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1 Introduction

Clinical imaging of the cardiovascular system generally

In Vivo Quantification of
Regional Circumferential
Green Strain in the Thoracic
and Abdominal Aorta by
Two-Dimensional Spiral
Cine DENSE MRI

Regional tissue mechanics play a fundamental role in the patient-specific function and
remodeling of the cardiovascular system. Nevertheless, regional in vivo assessments of
aortic kinematics remain lacking due to the challenge of imaging the thin aortic wall.
Herein, we present a novel application of displacement encoding with stimulated echoes
(DENSE) magnetic resonance imaging (MRI) to quantify the regional displacement and
circumferential Green strain of the thoracic and abdominal aorta. Two-dimensional (2D)
spiral cine DENSE and steady-state free procession (SSFP) cine images were acquired at
3T at either the infrarenal abdominal aorta (IAA), descending thoracic aorta (DTA), or
distal aortic arch (DAA) in a pilot study of six healthy volunteers (22-59 y.o., 4 females).
DENSE data were processed with multiple custom noise reduction techniques including
time-smoothing, displacement vector smoothing, sectorized spatial smoothing, and refer-
ence point averaging to calculate circumferential Green strain across 16 equispaced sec-
tors around the aorta. Each volunteer was scanned twice to evaluate interstudy
repeatability. Circumferential Green strain was heterogeneously distributed in all volun-
teers and locations. The mean spatial heterogeneity index (standard deviation of all sec-
tor values divided by the mean strain) was 0.37 in the IAA, 0.28 in the DTA, and 0.59 in
the DAA. Mean (homogenized) peak strain by DENSE for each cross section was consist-
ent with the homogenized linearized strain estimated from SSFP cine. The mean differ-
ence in peak strain across all sectors following repeat imaging was —0.1+2.3%, with a
mean absolute difference of 1.7%. Aortic cine DENSE MRI is a viable noninvasive tech-
nique for quantifying heterogeneous regional aortic wall strain and has significant poten-
tial to improve patient-specific clinical assessments of numerous aortopathies, as well as
to provide the lacking spatiotemporal data required to refine patient-specific computa-
tional models of aortic growth and remodeling. [DOI: 10.1115/1.4040910]

and three billion dollars in healthcare costs per year [1,2], and
thus, deserve increased attention.

assesses two basic but interrelated features: structure and function.
Basic structural features were the first to be surveyed, but the
advent of increasingly sophisticated time-resolved imaging tech-
niques has allowed functional parameterization of cardiovascular
fluid and solid mechanics, yielding unique patient-specific metrics
for clinical diagnosis and risk assessment. While characterization
of blood flow via Doppler ultrasound (US), phase contrast mag-
netic resonance imaging (PC-MRI), or other techniques has found
many useful cardiac and aortic applications, in vivo quantification
of the soft tissue kinematics (e.g., displacement and strain) has
focused predominately on the myocardium due to the prevalence
of heart disease. Nevertheless, aortopathies such as aneurysms
and dissections have recently accounted for over 10,000 deaths
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Techniques for quantifying regional myocardial strain by MRI
have rapidly advanced and now include magnetization-tagged
imaging, tissue velocity phase mapping, and displacement encod-
ing with stimulated echoes (DENSE) [3]; however, application of
these techniques to quantifying aortic kinematics has been lacking
due to the technical challenge of imaging the aortic wall (an order
of magnitude thinner than the ventricular wall). Currently, nonin-
vasive estimations of aortic kinematics are largely restricted to
homogenized values of circumferential strain via US, cine com-
puted tomography (CT), or cine MRI by quantifying the change in
aortic circumference during the cardiac cycle. Regional variations
of circumferential aortic strain are more difficult to assess and
require additional techniques (e.g., feature-tracking in CT [4],
speckle-tracking in 4D US [5], velocity-mapping in PC-MRI [6],
or optical flow from cine MRI [7]). Such reports are few, and
except for the MRI optical flow approach, have focused either
on large regions (e.g., differences in the anterior, posterior, and
lateral walls [4]) or simply quantified indices of overall
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Fig. 1
acquired at peak systole in the infrarenal abdominal aorta of a healthy 23 year old female: (b) SSFP cine, (¢) DENSE magni-
tude, (d) DENSE x-phase encoding, and (e) DENSE y-phase encoding. (AO—aorta and VT—vertebra)

circumferential heterogeneity without specifically reporting
regional values [5,6]. In addition, most prior studies have focused
on stretch or linearized strain, as opposed to Green strain, which
is a more appropriate metric for large deformations in soft tissues
(being exact within continuum theory and independent of rigid
body motion [8]).

Thus, there remains a need for a reliable noninvasive technique
for quantifying patient-specific regional Green strain of the aortic
wall in vivo. These data could be immediately useful for direct
clinical correlation to aortic diagnoses and prognoses, such as
detecting early changes in aortic function (e.g., due to matrix-
associated genetic diseases [9] or significant abnormalities in flow
[10]) or predicting the risk of expansion in aneurysms and dissec-
tions [11,12]. In addition, spatially resolved kinematic mapping
could provide novel in vivo patient-specific data that have been
lacking to study and understand the local mechanobiological proc-
esses that govern aortic remodeling in response to regionally het-
erogeneous mechanics and to improve the computational
modeling of aortic aging and disease [13].

Herein, we present detailed methods on a novel technique to
regionally resolve the Green strain of the aortic wall in vivo using
two-dimensional (2D) spiral cine DENSE MRI. Pilot data from
six healthy controls, including interstudy and interobserver repeat-
ability and comparisons to regional and homogenized linearized
strain, are presented for three distinct axial locations along the
aorta that are of clinical interest as frequent sites of dissections
and/or aneurysms: the infrarenal abdominal aorta (IAA), descend-
ing thoracic aorta (DTA), and distal aortic arch (DAA).

