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Thoracic aortic aneurysm is a common and lethal disease that requires regular imaging surveillance to deter-
mine timing of surgical repair and prevent major complications such as rupture. Current cross-sectional imag-
ing surveillance techniques, largely based on computed tomography angiography, are focused on measure-
ment of maximal aortic diameter, although this approach is limited to fixed anatomic positions and is prone
to significant measurement error. Here we present preliminary results showing the feasibility of a novel tech-
nique for assessing change in aortic dimensions, termed vascular deformation mapping (VDM). This tech-
nique allows quantification of 3-dimensional changes in the aortic wall geometry through nonrigid coregistra-

tion of computed tomography angiography images and spatial Jacobian analysis of aortic deformation.

Through several illustrative cases we demonstrate that this method can be used to measure changes in the
aortic wall geometry among patients with stable and enlarging thoracic aortic aneurysm and dissection.
Furthermore, VDM results yield observations about the presence, distribution, and rate of aortic wall defor-
mation that are not apparent by routine clinical evaluation. Finally, we show the feasibility of superposing
patient-specific VDM results on a 3-dimensional aortic model using color 3D printing and discuss future direc-
tions and potential applications for the VDM technique.

INTRODUCTION

The thoracic aorta is the largest blood vessel in the human body
and is subject to most extreme hemodynamic forces. A healthy
aorta is extremely durable, and it is able to absorb forces gen-
erated by the heart owing to its thick walls and its elastic nature.
Because of multiple factors (eg, hypertension, atherosclerosis,
genetic aortic syndromes, infection), the structural integrity and
elasticity of the aortic wall can deteriorate, leading to progres-
sive dilation of the aortic lumen and formation of aortic aneu-
rysm (1). Aortic dissection is a related form of aortic disease
characterized by tearing of the inner layers of the aortic wall (ie,
intima and media), leading to the creation of a false lumen—or
channel—within the aortic wall itself, which is structurally com-
promised and is subjected to high pressures. This results in
aneurysm formation in ~60% of patients with chronic aortic
dissection of the descending thoracic aorta (Stanford type B) (2).
The incidence of aortic aneurysm is increasing in the US popu-
lation, and mildly dilated aortas are being incidentally detected
at higher rates owing to increased use of thoracic cross-sectional
imaging for nonaortic indications (eg, lung cancer screening)
(3). Recent data suggest that the prevalence of thoracic aortic

dilation (>4 cm) is ~3% of individuals older than 55 years of
age, which, on the basis of current US population estimates,
means that ~2.7 million people in the USA would be recom-
mended to undergo regular imaging of the thoracic aorta on the
basis of the current American Heart Association guidelines for
imaging surveillance (4-8).

Imaging surveillance has a central role in the management
of asymptomatic patients with aortic disease. The vast majority
of patients with an aortic aneurysm, ~95%, are asymptomatic
until the aneurysm ruptures, and only 40% of patients in whom
the aneurysm ruptures reach the hospital alive (6, 9). Although
the topic of aortic enlargement in abdominal aortic aneurysm
(AAA) before and after endovascular repair has been the focus of
significant research effort, the natural history and mechanisms
of thoracic aortic aneurysm (TAA) progression remain poorly
understood, and only a handful of studies have attempted to
measure growth rates of the thoracic aorta (10-16). A major
limitation in improving our understanding of TAAs is that the
current clinical imaging surveillance techniques rely primarily
on measurement of maximal aortic diameter. This parameter has
been most widely studied and is shown to correlate with future
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risk of aneurysm rupture (17). Although the simplicity of diam-
eter measurements is appealing, this approach is subject to a
high degree of measurement error, in the range of 2-5 mm
despite optimal measurement technique (18, 19). Error of this
magnitude makes confident determination of aortic enlarge-
ment challenging considering that typical aortic growth rates
are slow (eg, 1 mm/y in the ascending aorta and 3 mm/y in the
descending aorta), and this issue is further compounded when
shorter follow-up intervals are analyzed (3 or 6 months) and
when the aortic geometry is ovoid (17).

