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Thoracic aortic strain can affect endograft sizing in
young patients
Csaba Csobay-Novák, MD,a Daniele Mariastefano Fontanini,a Brigitta R. Szilágyi, PhD,b

Zoltán Szeberin, MD, PhD,a Bálint A. Szilveszter, MD,c Pál Maurovich-Horvat, MD, PhD,c

Kálmán Hüttl, MD, PhD,a and Péter Sótonyi, MD, PhD,a Budapest, Hungary

Objective: Aortic computed tomography angiography (CTA) examination with electrocardiography gating is becoming
the clinical routine image acquisition protocol for diagnosis and intervention planning. To minimize motion artifact, the
images are reconstructed in the diastolic phase of the cardiac cycle. The aim of our study was to quantify aortic strain in an
elderly nonaneurysmatic patient cohort and to identify the phases of the R-R cycle that correspond to the minimal and
maximal aortic diameters. The quantification of aortic strain may enable the improvement of intervention planning and
the introduction of more effective dose-saving protocols for CTA scans.
Methods: We assessed CTA images of 28 patients (14 men; mean age, 74 years). Aortic calcium score was calculated on
native images. Angiography images were reconstructed in equally spaced 10 phases of the R-R cycle. After semiautomatic
centerline analysis, we measured the cross-sectional areas in each of the 10 phases at 9 specific segments between the
ascending aorta and the common iliac bifurcation representing the attachment sites of thoracic and abdominal stent
grafts. Area-derived effective diameter, pulsatility (Amax L Amin), and strain [(Amax L Amin)/Amin] were calculated.
Repeated measurements were taken to evaluate inter-reader and intrareader reproducibility (10-10 patients each).
Results: A total of 4320 measurements were performed. We found significant difference between diastolic and systolic
diameters (DD,Z0 [ 33.2, DS,Z0 [ 34.4; P < .001). Pulsatility values of the vessel diameters were 1.0 to 1.1 mm in the
thoracic aorta, 0.7 to 0.9 mm in the abdominal aorta, and 0.5 to 0.6 mm in the common iliac arteries. Negative, moderate
correlations were found between aortic strain and age (r [ L0.586; P [ .001), aortic strain and plaque area
(r [ L0.429; P [ .026), and age and body mass index (r [ L0.412; P [ .029). We found positive, moderate cor-
relation between age and plaque area (r[ 0.594; P[ .001). The aortic pulsatility curve has a positive extreme at 30% and
a negative extreme at 90% of the R-R cycle throughout the aorta. Lin concordance coefficients were 0.987 for inter-reader
and 0.994 for intrareader correlations.
Conclusions: Aortic strain can be reliably quantified on electrocardiography-gated CTA images. Pulsatility of the aorta can
be substantial in the thoracic aortic segments of young patients; therefore, the routine use of systolic images is not
recommended. In addition, we demonstrated that images at 30% of the heart cycle correspond to the largest diameter of
the aorta. (J Vasc Surg 2015;-:1-6.)
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There is growing evidence that endovascular aortic
repair (EVAR) can be safely and effectively performed in
thoracic and abdominal aortic diseases, such as aortic aneu-
rysm and acute aortic syndrome.1-5 Simultaneously, a shift
in the last 15 years can be observed from open repair to
EVAR; however, there is an ongoing debate as to whether
we should push the boundaries too far in favor of EVAR.6

Thoracic and abdominal EVAR is associated with lower
mortality rates compared with open repair, but there is a
non-negligible number of EVAR patients who suffer late
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complications of the stent grafts caused by migration and
endoleaks.7-9 As both undersizing and excessive oversizing
are known to be associated with complications in the short
and long term, precise sizing of the stent graft is
crucial.8,10,11