2 Methods

2.1 Study Design and Magnetic Resonance Imaging
Sequences. Following approval by the Institutional Review Board
at Emory University, six volunteers without history of aortopathy
were recruited to undergo noncontrast magnetic resonance scan-
ning of either the IAA (near the level of the retroperitoneal portion
of the duodenum), mid-DTA (at the level of the mitral valve), or
DAA (distal to the left subclavian artery) (Fig. 1(a)). After identi-
fying the location of interest, 2D steady-state free procession
(SSFP) cine and spiral cine DENSE images were acquired at a
selected plane normal to the local longitudinal axis of the aorta.
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(a) Axial locations along the aorta analyzed by DENSE MRI. (IAA, DTA, and DAA) (b—e) lllustrative example of images

For evaluating interstudy repeatability, each patient was removed
from the scanner following the first acquisition, and the study was
repeated, including manual reselection of the location of interest.

In order to identify an adequate cross-sectional plane and to pro-
vide a general assessment of aortic motion, cardiac-gated 2D SSFP
cine imaging was conducted during a single breath-hold using the
following parameters: voxel size 1.3 x 1.3 x 6mm, TR 41.64 ms,
TE 1.52 ms, flip angle 37 deg, and geneRalized autocalibrating par-
tial parallel acquisition acceleration factor 3. In the same plane,
navigator and ECG-gated 2D cine DENSE images (magnitude, x-
encoded (readout direction) phase, and y-encoded (phase direction)
phase [14]; Fig. 1) were acquired with spiral k-space sampling and
fat suppression using the following parameters: four signal aver-
ages, voxel size 1.3 x 1.3 x 8 mm, TR 16 ms, TE 1.21 ms, in-plane
displacement encoding frequency k. =0.17-0.25 cyc/mm, 18 spi-
ral interleaves, and 2 leaves per heartbeat. For DENSE, the phase
data of each voxel in each primary direction directly encode the
displacement of the voxels at each acquisition time in reference to
the configuration at the time of tagging initiated by the ECG trigger
(i.e., R-wave). In order to capture the motion through local systole,
18 temporal acquisitions were acquired every 32ms beginning
immediately after the trigger. All imaging was performed on a 3T
Siemens Prisma platform using an 18-channel body matrix in com-
bination with the table-mounted spine coil array.

2.2 Postprocessing

2.2.1 Calculation of Tracked Positions and Displacement.
The analysis was performed offline using custom code in MATLAB
(MathWorks, Natick, MA). For DENSE, the luminal boundary of
the aorta at each timepoint was manually segmented using the
magnitude and phase images as guides. The outer adventitial
boundary was segmented to allow a wall thickness of two voxels
(the minimum required for a calculation of 2D Green strain). After
using these boundaries as a mask for the aortic wall, tracked posi-
tions of each voxel within the mask at reference time #; were cal-
culated through all 18 temporal images, similar to the previous
reports [15]. Briefly, after phase-unwrapping, the displacement
vector d;, in the primary i direction for each voxel in the mask at
time 7, relative to the configuration at the time of DENSE tag-
ging, was calculated by
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Fig. 2 (a) Tracked voxel positions in the y-direction (open
circles) and piecewise time-smoothing (lines) for each voxel in
the mask over time. (b) Incremental displacement (i.e., displace-
ment since the previous timepoint) in the y-direction for each
voxel in the mask over time before time-smoothing. Note the
high degree of noise. The thick yellow line represents mean val-
ues, and the vertical dashed line identifies fsys.

i = g i= M
where ¢;, is the unwrapped i-phase imaging value for the voxel at
time 7. Comparison of displacements for each voxel with its
immediate neighbors allowed refinement of the initial segmenta-
tion by eliminating voxels with significantly different displace-
ments from the mask. Since the time of DENSE tagging
immediately precedes #; and occurs before local systole in the
aorta, the displacement from tagging to #; is negligible. Thus, #; is
chosen as the reference configuration for convenience. To track
the motion of the tissue represented by each reference voxel in #;
through all n timesteps, the three closest back-projected displace-
ment vectors from each voxel in 7, were identified and used to
interpolate a forward displacement vector #;, and position x;, for
each t; voxel into each time ¢,.

Due to the noise in the displacement data (best observed in the
incremental displacement plot in Fig. 2(b)), two displacement-
based noise reduction techniques were implemented. First, a
piecewise time-smoothing algorithm was developed to create a
linear fit for the x and y positions of each tracked voxel from ¢, to
tsys (the beginning of local systole at the aortic segment of inter-
est) and a fifth-order polynomial fitting from fy to ff;, (the final
recorded timepoint) (Fig. 2(a)). A single value of ., was defined
uniquely for each dataset as the timepoint preceding the first
increase in mean total incremental displacement for all tracked
voxels. Note that ;=1 was assumed for any dataset where the
mean displacement between #; and #, was greater than 0.5 pixels.
Second, a local spatial smoothing of displacement vectors was
performed for each voxel at each time point by averaging the dis-
placement of all voxels included within the aortic wall mask
within a specified number of voxel spaces (vy, € [1-3]) around the
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voxel of interest. In order to minimize the amount of spatial
smoothing, the integer value of vy, was determined for each data-
set from the IAA and DTA as the smallest value for which the cal-
culated circumferential Green strain (E..) for each regional sector
of the aortic wall (as described later) monotonically decreased
between its peak value and 7j,. For the DAA, which exhibited
greater heterogeneity in strain patterns, v, was determined as the
smallest value for which E . > —0.03 in each sector for all times.

