aging makes the aorta more
tortuous through a process known as arteriosclerosis.[30]
Figure 5. Comparison of aortic tortuosity between patients with and without
diabetes mellitus. DM=diabetes mellitus.

6

There was a negative correlation between BMI and aortic
tortuosity in our study. Although it is unclear whether obesity is
related to vascular remodeling, arterial enlargement with elevated
BMI was observed in several studies.[31–33] It has been suggested
Figure 6. Linear correlation between BMI and aortic tortuosity. BMI=body
mass index.
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that increased aortic tortuosity may be an adaptive mechanism
for increased body mass.[32] However, these studies were carried
out using peripheral arteries, such as the carotid and brachial
arteries, as well as vascular function tests, such as arterial
stiffness, showing different results.[31–33] Golledge et al[34]

demonstrated that obesity is independently associated with
abdominal aortic aneurysm. They screened 12,203 men for
abdominal aortic aneurysm using ultrasound, of whom 875 were
diagnosed with abdominal aortic aneurysm. BMI had no
association with abdominal aortic aneurysm, but waist circum-
ference and waist-to-hip ratio had significantly positive odds
ratios. Obesity may correlate with aortic geometry, but this needs
to be further studied.
Our results showing the association between diabetes mellitus

and aortic tortuosity are interesting. Similar findings were
reported by Kamenskiy et al[35] They analyzed 122 subjects using
3D reconstructions of CTA and showed that the presence of
diabetes was associated with an unfold aorta, which may have
been attributed to aging.[19] Pathophysiological mechanisms
underlying the association between diabetes and aortic tortuosity
is still unknown. However, arterial tortuosity syndrome,
characterized by extensive arterial elongation and torsion, as
well as aneurysms of large andmedium arteries, could be a clue to
the mechanism. In patients with this rare autosomal recessive
connective tissue disease, SLC2A10 mutations were identified.
This gene encodes the GLUT10 glucose transporter and has
previously been proposed as a candidate gene for type 2
diabetes.[36] Another study with mice carrying GLUT10
mutations showed abnormal elastogenesis with early elastic
fiber proliferation of the arterial system,[37] suggesting that
diabetes could affect arterial tortuosity and might be some
explanation of our study results. Further studies are needed to
confirm our findings and hypothesis.
Besides its retrospective study design, this study has several

limitations. First, our study has a limitation due to its small
sample size, and there might be the possibility that the association
between baPWV and aortic calcification/tortuosity could not
reach statistical significance. Second, baPWV and CT were not
performed on the same day. Third, as our study only included
patients with documented cardiovascular disease or at high risk,
this result cannot be generalized to other groups of patients.
Finally, there is currently no standard method for measuring
aortic calcification and tortuosity.
Our results showed that arterial stiffness assessed by baPWV

was not the main contributor to aortic calcification or tortuosity.
Traditional cardiovascular risk factors, including aging, hyper-
tension, diabetes mellitus, smoking, and renal impairment, were
associated with increased aortic calcification, while aging, low
BMI, and non-diabetes were associated with increased aortic
tortuosity. Further studies with a larger sample size are needed to
confirm our results.
Author contributions

Conceptualization: Kwang Nam Jin, Hack-Lyoung Kim
Data curation: Inki Moon, Hyeon Jeong Suh
Formal analysis: Inki Moon, Hyeon Jeong Suh
Project administration: Kwang Nam Jin, Hack-Lyoung Kim,

Sang-Hyun Kim
Resources: Hack-Lyoung Kim, Woo-Hyun Lim, Jae-Bin Seo,

Sang-Hyun Kim, Joo-Hee Zo, Myung-A Kim
Supervision: Sang-Hyun Kim, Joo-Hee Zo, Myung-A Kim
7

Validation: Woo-Hyun Lim, Jae-Bin Seo
Visualization: Kwang Nam Jin, Inki Moon
Writing – original draft: Kwang Nam Jin, Inki Moon
Writing – review & editing: Hack-Lyoung Kim
References

[1] Cavalcante JL, Lima JA, Redheuil A, et al. Aortic stiffness: current
understanding and future directions. J AmColl Cardiol 2011;57:1511–22.