Previous generations of computed tomography (CT)
scanners with a lower number of detector rows and slower
gantry rotation without electrocardiography (ECG) syn-
chronization produced images with a blurred aortic con-
tour and a somewhat averaged aortic diameter because of
aortic wall motion. Nowadays, technologic advances allow
rapid ECG-gated CT angiography (CTA) of the whole
aorta during a single breath-hold, confronting us with
new problems: which phase of the cardiac cycle should
be used for image acquisition or reconstruction?12 Conven-
tionally, diastolic images are preferred as systolic images are
often compromised by motion artifacts. However, aortic
diameter changes during the R-R cycle can be substantial,
especially in the young; wavy aortic contour on pediatric
CT images is a usual finding. If the systolic-diastolic differ-
ence of the aortic diameter is considerable, this can result in
an undersized stent graft.12

In this study, our primary objective was to measure the
strain of the whole aorta on ECG-gated CTA images in an
1
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Fig 1. a, Locations of cross-sectional area measurements. ACT, At 5 cm above celiac trunk origin; LCIA, left common
iliac artery; MIR, middle infrarenal aorta; RCIA, right common iliac artery; REN, below renal ostia; Z0, Z2, Z3, Z4,
Ishimaru zones of the thoracic aorta. b to e, Systolic and diastolic phase cross-sectional images perpendicular to the
centerline at the level of Z4 (b and c) and REN (d and e). ED, Area-derived effective diameter.
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elderly patient cohort with atherosclerotic but otherwise
normal aorta. Our secondary objective was to identify the
phases of the R-R cycle that correspond to the maximal
(systolic) and minimal (diastolic) diameters, enabling us
to introduce dose-saving options for CTA scans of future
patients.

METHODS

CT imaging. Imaging of the aorta was performed in
28 patients (14 men; mean age, 72.9 6 12.0 years) with
a 256-slice multidetector CT scanner (Philips Brilliance
iCT; Koninklijke Philips N.V., Best, The Netherlands)
using an ECG-gated protocol tailored for imaging of the
aorta. The study was performed on images readily available
from patients being evaluated for transcatheter aortic valve
repair (TAVR) or from patients with suspected acute aortic
syndrome.

Hemodynamic parameters were measured with an
electronic sphygmomanometer before administration of
contrast material. A low-dose (tube voltage, 100 kV) native
scan was followed by retrospective ECG-gated CTA of the
whole aorta (100 kV) with a reduced field of view to maxi-
mize spatial resolution. Nonionic contrast agent was
FLA 5.4.0 DTD � YMVA8141_proof � 4
injected into an antecubital vein at a flow rate of 4 to
5 mL/s using a power injector. Images were reconstructed
using a sharp convolution kernel and iterative reconstruc-
tion algorithm (iDose,4 Koninklijke Philips N.V.) with a
slice thickness of 1 mm and an increment of 1 mm. Multi-
phase images were reconstructed corresponding to every
10% of the R-R cycle, resulting in 10 series of images for
each patient. Data sets were transferred to stand-alone
workstations for further analysis.

Image analysis. Image analysis, vessel segmentation,
and cross-sectional measurements were performed by two
independent radiologists experienced in cardiovascular
imaging. Aortic calcifications were calculated using
the dedicated coronary calcium scoring software of
an Extended Brilliance Workspace (HeartBeat CS,
Koninklijke Philips N.V.).

CTA images were analyzed using an Advantage Work-
station (GE Healthcare Europe GmbH, Freiburg, Ger-
many). After automatic vessel segmentation and
centerline detection, cross-sectional area of the lumen
was measured in a semiautomatic fashion at the following
nine locations: ascending aorta proximal to the brachioce-
phalic trunk (Ishimaru Z0), between left common carotid
August 2015 � 1:36 pm � CE RMK
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Table. Demographic and procedural data