2.2.2 Calculation of Regional Green Strain. Given the posi-
tion and displacement of each voxel of the masked aortic wall
through time, Green strain was calculated using a quadrilateral
finite element interpolation described by Humphrey [8]. Briefly,
the vertices of each finite element were defined using the tracked
reference voxels in #;, where the initial reference position of each
vertex X} was transformed into a normalized coordinate system
(£1.(2) according to

4 .
=D (1+00)(1+05)X;, i=xy @

v=1

where ((],{5) are the normalized coordinates (1,1), (I1,—1),
(—=1,—1), and (—1,1), and X; describes the normalized position of
any point within the quadrilateral defined by vertices X} (v =1-4)
that are ordered to preserve the same connectivity as ({},(3) in
the xy-space. Similarly, the normalized displacement u;, was cal-
culated by

4

=2 5l

v=1

—

uztélsz +C|C +éz¢z) e i=xy ()

where u;, represents the displacement at time ¢ for each vertex.
Finally, the Green strain E was calculated as a function of the ref-

erential displacement gradient, H = du/0X, by
1
E=>(H+H +H" H) @

and was transformed from the xy-coordinates (E) into radial-
circumferential coordinates (E’), such that E' = R - E - RT, where

cos(0)
sin(6)

—sin(0)

R] = cos(0)

(&)

and 0 is the angle of the position vector of the point of interest
with respect to the x-axis after centering the aortic mask to the ori-
gin of the xy-plane.

Theoretically, this approach could produce mean strain values
between each set of four neighboring voxels; however, due to rel-
atively high noise in the displacement data, a sector-based method
was implemented. Eight equispaced sectors were defined using
eight spokes radiating from the calculated center of the aortic wall
mask in the reference configuration at #; beginning in the positive
y-direction, which yields an approximately 1cm arc-length per
sector around the circumference of the average adult aorta. The
innermost and outermost voxels nearest to each spoke were identi-
fied, and a sector-wide quadrilateral was formed. A single value
of circumferential Green strain (E..) was interpolated along the
inner wall at the midpoint of each sector in order to minimize the
influence of potential peri-adventitial tissue included in the mask.
Since the orientation of the eight sectors is arbitrary, a half-sector
rotation (22.5 deg) was applied to the spokes, and the calculation
was repeated. The two overlapping 8-sector maps were then com-
bined into a single 16-sector map using a 1:2:1 weighting ratio to
generate a unique strain value every 22.5 deg around the aortic cir-
cumference (approximately 0.5cm arc-length per sector) (see
Fig. 3(c)).

JUNE 2019, Vol. 141 / 060901-3



Fig. 3 (a) Segmentation of the aortic wall at peak strain from a DENSE magnitude image (blue—luminal border, red—
adventitial border). (b) DENSE y-phase image after applying mask and unwrapping the phase data. (¢) Diagram of the calcula-
tion of Green strain using overlapping sectors from one quadrant of the aortic wall. Dots represent voxels within the mask in
the reference configuration at ;. The reported Green strain for the sector in blue (representing a 22.5 deg arc of the aortic wall)
is the weighted average (1:2:1) of the Green strains interpolated at the inner midpoint (stars) of the three overlapping quadrilat-
eral elements defined by vertices representing the closest voxels to each radial spoke emanating from the center of the lumen
(+). (d) Diagram of the calculation of circumferential linearized strain along the inner (luminal) row of voxels. Linearized strain
is calculated as the relative change in length of the line segment between two voxels separated by v;;, voxel spaces (here,
Viin = 6) in #. A single value of strain is reported at the midpoint of the wall (blue dot) between the two voxels used in the

calculation.

To further reduce the effect of noise on the calculation of Green
strain without increasing spatial smoothing, a novel reference
point averaging was developed. Physiology dictates that minimal
displacement occurs in the aorta before time fy (i.e., in late local
diastole before the systolic pulse arrives at the aortic location of
interest; see Fig. 2(a)), the calculation of Green strain for all r >
Iyys Was repeated using each ¢ < fy as an independent reference
configuration. These independent Green strain measurements
were averaged by sector, and the resulting strain data for # >
were time-smoothed with a fifth-order polynomial. For this study,
the analysis focused on peak strain, which was defined at the time-
point with the largest mean circumferential strain for the entire
cross section for the IAA and DTA, or at the mean timepoint at
which the four highest sector strain values that peak before #9
occur for the DAA (due to some sectors peaking significantly past
local systole in the aortic arch).

2.2.3 Calculation of Regional Linearized Strain and Homoge-
nized Strain. The majority of previous reports of aortic kinematics
have reported linearized strain; therefore, for comparison and to
serve as an internal check for the calculation of circumferential
Green strain, linearized strain around the luminal row of masked
voxels was calculated for each dataset using the smoothed dis-
placement data. To reduce noise and approximate the overall
degree of spatial smoothing used for the calculation of Green
strain, the regional linearized strain was calculated between pairs
of voxels separated by vy, voxel spaces (Fig. 3(d)), where

Viota
Viin = ( ‘Z““) -2 (6)

and vy, 18 the total number of voxels in the luminal row. Thus,
the linearized strain & for each pair of voxels is calculated as
e=(L—Lo)/Ly, where Lo is the length of the line segment
between voxel number n and voxel number n + vy;, at the refer-
ence time, and L is the length between the same voxels at the time
of peak strain. Reference point averaging using the same fg in
the calculation of Green strain was also utilized. The regional lin-
earized strain was reported at the midposition circumferentially
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along the aortic wall between each pair of voxels used in the cal-
culation. Since the displacement vector smoothing allows nonlu-
minal voxels to have some influence on the displacement of the
luminal voxels from which the linearized strain is calculated
(recall the initial segmentation of the aortic wall is two voxels
thick), one dataset from each axial location was resegmented with
only a single row of voxels, and the smoothed displacement and
linearized strain were recalculated for comparison.

Peak homogenized strain for each dataset was calculated from
the SSFP cine images as the difference in aortic circumference
from its maximum to its minimum (¢;) during the cardiac cycle
divided by the circumference at its minimum. The circumference
of the aorta was determined on MATLAB by manually marking
greater than 15 points along the aortic wall on the SSFP cine
image using function “impoly,” smoothing the set of points with a
spline, and summing the distance between 100 interpolated points
along the spline. The homogenized strain was directly compared
to the mean circumferential Green strain and mean linearized
strain for each aortic cross section by averaging all sector values
from the regional analysis.