[2] Lee H-Y, Oh B-H. Aging and arterial stiffness. Circul J 2010;74:2257–
62.

[3] Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovas-
cular events and all-cause mortality with arterial stiffness: a systematic
review and meta-analysis. J Am Coll Cardiol 2010;55:1318–27.

[4] Roman MJ, Devereux RB, Kizer JR, et al. High central pulse pressure is
independently associated with adverse cardiovascular outcome the
strong heart study. J Am Coll Cardiol 2009;54:1730–4.

[5] Benetos A, Gautier S, Labat C, et al. Mortality and cardiovascular events
are best predicted by low central/peripheral pulse pressure amplification
but not by high blood pressure levels in elderly nursing home subjects: the
PARTAGE (Predictive Values of Blood Pressure and Arterial Stiffness in
Institutionalized Very Aged Population) study. J Am Coll Cardiol
2012;60:1503–11.

[6] Mancia G, Fagard R, Narkiewicz K, et al. 2013ESH/ESC guidelines for
the management of arterial hypertension: the Task Force for the
Management of Arterial Hypertension of the European Society of
Hypertension (ESH) and of the European Society of Cardiology (ESC).
Eur Heart J 2013;34:2159–219.

[7] Laurent S, Cockcroft J, Van Bortel L, et al. Expert consensus document
on arterial stiffness: methodological issues and clinical applications. Eur
Heart J 2006;27:2588–605.

[8] Munakata M. Brachial-ankle pulse wave velocity in the measurement of
arterial stiffness: recent evidence and clinical applications. Curr Hyper-
tens Rev 2014;10:49–57.

[9] Vlachopoulos C, Aznaouridis K, Terentes-Printzios D, et al. Prediction of
cardiovascular events and all-cause mortality with brachial-ankle
elasticity index: a systematic review and meta-analysis. Hypertension
2012;60:556–62.

[10] Kim HL, Jin KN, Seo JB, et al. The association of brachial-ankle pulse
wave velocity with coronary artery disease evaluated by coronary
computed tomography angiography. PLoS One 2015;10:e0123164.

[11] Yu WC, Chuang SY, Lin YP, et al. Brachial-ankle vs carotid-femoral
pulse wave velocity as a determinant of cardiovascular structure and
function. J Hum Hypertens 2008;22:24–31.

[12] O’Rourke MF, Staessen JA, Vlachopoulos C, et al. Clinical applications
of arterial stiffness; definitions and reference values. Am J Hypertens
2002;15:426–44.

[13] Dao HH, Essalihi R, Bouvet C, et al. Evolution and modulation of age-
related medial elastocalcinosis impact on large artery stiffness and
isolated systolic hypertension. Cardiovasc Res 2005;66:307–17.

[14] Takasu J, Katz R, Nasir K, et al. Relationships of thoracic aortic wall
calcification to cardiovascular risk factors: the Multi-Ethnic Study of
Atherosclerosis (MESA). Am Heart J 2008;155:765–71.

[15] Ueda T, Takaoka H, Raman B, et al. Impact of quantitatively determined
native thoracic aortic tortuosity on endoleak development after thoracic
endovascular aortic repair. AJR Am J Roentgenol 2011;197:W1140–6.

[16] Nakatamari H, Ueda T, Ishioka F, et al. Discriminant analysis of native
thoracic aortic curvature: risk prediction for endoleak formation after
thoracic endovascular aortic repair. J Vasc Interv Radiol 2011;22:974–9.

[17] Sekikawa A, Shin C, Curb JD, et al. Aortic stiffness and calcification in
men in a population-based international study. Atherosclerosis
2012;222:473–7.

[18] Cecelja M, Hussain T, Greil G, et al. Multimodality imaging of
subclinical aortic atherosclerosis: relation of aortic stiffness to calcifica-
tion and plaque in female twins. Hypertension 2013;61:609–14.

[19] McEniery CM, McDonnell BJ, So A, et al. Aortic calcification is
associated with aortic stiffness and isolated systolic hypertension in
healthy individuals. Hypertension 2009;53:524–31.

[20] Raggi P, Bellasi A, Ferramosca E, et al. Association of pulse wave velocity
with vascular and valvular calcification in hemodialysis patients. Kidney
Int 2007;71:802–7.