Patient characteristics N ¼ 28

Age, years 74 (64-82)
Male gender 14 (50)
Body mass index, kg/m2 25 (23-27)
Previous myocardial infarction 8 (29)
Previous stroke 4 (14)
Hypertension 26 (93)
Hyperlipidemia 13 (46)
Diabetes mellitus 4 (14)
Smoking history 7 (25)
Systolic blood pressure, mm Hg 132 (116-162)
Diastolic blood pressure, mm Hg 76 (65-86)
Pulse pressure, mm Hg 57 (46-78)
Heart rate, beats/min 71 (60-82)
Dose-length product, mGy-cm 2197 (1194-2604)
Aortic plaque area 2777 (846-4996)

Continuous data are presented as median (interquartile range); categorical
data are number (percentage).
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artery and left subclavian artery (Ishimaru Z2), immedi-
ately distal to the left subclavian artery (Ishimaru Z3),
5 cm distal to the left subclavian artery (Ishimaru Z4),
5 cm above celiac trunk ostium, below renal ostia, middle
infrarenal aorta, and right and left common iliac artery
(Fig 1, a).13,14 Position was matched in three dimensions
between series of different phases by recording the slice
number that involved the segment of the centerline at
the exact point of the measurements taken.
Cross-sectional areas were recorded in square millimeters.
Diameter was calculated as the diameter of a virtual circle
with the same cross-sectional area (area-derived effective
diameter; Fig 1, b-e). To minimize measurement errors
and to increase inter-reader agreement, direct diameter
measurements were avoided.12 Pulsatility was defined as
the largest difference between systolic maximum and dia-
stolic minimum diameter or area. Vessel strain was
calculated as a ratio of pulsatility and minimum area
[(Amax � Amin)/Amin]. Patients gave written informed con-
sent before CT examination was performed. The experi-
mental protocol and informed consent were approved by
the Regional Ethical Committee of Semmelweis University
(133/2011).

Statistical analysis. Data processing and analysis were
performed using IBM SPSS Statistics 22.0 (IBM Corpora-
tion, Armonk, NY) and R (R Foundation for Statistical
Computing, Vienna, Austria) software. Shapiro-Wilk test
was used to assess the normality of the data. Wilcoxon
signed rank test was used to compare diastolic and systolic
measurements. Correlations were analyzed with Spearman
r test. Lin correlation was used to evaluate inter-reader and
intrareader agreement.15 Statistically significant difference
was established at P < .05. Continuous variables are pre-
sented as median (interquartile range).

RESULTS

A total of 4320 measurements on 28 patients were per-
formed, involving 1800 repeated measurements on 20
FLA 5.4.0 DTD � YMVA8141_proof � 4
patients to evaluate inter-reader and intrareader reproduc-
ibility. Patient demographics are shown in Table.

Wilcoxon signed rank test showed significant difference
between the cross-sectional areas of the diastolic and sys-
tolic phases (P < .001) at every anatomic location
measured.

Area pulsatility is reduced along the course of the aorta;
the highest level was measured at the Z0 position
(42.9 mm2 [28.8-74.0 mm2]) with a continuous decrease
along the aorta to an almost negligible value at the level
of the iliac arteries (8.5 mm2 [6-12 mm2]). This equals a
diameter pulsatility of 1.0 mm (0.6-1.6 mm) at the thoracic
aorta (Z0), 0.7 mm (0.6-1.0 mm) at the abdominal aorta
(below renal ostia), and 0.5 mm (0.4-0.8 mm) at the com-
mon iliac arteries (Fig 2, a). As vessel diameter is decreasing
more rapidly than pulsatility (Fig 2, b), vessel strain is some-
what higher in the infradiaphragmatic segments but does
not reach the level of significance; 3% to 5% was found
throughout the aorta with wide interquartile ranges
(Fig 2, c).

To identify the positive and negative extremes in the
R-R cycle of aortic pulsatility, we derived a parameter rep-
resenting the precession of the actual diameter relative to
the mean diameter [(dactual � dmean)/dmean]. This resulted
in a graph resembling an arterial pressure curve, with a sys-
tolic extreme at 30% and a diastolic extreme at 90% of the
R-R cycle (Fig 2, d).