2.24 Repeatability Tests and Statistics. Basic statistics were
performed using Microsoft Excel and mMaTLAB. Interstudy repeat-
ability of the calculation of peak circumferential Green strain for
each dataset was evaluated using the mean difference of strain
values across all sectors from the second scan compared to the
first (where a mean difference of zero would indicate no bias and
the standard deviation of the mean difference indicates a relative
degree of error). A single sample t-test was used to evaluate the
significance of the mean difference (compared to zero and assum-
ing sector independence), with p <0.05 representing statistical
significance. The mean of the absolute value of the differences
was also calculated to express the average magnitude of differ-
ence between the scans. Regional heterogeneity of peak circum-
ferential strain within a single dataset was quantified using the
spatial heterogeneity index [16] (standard deviation divided by
the mean of all sector strain values) and the normalized maxi-
mum, minimum, and range (difference between maximum and
minimum), where the normalization is performed by dividing by
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Fig. 4 Displacement vector map (at peak strain) and plots of circumferential Green strain
versus time for all sectors before (a-b) and after (c—d) spatial smoothing of the displacement
vectors. Asterisk* notes focal artifact of the displacement field before smoothing that results
in an abnormally high circumferential strain. Red arrow notes artifactual increase in circumfer-

ential strain before t;, in (b). Both artifacts improve following smoothing with v, = 2.

the mean strain value for the given dataset. Sensitivity of the
calculated strain to each of the main noise-reduction techniques
(sectorization, time-smoothing, reference point-averaging, and
displacement vector smoothing) was explored by individually
altering or removing each technique and comparing the mean dif-
ference, normalized mean difference, and mean normalized peak
difference in the resulting circumferential Green strain. Statistical
significance was evaluated similar to the interstudy tests. Finally,
interobserver repeatability was performed to evaluate the differ-
ence in strain calculation due to user variability in manual seg-
mentation. The second observer was trained using half of the data
(the second scan for each patient), and then independently seg-
mented each first scan while blinded to the other observer’s seg-
mentation and results. Comparison of results was performed
similar to the interstudy tests.

3 Results

All six volunteers successfully completed the DENSE imaging
protocol and no datasets were excluded. The initial position-based
time-smoothing reduced the noise in the displacement data. The
effect of spatially smoothing the displacement vectors is illus-
trated in the displacement vector map and plots of circumferential
Green strain by sector over time in Fig. 4. Before smoothing, note
the abrupt transition of orientation of the vectors in the right
anterolateral region (marked by the asterisk in Fig. 4(a)), which is
likely artefactual since it was not present in the repeat study. Fol-
lowing smoothing, the abrupt transition is dampened (Fig. 4(c)),
and the abnormally high maximum regional circumferential Green
strain (Fig. 4(b)) is reduced (Fig. 4(d)). Note also that the abnor-
mal diastolic increase in circumferential Green strain (arrow in
Fig. 4(b)) has been pushed from before 1, to near t14. The abnor-
mal increase in strain beyond 7,4 persists due to reduced signal-to-
noise ratio as magnetization is lost with repetitive sampling. As
expected, the mean displacement of the entire mask (center yellow
vector in Figs. 4(a) and 4(c)) was not affected by the smoothing;

Journal of Biomechanical Engineering

however, a slight decrease in mean circumferential Green strain
was generally noted for each increase in vgp.

After postprocessing, plots of peak circumferential Green strain
versus sector position around the aorta following repeat imaging
in each volunteer are shown in Fig. 5, along with the results if all
noise-reduction techniques are off. Due to the importance of
mechanical tethering of the aorta to the neighboring vertebrae and
for normalization when comparing multiple studies, numbering of
sectors was assigned by the unique location of the vertebra in
each dataset such that the aortic region overlying the vertebra (in
the transverse IAA or DTA planes), or nearest to the anterior tip
of the vertebra (in the oblique DAA planes), represented the divi-
sion between Sectors 1 and 16, with the numbers progressing
counterclockwise. As a convenient “clinical” visualization of the
data, ribbon heatmaps of the circumferential Green strain that
highlight regional heterogeneities are shown in Fig. 6, where the
diameter of each circular plot represents the mean diameter of the
mask at #; for each dataset.

Table 1 records the mean difference (and standard deviation)
between the repeated DENSE scans in peak circumferential Green
strain across all sectors for each patient, as well as the mean abso-
lute difference in strain. Overall, the mean difference across all
sectors for all aortic locations was —0.1 £2.3% (p =0.78), with a
mean absolute difference of 1.7%. Table 1 also records metrics
for evaluating patient-specific heterogeneities and intervolunteer
differences in circumferential strain.

Figure 7 compares sector plots of the circumferential Green
strain and the linearized strain along the inner row of voxels from
the same two-voxel thick segmentation for the repeated study in
each volunteer at the time of peak strain. Plots of circumferential
Green strain and the linearized strain from a separate single-row
segmentation for three of the volunteers showed qualitatively
similar results (Supplemental Figure 1 is available under the
“Supplemental Data” tab for this paper on the ASME Digital
Collection). Figure 8 shows the comparison of the mean (homoge-
nized) values of peak circumferential strain using all three

JUNE 2019, Vol. 141 / 060901-5
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Circumferential Green Strain

-@-N.R. Off 1
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A-N.R. Off 2 —4—N.R.On 2

Fig. 5 Circumferential Green strain versus sector position at the time of peak strain following repeat imaging in each volun-
teer when the postprocessing noise-reduction (N.R.) is either off or on. The sectors are numbered counterclockwise around
the aorta with the division between Sectors 1 and 16 representing the aorta—vertebral interface. (IAA, DTA, and DAA)

Circumferential Green Strain

Fig. 6 Ribbon heatmaps of circumferential Green strain of the aortic wall at the time of peak strain mapped onto the unadjusted
reference configuration at t; for both scans in each volunteer. Small arrows identify Sector 1 for each scan (near the vertebra).

(IAA, DTA, and DAA)

DENSE analyses to the peak homogenized circumferential strain
calculated from estimating circumference change on the SSFP
cine images.