[21] Guo J, Fujiyoshi A, Willcox B, et al. Increased Aortic Calcification Is
Associated With Arterial Stiffness Progression in Multiethnic Middle-
Aged Men. Hypertension 2017;69:102–8.

http://www.md-journal.com


Moon et al. Medicine (2019) 98:33 Medicine
[22] Lee HS, Kim HL, Kim H, et al. Incremental prognostic value of brachial-
ankle pulse wave velocity to single-photon emission computed
tomography in patients with suspected coronary artery disease. J
Atheroscler Thromb 2015;22:1040–50.

[23] Agatston AS, Janowitz WR, Hildner FJ, et al. Quantification of coronary
artery calcium using ultrafast computed tomography. J Am Coll Cardiol
1990;15:827–32.

[24] Tonidandel S, LeBreton JM. Relative importance analysis: a useful
supplement to regression analysis. J Bus Psychol 2011;26:1–9.

[25] Shin MC, Lee MY, Huang JC, et al. Association of brachial-ankle pulse
wave velocity and cardiomegaly with aortic arch calcification in patients
on hemodialysis. Medicine (Baltimore) 2016;95:e3643.

[26] Bessueille L, Magne D. Inflammation: a culprit for vascular calcification
in atherosclerosis and diabetes. Cell Mol Life Sci 2015;72:2475–89.

[27] Hirooka N, Kadowaki T, Sekikawa A, et al. Influence of cigarette
smoking on coronary artery and aortic calcium among random samples
from populations of middle-aged Japanese and Korean men. J Epidemiol
Community Health 2013;67:119–24.

[28] Wu M, Rementer C, Giachelli CM. Vascular calcification: an update
on mechanisms and challenges in treatment. Calcif Tissue Int
2013;93:365–73.

[29] Cuomo F, Roccabianca S, Dillon-Murphy D, et al. Effects of age-
associated regional changes in aortic stiffness on human hemodynamics
revealed by computational modeling. PLoS One 2017;12:e0173177.
8

[30] Hickson SS, Butlin M, Graves M, et al. The relationship of age with
regional aortic stiffness and diameter. JACC Cardiovasc Imaging
2010;3:1247–55.

[31] Kappus RM, Fahs CA, Smith D, et al. Obesity and overweight associated
with increased carotid diameter and decreased arterial function in young
otherwise healthy men. Am J Hypertens 2014;27:628–34.

[32] ChungWB,HamburgNM,HolbrookM, et al. The brachial artery remodels
to maintain local shear stress despite the presence of cardiovascular risk
factors. Arterioscler Thromb Vasc Biol 2009;29:606–12.

[33] Hamburg NM, Mott MM, Bigornia SJ, et al. Maladaptive enlargement
of the brachial artery in severe obesity is reversed with weight loss. Vasc
Med 2010;15:215–22.

[34] Golledge J, Clancy P, Jamrozik K, et al. Obesity, adipokines, and
abdominal aortic aneurysm: health in Men study. Circulation
2007;116:2275–9.

[35] Kamenskiy A, Miserlis D, Adamson P, et al. Patient demographics and
cardiovascular risk factors differentially influence geometric remodeling
of the aorta compared with the peripheral arteries. Surgery 2015;158:
1617–27.

[36] Callewaert BL, Willaert A, Kerstjens-Frederikse WS, et al. Arterial
tortuosity syndrome: clinical and molecular findings in 12 newly
identified families. Hum Mutat 2008;29:150–8.

[37] Cheng CH, Kikuchi T, Chen YH, et al. Mutations in the SLC2A10 gene
cause arterial abnormalities in mice. Cardiovasc Res 2009;81:381–8.


	Association of arterial stiffness with aortic calcification and tortuosity
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Study data
	2.3 baPWV measurement
	2.4 CT acquisition and post-processing
	2.5 Quantification of aortic calcification and measurement of aortic tortuosity
	2.6 Statistical analysis

	3 Results
	3.1 Clinical characteristics of the study patients
	3.2 Associations of clinical factors and baPWV with aortic calcification and tortuosity

	4 Discussion
	Author contributions
	References