Lin concordance coefficients were 0.987 for inter-
reader (range, 0.985-0.991; strength of agreement: sub-
stantial) and 0.994 for intrareader (range, 0.993-0.995;
strength of agreement: almost perfect) correlations.15 A
higher inter-reader variability was found between iliac ar-
tery measurements (concordance coefficients were 0.831
for right common iliac artery and 0.267 for left common
iliac artery; strength of agreement: poor). Therefore, iliac
artery measurements were excluded from correlation
analysis.

Negative correlations were found between aortic strain
and age (r ¼ �0.498, P ¼ .007 at Z3; r ¼ �0.586,
P ¼ .001 at Z4; r ¼ �0.539, P ¼ .003 at 5 cm above celiac
trunk ostium), aortic strain and plaque area (r ¼ �0.429,
P ¼ .026 at Z4; r ¼ �0.436, P ¼ .023 at 5 cm above celiac
trunk ostium), and age and body mass index (r ¼ �0.412;
P ¼ .029). Positive correlation between age and plaque
area (r ¼ 0.594; P ¼ .001) was found. Pulse pressure did
not show any significant correlation with the other
parameters.

DISCUSSION

This study was undertaken to evaluate the strain of the
vessel segments commonly used as landing zones of aortic
stent grafts on CTA images. A previous work conducted by
Parodi et al12 examined the proximal segment of the
descending aorta of 27 patients. They found significant dif-
ference between systolic and diastolic diameters at 1, 4, and
8 cm distal to the left subclavian artery, thus concluding
that the use of diastolic images for stent graft planning
can result in undersizing and possible complications.
August 2015 � 1:36 pm � CE RMK
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Fig 2. Geometric parameters of the aorta: (a) diameter pulsatility; (b) diameter; (c) strain; (d) difference between
actual and mean diameter in the percentage of the mean diameter. Data are presented as medians with interquartile
ranges. ACT, At 5 cm above celiac trunk origin; MIR, middle infrarenal aorta; REN, below renal ostia; Z0, Z2, Z3, Z4,
Ishimaru zones of the thoracic aorta.
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Our results refine these findings, as 75% of the patients
had a diameter pulsatility of <1.5 mm in the thoracic aorta.
This questions the need for systolic images in thoracic stent
graft planning.

The magnitude of pulsatility is reduced with the distal
tapering and branching of the aorta, being <1 mm in the
abdominal aorta and iliac vessels in the majority of the
patients, which questions its relevance regarding the sizing
of infradiaphragmatic prostheses. On the basis of our find-
ings, neither three-dimensional motion nor pulsatility of
these vessels is notable; thus, the routine use of ECG gating
for abdominal CTA examinations is not recommended
unless it does not increase radiation dose and contrast agent
volume (prospective ECG-triggered, high-pitch helical
acquisition is available on some of the latest scanners only).

The wide distribution of the samples of aortic strain mea-
surements can most likely be addressed by the heterogeneity
of our patient cohort. There are data that aortic strain reduces
with advancing age. Previous studies show that thoracic aortic
strain in a young adult can be as high as 33%, with a nonlinear
decrease with advancing age; 80% of the total decline of aortic
strain occurs before the fifth decade.16,17 The significant
FLA 5.4.0 DTD � YMVA8141_proof � 4
negative correlation in our elderly and small patient cohort
between aortic strain and age emphasizes the importance of
using systolic images in young patients. Young patients are
at the highest risk of suffering an involuntary undersizing of
an aortic stent graft due to the use of diastolic images. This
risk is further increased by the progressive dilation of the aorta
with age, which is in the range of 1.5mmper 10 years accord-
ing to literature data.16

The higher inter-reader variability found between iliac
artery measurements can be addressed by the following
three causes: (1) possible anatomic mismatch between
the different phases due to vessel tortuosity; (2) smaller
diameter of the vessels; and (3) extensive blooming artifacts
caused by the calcification of the common iliac arteries,
making edge detection more difficult.