Results of the interobserver repeatability study are shown in
Fig. 9, which demonstrate qualitative similarity, including consis-
tency of the location of maximum strain (within one sector) for
both observers. The overall mean difference of circumferential
strain was small (—0.01£0.04) but reached statistical significance
(p =0.03); however, the normalized mean difference was insignif-
icant (p =0.99), as expected due to the normalization. Table 2
summarizes absolute and normalized quantitative results of the
interobserver study, as well as the sensitivity studies where the
number of sectors around the circumference of the aorta was
varied (8, 16, or 32) or specific noise-reduction techniques were

060901-6 / Vol. 141, JUNE 2019

turned off. A complete table, including comparisons by aortic
location, may be found in Supplemental Table 1 which is avail-
able under the “Supplemental Data” tab for this paper on the
ASME Digital Collection.

4 Discussion

Cardiovascular medicine is increasingly moving toward
patient-specific diagnosis, prognosis, and treatment; however, a
reliable noninvasive method for assessing regional aortic wall
strain has been lacking. The results of this pilot study suggest that
spiral cine DENSE MRI can provide these important kinematic
data regionally and repeatably. Furthermore, by providing
regional maps of circumferential Green strain at multiple aortic
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Table 1

Mean differences in peak circumferential Green strain across all sectors for the interstudy repeatability study in each vol-

unteer by location, and mean (homogenized) circumferential Green strain and metrics of heterogeneity. Values represent means of
both scans in each volunteer at the time of peak strain. Normalization is performed by dividing the value of interest by the mean cir-
cumferential strain. Range represents the difference from the maximum to the minimum value.

Mean interstudy diff. Mean Mean circ. green Het. Norm. Norm. Norm.
Location Volunteer in circ. strain ( = SD) abs. Diff. strain ( = SD) index maximum minimum range
TIAA 23 F —0.005 = 0.029 0.024 0.23 = 0.06 0.28 1.61 0.62 1.00
36 M —0.001 £0.016 0.014 0.07 £ 0.03 0.46 1.72 0.31 1.41
Mean —0.003 = 0.023 0.019 0.15 +0.05 0.37 1.67 0.46 1.21
DTA 22M —0.005 = 0.021 0.015 0.13+0.04 0.29 1.47 0.62 0.85
59F 0.004 = 0.017 0.013 0.06 = 0.01 0.26 1.43 0.55 0.88
Mean —0.001 = 0.019 0.014 0.09 +0.03 0.28 1.45 0.58 0.87
DAA 19F 0.004 = 0.035 0.027 0.14 £ 0.07 0.52 1.99 0.09 1.89
37F 0.000 = 0.015 0.011 0.08 = 0.05 0.67 1.95 —0.18 2.13
Mean 0.002 = 0.027 0.019 0.11 = 0.06 0.59 1.97 —0.04 2.01
ALL Mean —0.001 = 0.023 0.017 0.12 + 0.05 0.41 1.7 0.33 1.36
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Fig. 7 Plots of circumferential Green strain (solid lines) from the two-voxel thick segmentation compared to linearized strain
(dashed lines) from the inner row of the two-voxel thick segmentation across all sectors at the time of peak strain for each

repeated scan

Mean Circumferential Strain

0.3

0.25

0.2

0.15

0.1

0.05

W Homog.

il “% Iy

@ Green

2-Vox Lin.

@ 1-Vox Lin.

IAA-23F 1AA-36M DTA-22M DTA-59F DAA-19F DAA-37F

Fig. 8 Comparison of peak homogenized circumferential strain estimated from SSFP cine
images to mean peak circumferential Green strain, mean peak linearized strain from the two-
voxel thick segmentation (2-Vox Lin.), and mean peak linearized strain from the single-voxel
thick segmentation (1-Vox Lin.) calculated from cine DENSE imaging
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Fig. 9 Interobserver comparisons of peak circumferential Green strain across all sectors

Table 2 Quantitative differences of circumferential Green strain averaged across all sectors and volunteers when varying the
number of sectors, turning off noise-reduction techniques, or using different observers. Normalization was performed by dividing
each sector strain by the mean strain of the volunteer for the given observer using 16 sectors with all noise-reduction techniques

on.

Total Mean Norm. mean Mean norm. peak Mean norm.
Variation sectors  Obs. diff. £ S.D. P diff. = S.D. P diff. = S.D. P abs. diff.
All smoothing on 8 1 0.002%0.031 0.63 0.015+0.262 0.69 —0.386=0.087 0.0001 0.217
All smoothing on 16 1 0 — 0 — 0 — 0
All smoothing on 32 1 0.000£0.025 0.91 0.006+0.197 0.78 0.365%+0.216 0.009 0.154
All smoothing off 16 1 0.016%0.048 0.002 0.099+0.360 0.008 0.440x0.315 0.02 0.275
Time-smoothing off 16 1 0.000£0.011 0.66 —0.014x0.103 0.18 —0.026=0.140 0.66 0.074
Ref. point avg. off 16 1 —0.004=0.013 0.002 —0.037£0.124 0.005 —0.065=0.116 0.23 0.096
Disp. vector Sm. Off 16 1 0.018£0.048 0.0003 0.123+0.308 0.0002 0.446*0.256 0.008 0.258
All smoothing on 16 2 —0.008=0.038 0.03 0.000£0.236 0.99 —0.018%0.237 0.86 0.174

locations, the results add to the increasing evidence that aortic
strain is patient-specific, spatially heterogeneous, and dependent
on aortic location.

4.1 Resolution and Noise-Reduction. The previous cardiac
DENSE sequences designed to quantify myocardial strain have
operated on in-plane resolutions of approximately 3 x 3 mm [14].
Since 2D Green strain calculations require at least a two-voxel
thickness, the resolution for aortic DENSE must be closer to
1 x 1 mm, given a 2mm thick aortic wall; however, reductions in
resolution also decrease signal-to-noise ratio, creating a practical
constraint. Using a 3T magnetic field strength, anisotropic voxels
with a large through plane dimension, and increasing the number
of averages helps offset this limitation at the time of the scan. In
addition, postprocessing techniques provide significant additional
noise-reduction that have the added benefit of not increasing scan
times. Ultimately, these techniques allowed a voxel resolution of
1.3 x 1.3 x8mm to provide reasonable strain results with a
respiratory-gated scan time of approximately 10 min.

The incorporation of multiple noise-reduction techniques that
operate over both time and space minimized the degree of
smoothing otherwise required from any single technique alone.
Time-smoothing was adequate in qualitatively removing noise for
visualizing displacement. However, while the piecewise time-
smoothing fits the peak displacement well (e.g., at #3 in Fig. 2(a)),
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it could overestimate the displacement at timepoint f., + 1 and
underestimate it at timepoint tys+ 2. Since the analysis herein
focuses on peak strain, this error is insignificant, but future inves-
tigations into strain rates may require further refinement of the
time-smoothing to accurately characterize the rapid displacement
in early local systole. Displacement vector smoothing provided a
robust but flexible spatial smoothing that improved reproducibility
by reducing the magnitude of extrema in strain induced by noise
or minor unwrapping artifacts when processing the DENSE data
(see Fig. 4). By adjusting the value of vy, to control the degree of
smoothing depending on the noise in each dataset, spatial smooth-
ing could be minimized in order to preserve the recognition of
potential spatial heterogeneities in strain.

Compared to displacement, calculations of strain are more sen-
sitive to noise due to its dependence on not just displacement, but
the displacement gradient. To address this challenge, a sector-
based analysis was introduced to reduce the relative contribution
from fixed noise by increasing the dimensions of the finite ele-
ment over which the deformation was calculated. Thus, there is
some sacrifice of spatial resolution for added accuracy and repro-
ducibility. This finite sectorization also gives the added benefit of
a more manageable statistical comparison of discrete aortic
regions when making interstudy comparisons. Reference point
averaging further reduces random noise without sacrificing spatial
resolution but with the tradeoff of any error induced by ignoring
the minimal motion of the aortic wall before the onset of local
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systole (note that the displacement is minimal before the dotted
vertical line at f in Fig. 2). This averaging serves to minimize
noise-induced or segmentation-induced errors in a single refer-
ence state that would be transmitted to all strain calculations in
future timepoints—noting that discrimination of the aortic lumen
and wall is most difficult in the earliest timepoints before the high
signal in the blood pool is lost during local systole. Notably, the
mean total displacement of all voxels from #; to f, for each data-
set in this study was less than one-third of the in-plane voxel
dimension (~0.4 mm).

The interstudy repeatability results (Fig. 5) demonstrate the
necessity and effectiveness of the noise-reduction techniques in
improving repeatability. Sensitivity results summarized in Table 2
suggest that the displacement vector smoothing has the largest
effect on the calculated strain. When this smoothing is off, the
normalized mean strain increases by 12% (p <0.001), with a
highest recorded difference of 113%. Using displacement vector
smoothing, normalized peak strains are significantly lowered by
45% (p < 0.01); however, without the smoothing, these peaks may
be artificially high and unrepeatable (see Figs. 4 and 5). Notably,
time-smoothing had comparatively little effect on calculating
peak strain, though this smoothing may have more effect in future
analyses of nonpeak strain or strain rate. Reference point averag-
ing demonstrated a moderate but significant effect of increasing
the normalized mean strain by 4% (p < 0.01), though this effect
was twice as high in the infrarenal aorta where more time lapses
between the R-wave trigger and local systole (i.e., the IAA may
still be contracting slightly on average in local late diastole).
Finally, while using less (8) or more (32) sectors for the strain
analysis did not significantly affect the mean strain, the use of 8
sectors was found to significantly reduce the peak strain by 39%
(p <0.001), while the use of 32 sectors significantly increased the
peak strain by 37% (p < 0.01). In addition, the use of 32 sectors
generally increased the number of local minima/maxima in strain
suggestive of increased noise (Supplemental Figure 2 is available
under the “Supplemental Data” tab for this paper on the ASME
Digital Collection).

4.2 Repeatability and Comparisons of Circumferential
Strain. Following the initial development of this technique, two
primary questions required addressing. The first was whether the
implementation of the multiple noise-reduction techniques
resulted in a reasonable and repeatable calculation of circumferen-
tial strain. For this initial stage of development, a preclinical inter-
study repeatability test was performed to ensure that a consistent
strain measurement could be achieved by DENSE under ideal
conditions (i.e., immediate re-imaging on the same 3T system by
a single nonblinded observer experienced in DENSE segmenta-
tion and analysis). The results in Fig. 5 and Table 1 suggest that
regional patient-specific circumferential Green strain can be
repeatably measured with excellent agreement under these con-
trolled conditions (a mean absolute difference across all sectors of
<2% for all aortic locations). It is observed that there are regions
where the repeated measurements appear slightly “out of phase”
spatially by one sector (e.g., in Fig. 5 around sectors 1-8 in the 23
y.o. IAA and 19 y.o. DAA). These results may arise from slight
differences in delineation of the sector positions between studies
due to patient positioning, manual selection of the imaging planes,
and manual segmentation. The overall regional distribution of het-
erogeneities does not appear to be qualitatively affected; however,
it is noted that the manual segmentation can affect the magnitude
of strain, particularly with respect to the segmentation of the refer-
ence voxels before 7. Reducing the diameter of the reference
segmentation increases the magnitude of strain at future time-
points by increasing the calculated displacement (and vice versa).
This effect is likely responsible for some of the difference in
mean strain calculated in the interobserver study (e.g., in the 23
y.o. IAA in Fig. 9). Thus, proper segmentation of the aortic wall is
key for accurate and repeatable measures of strain. Notably,
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normalization of the strain data may improve interobserver repeat-
ability by ameliorating any fixed bias in mean strain. Due to the
practical constraint that manual segmentation is the costliest proc-
essing step in terms of time and labor, future refinements of aortic
cine DENSE should seek to automate the segmentation. Alterna-
tively, future studies may consider using DENSE to calculate
regional normalized strain but using the mean homogenized strain
from higher-resolution cine SSFP imaging to convert the normal-
ized strain to absolute strain.