We found significant negative correlation between
aortic strain and plaque area; however, it is not clear
whether calcification itself has a role in the increase of
wall stiffness. Previous research suggests that alterations
in cellular and extracellular components of the vessel wall
appear in young adulthood, causing alterations in mechan-
ical properties of the vessel wall preceding calcification.16
August 2015 � 1:36 pm � CE RMK

Csaba
Cross-Out

Csaba
Inserted Text
at

Csaba
Cross-Out

Csaba
Inserted Text
acquisitions - available ...



JOURNAL OF VASCULAR SURGERY
Volume -, Number - Csobay-Novák et al 5

465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522

523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
To reduce the effective dose of future patients needing
aortic imaging, identification of positive (systolic) and
negative (diastolic) extremes of the aortic diameter during
the R-R cycle was necessary. Dose-saving methods such as
prospective ECG triggering or ECG-dependent tube cur-
rent modulation must be used to maximize image quality
at 30%. With the limited temporal resolution of today’s
CT technology, accurate assessment of temporal shifts of
the curves between different vessel segments is barely
possible and most likely irrelevant regarding stent graft
planning.

A possible role of ECG-gated CTA imaging in the eval-
uation of aneurysmatic disease progression, rupture risk
estimation, and prediction of proximal neck dilation has
been raised by several authors.18,19 Local vessel parameters
can be derived from aortic strain: pressure strain elastic
modulus and vessel distensibility. A major drawback of
these parameters is the need of blood pressure values, as
continuous invasive blood pressure recording is usually
not possible during image acquisition. Measuring blood
pressure levels before or after injection of contrast material
causes an unpredictable error, as inspirational breath-hold
and Valsalva maneuver can have major effects on the
short-term regulation of hemodynamic parameters. Novel
mechanical parameters derived by others show a promising
result in the understanding and quantification of the local
properties of the healthy and diseased aorta.18,19 Finding
a new parameter that can be derived from widely available
CTA images and that could estimate disease progression
would be a game changer for patients with aortic disease.

Study limitations. Inclusion of TAVR candidates rai-
ses questions, as these patients may have abnormal pulse
pressures due to aortic valve stenosis or insufficiency. There
were no significant correlations between pulsatility or strain
and aortic pulse pressure, nor significant difference in aortic
strain between TAVR and not TAVR patients.

The three-dimensional motion of the aorta can result
in a mismatch between the phases of the R-R cycle in the
same cross sections of the measured segments. Measure-
ment locations were anchored to the table position and
slice number, as a reliable anatomic landmark of the aortic
wall was not present in every location. However, aortic mo-
tion is usually <1 mm. Heterogeneity of aortic strain
resulting in significant difference between the phases is
not likely.

All of our patients were nonaneurysmatic patients,
whereas the majority of aortic interventions are planned
to treat aortic aneurysms. We believe that our recommen-
dations based on our nonaneurysmatic cohort can be bene-
ficial for aneurysmatic patients also. However, further
investigations are needed to evaluate the interindividual
and intraindividual differences in aortic pulsatility and strain
in aneurysmatic disease.

CONCLUSIONS

Aortic strain can be measured on ECG-gated CTA
images with high reliability and reproducibility. The aortic
pulsatility was <1 mm in the abdominal aorta
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and <1.5 mm in the thoracic aorta in the majority of the
patients; therefore, the routine use of systolic images
cannot be justified. In most cases, nongated CTA is appro-
priate for device selection if descending thoracic or abdom-
inal aortic disease is present. However, a subgroup of
younger patients might exist in whom aortic strain can
reach the level of significance.

Novel mechanical parameters derived from dynamic
cross-sectional images may have a future role in estimating
disease progression as they can be accurately measured on
routine CTA scans.
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