The close agreement of both the mean peak circumferential
Green strain and linearized strain by aortic DENSE with the
homogenized strain from SSFP cine demonstrates that the DENSE
technique can recover an appropriate global circumferential strain
for the aortic cross section of interest (Fig. 8). This does not con-
firm the actual regionally heterogeneous distribution of strain
measured by DENSE, but it does suggest its reasonableness. Nota-
bly, the global circumferential strains reported in Table 1 and
Fig. 8 are consistent with the previous reports of homogenized
circumferential strain in the healthy aorta by US and CT:
123+ 1.4% [17] and 15.3 £1.2% [18] in the abdominal aorta,
8.1 23.3% [19] in the distal DTA, and 7.9 = 2.4% [19] in the
DAA. Nevertheless, the novelty of aortic DENSE is its ability to
quantify regional aortic wall strain; hence, there are few prior
studies to confirm the unique patterns of heterogeneity observed.
In the only prior study of DENSE in the aorta, Haraldsson et al.
[20] reported gross heterogeneities in stretch in the ascending
aorta, but failed to calculate strain or regionally map the distribu-
tion of stretch. Two prior studies using 4D ultrasound also provide
support for the finding that aortic kinematics are heterogeneous.
First in Ref. [5], healthy infrarenal aorta is reported to have a nor-
malized maximum linearized strain value of 1.56-2.54 (using
standard versus custom postprocessing), which is similar to the
mean value of 1.67 for the normalized maximum circumferential
Green strain of the two IAAs in this study. In addition, Derwich
et al. [16] reported a spatial heterogeneity index of approximately
0.5 for normal infrarenal aortas, which is similar to the mean
value of 0.37 in this study. Using an optical flow approach and
cine MRI, Satriano et al. [7] mapped heterogeneities in Green
strain over 9 abdominal aortic aneurysms, but did not report
regional comparisons or include healthy aortas with which we
compare to this study. Finally, Draney et al. [6] suggested circum-
ferential heterogeneity in the strain of the DTA using cine
PC-MRI, though this technique produced a much larger standard
deviation at peak strain of approximately =11% strain (compared
to =3% in this study in the DTA). Unlike this DENSE study, the
ultrasound and PC-MRI studies did not formally report regional
strain values. Technical validation of the calculation of Green
strain by aortic cine DENSE is currently underway and will
require testing of a cyclically deformable organic or polymeric
phantom in vitro, in which strain can be confirmed by analytic or
experimental methods; nevertheless, the reasonableness of gross
measures of mean strain and indices of heterogeneity with the few
available previous studies is promising.

4.3 Partial Volume Effects and Peri-Adventitial Tethering.
The second primary concern was whether the relatively large in-
plane voxel dimension (compared to the aortic wall thickness)
that was required for adequate signal created significant errors in
the strain calculation due to partial volume effects from the lumen
or peri-adventitial tissue. In general, the de-phasing of luminal
blood following local systole as tagged blood is removed from the
imaging plane may reduce its influence on the calculated displace-
ment of the aortic wall while simultaneously aiding in the seg-
mentation of the luminal boundary. However, the adventitial
boundary is more difficult to segment due to the potential for simi-
larities in both signal magnitude and phase (i.e., displacement) of
peri-aortic tissue. Assigning a two-voxel wall thickness after seg-
menting the luminal boundary ensures inclusion of the wall with
the minimum amount of peri-adventitial tissue that still allows the
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calculation of 2D Green strain. Of greatest concern is the errant
inclusion within the mask of surrounding structures with signifi-
cantly different material properties than the aortic wall, most nota-
bly the vertebral body. The aorta abuts and is likely tethered to the
vertebrae along its posterior wall in the IAA, medio-posterior wall
in the DTA, and medial wall in the DAA. The results in this pilot
study demonstrated relatively low displacement and low to mod-
erate normalized circumferential strain along the aorta—vertebral
interface (sectors 1 and 16) in all axial locations. Interestingly, cir-
cumferential strains immediately adjacent to the interface tended
to be elevated (e.g., in the lateral walls of IAAs and superior walls
of DAAs; Fig. 6). Such results would be consistent with the inabil-
ity of the pressurized aorta to displace the vertebrae, as well as the
potential for local tethering both to inhibit strain at the aorta—
vertebral interface and to induce elevated strain in adjacent
regions as the aorta expands away from a point of fixation. They
also illustrate that regionally lower strain does not have to imply
stiffer local material properties of the aortic wall itself since strain
is dependent on both the inherent properties of the wall as well as
the local boundary conditions.

While these results are consistent with anatomy, one must
note that inclusion of part of the vertebra within the mask of the
aortic wall could also erroneously reduce the calculated displace-
ment of the overlying aorta. This was the primary motivation of
interpolating the Green strain along the inner boundary of each
finite element. To further investigate this concern, the linearized
strain of only the inner row of the two-voxel aortic mask was
calculated and found to be qualitatively similar to the heteroge-
neous circumferential Green strain (Fig. 7). However, one must
note that the displacement vector smoothing applied over the
two-voxel mask allows signal from the outer layer of voxels to
influence the luminal layer of voxels. To eliminate this effect, a
single row of voxels must be segmented independently; however,
such a segmentation is challenging given the relative size of the
voxel dimensions and the aortic wall thickness (i.e., the primary
signal from the aortic wall may often overlap two voxels). Thus,
while the two-voxel segmentation will almost always include the
majority of the signal from the aortic wall, a single voxel seg-
mentation will likely exclude portions of the wall in at least
some regions. Indeed, a single voxel segmentation of just the
inner row of voxels from the two-voxel mask yielded much less
similar results. However, a single-voxel thick mask using a mix-
ture of inner and outer row voxels could be created that yielded
a linearized strain that qualitatively replicated the circumferential
Green strain (Supplemental Figure 1 is available under the
“Supplemental Data” tab for this paper on the ASME Digital
Collection). Independently creating and replicating such a single-
voxel mask is challenging, though, due to the greater difficulty
in deciding which single voxels to include given the partial
volume effects and the potentially increased sensitivity of the
resulting strain calculations to the inclusion or exclusion of par-
ticular voxels. These factors suggest a potential benefit of the
two-voxel segmentation and Green strain calculation over a sin-
gle voxel segmentation and linearized strain.

While there have been no prior high-resolution regional maps
of heterogeneities in aortic Green strain in healthy aortas, three of
the aforementioned studies offer support for the finding of low
strain along the aorta—vertebral interface. Tierney et al. [4]
reported that the posterior wall (next to the vertebra) was the most
common region of minimal linearized strain in the “neck” of
abdominal aortic aneurysms. In addition, while the aforemen-
tioned US study by Karatolios et al. [5] and cine PC-MRI study
by Draney et al. [6] did not report regional strain values, each
included a single figure demonstrating either low linearized strain
or low displacement along the expected aorta—vertebral interface.
Thus, the results in this study are consistent with the best available
literature on regional aortic kinematics. Ultimately, future in vitro
and in situ studies that mimic or retain the surrounding aortic
structures may be required to verify the kinematic effects of aortic
tethering to the vertebrae.
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4.4 Clinical Potential, Future Work, and Limitations.
While this proof-of-concept pilot study was not powered to draw
clinical conclusions regarding regional aortic strain, some obser-
vations are noteworthy and should be considered in future studies.
First, the circumferential strain of the aortic wall in all axial loca-
tions was both patient-specific and spatially heterogeneous, even
in these relatively healthy volunteers. Second, the pattern of heter-
ogeneity suggests consistency based on location (Fig. 6). The IAA
demonstrated elevated circumferential strain in the right lateral
and left postero-lateral walls and reduced strain in the posterior
and anterior walls. The DTA showed elevated strain in the lateral
and anterolateral walls. The DAA showed more variability but a
consistently high strain in the superior wall (top of the plot in this
oblique plane) and low strain in the left inferolateral region corre-
sponding to the lateral connection of the aorta to the left pulmo-
nary artery. These findings are important considering that the
majority of computational aortic mechanical models assume mate-
rial homogeneity and almost all neglect the effect of peri-aortic
structures and tethering. The novel ability of aortic cine DENSE
to quantify patient-specific regional aortic strain thus creates new
opportunities for assessing and understanding the evolution of
patient-specific mechanical parameters that can improve the fidel-
ity of future models. This may include inverse methods to calcu-
late regional material properties (noting the limitation of in vivo
deformations to describe the material properties below diastolic
loading pressures), novel patient-specific inputs for growth and
remodeling models that use strain or stress-dependent constitutive
laws to evolve the constituents and geometry of the aortic wall
[21-23], assistance in assigning patient-specific peri-aortic bound-
ary conditions, and new insights into the correlation of in vivo
cyclical strain and mechanobiologically driven aortic remodeling.
Furthermore, patient-specific quantification of regional strain
opens the possibility of directly correlating regional heterogene-
ities in aortic strain with a myriad of pathological processes
involving focal and diffuse aortic remodeling (e.g., age-associated
aortic stiffening, early detection of functional aortic changes due
to genetic and structural anomalies such as Marfan’s Syndrome or
bicuspid aortic valve, or risk assessment in aortic aneurysms and
dissections).

In addition to the aforementioned discussion of the constraints
on resolution and partial volume effects, a number of limitations
regarding this initial development of 2D aortic cine DENSE
should be noted. First, the 2D sequence only acquires in-plane
strains, and hence, was limited to portions of the aorta with rela-
tively low longitudinal strain (which excludes the ascending aorta
[17]); thus, a future three-dimensional implementation of this
novel DENSE post-processing should be pursued. Second, the
current work focuses solely on the circumferential strain, even
though Green strain has the potential to include both radial strain
and in-plane shear strain. Such metrics may prove useful; how-
ever, their values are muddled during the smoothing process that
prioritized the calculation of circumferential strain (particularly
during the displacement vector smoothing). Future refinements
will seek to recover and identify useful patterns in these other
metrics of strain, as well as the nonpeak strains and strain rates
that were not explored in this initial study. Finally, while the
results of the interobserver repeatability study were qualitatively
reasonable, we reiterate the limitation of manual segmentation of
the boundaries of the aortic wall and the limited nature of the
early ideal test of interstudy repeatability. The two-voxel mask
and Green strain analysis likely reduce some of the sensitivity to
user-specific variation in segmentation; however, future clinical
application would benefit from an automated and strictly repeat-
able algorithm for segmentation.

5 Conclusions

Aortic cine DENSE MRI is a viable technique for quantifying
patient-specific regional circumferential Green strain in vivo in the
infrarenal abdominal aorta, descending thoracic aorta, and distal
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aortic arch. The results of this pilot study demonstrate reasonable
initial interstudy repeatability and reveal patient-specific and
location-specific heterogeneous distributions of strain that are con-
sistent with the limited previous reports using other modalities. As
an MRI technique, cine DENSE offers the added benefit of easy
incorporation with other clinical anatomic and functional scans, a
lack of radiation, and no restrictions due to inadequate sonographic
windows. Initial interobserver repeatability is fair and could be
improved by comparison of normalized strain values and/or devel-
opment of automated segmentation. While technical validation
will require future in situ and in silico studies, the calculation of
Green strain was consistent with linearized strain from two-voxel
and one-voxel thick segmentations, and the mean circumferential
strain by DENSE replicated the currently available clinical metric
of homogenized strain by SSFP cine. We suggest, therefore, that
the ability of aortic cine DENSE to quantify regional aortic kine-
matics in vivo has significant potential to advance both the under-
standing and modeling of the key influence of tissue mechanics on
aortic remodeling and to apply that knowledge to improve patient-
specific diagnoses and clinical interventions.
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