Although several sections of the aorta are vertically ori-
ented and can be viewed in cross-section on axial images, most
of the aorta cannot be viewed in cross-section on standard
image planes, requiring image-processing software to effec-
tively straighten the aorta and allow true orthogonal diameter
measurements to be made. The 2010 ACCF/AHA/AATS/ACR/
ASA/SCA/SCAI/SIR/STS/SVM Guidelines for the Diagnosis and
Management of Patients With Thoracic Aortic Disease was the
first set of guidelines to raise this issue and to recommend
standard measurement locations in addition to measurement of
maximal aortic diameter (4). Even with orthogonal measure-
ments, the aorta is often not perfectly round in the cross-section,
but it is rather ovoid or irregular, particularly in the setting of
disease, further compounding the issue of exactly which diam-
eter measurements to record and use for follow-up. Measuring
the aortic diameter at predefined anatomic locations fails to
capture interval growth at nonmaximal locations, and this mea-
surement does not detect the components of aortic enlargement
in circumferential or longitudinal directions. Height-/weight-
adjusted aortic area has been proposed as a better predictor of
future rupture than maximal diameter, and several studies have
investigated the use of volumetric measurements of TAA and
AAA to improve the sensitivity for detecting aortic growth (10,
20-24). However, similar to diameter measurements, measure-
ment of aortic area and volumetric should be performed at
predetermined anatomic boundaries to ensure that measure-
ments are comparable between studies, and small focal changes
in aortic dimension may be camouflaged by a volumetric
measurement approach. Although area or volume measures
may be more sensitive to detect overall growth of an aortic
segment, information about localized change at a specific
point along the aortic wall is not captured. Considering that
surgical management recommendations are based on thresh-
olds of size and growth rate, a diameter-based measurement
technique may lead to treatment recommendations that are
either overly aggressive or conservative on the basis of the
measurement error alone. In addition, such size criteria used
for surgical decision-making are based on historical mea-
surement data and its inaccuracies, further emphasizing the
significant ongoing need for accurate and reproducible aortic
measurements.

A potential solution to these challenges exists in the field of
diffeomorphic image registrations, particularly the application
of spatial Jacobian matrices to quantify the deformation of the
aortic wall by extracting nonrigid image transformations to
match high-resolution thoracic electrocardiogram (ECG)-gated
computed tomography angiography (CTA) images acquired at
different time points, a technique that we term vascular defor-

164

TOMOGRAPHY.ORG |

mation mapping (VDM). Spatial Jacobian matrices in this con-
text describe the relative local distortion at each point in the
image resulting from the automated image-based registration.
Although nonrigid image warping coregistration techniques
have been broadly used in diseases of the lungs and brain, to the
best of our knowledge, no prior studies have quantified spatial
Jacobian maps to assess interval aortic enlargement (25-27).
Image intensity-based registration techniques have been re-
ported to have submillimeter precision in many applications,
which also translate to accuracy in the calculation of the result-
ing spatial Jacobian with well-optimized workflows (28). Quan-
titative assessment of registration accuracy is not straightfor-
ward, with many potential sources of error and a large number
of degrees of freedom; however, the use of cost function penal-
ties such as bending energy helps to constrain and smooth
spatial Jacobian results while also maximizing anatomical fea-
ture alignment. Jacobian maps may be directly calculated from
the optimized nonrigid transform, and it could offer information
about the local deformation of the aortic wall, including in the
circumferential and longitudinal directions, information that is
not currently assessed by other techniques.

A significant need exists for a more sensitive and accurate
method of measuring change in thoracic aortic dimensions,
considering that accurate detection of small-magnitude changes
has important implications for improving understanding of aor-
tic aneurysm progression and better informing treatment deci-
sions. The aim of this study was to demonstrate the feasibility of
using the proposed VDM technique to measure interval change
in aortic wall dimensions on routine clinical CTA studies of
patients with TAA and dissection. In addition, we aim to com-
pare the results of the VDM analysis with routine clinical CTA
assessments in seeking to better understand the potential bene-
fits and limitations of this novel technique.

METHODS AND MATERIALS

Study Population

All procedures were approved by the local institutional review
board with a waiver of informed consent obtained for this
retrospective study and were Health Insurance Portability and
Accountability Act-compliant. Patients were identified through
a review of local picture archiving and communication system
archives to identify adult (>18 years) patients with dilation of
the thoracic aorta undergoing imaging surveillance, with at
least 2 prior ECG-gated CTA examinations available for review.
Patients were excluded if thoracic aortic enhancement was sub-
optimal (<250 Hounsfield unit [HU]) or there was significant
motion/respiratory artifact affecting the clinical evaluation of
thoracic aortic segments. After reviewing 15 patients, several
were excluded owing to obvious pulsation artifact affecting
the diseased aortic segment on CTA images (n = 5) or low-
resolution baseline CTA studies (section thickness > 1.5 mm)
that were acquired at outside hospitals and uploaded to our
picture archiving and communication system (n = 4). One
patient with type B aortic dissection was excluded from
analysis owing to difficulties with accurate segmentation of
the false lumen due to poor enhancement related to slow flow
and partial thrombosis. The aortic pathologies of those pa-
tients selected for analysis included ascending thoracic aortic
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dilation (n = 1), descending TAA (n = 1), and thoracic aortic
dissection (n = 3).

Computed Tomography Angiography

CTA examinations were performed on 64-detector computed
tomography (CT) scanners using helical acquisition mode
(LightSpeed VCT or Discovery CT750HD, GE Healthcare, Wauke-
sha, WI). Images were acquired through the entire thoracic aorta
(lung apices to 2 cm below the celiac artery) during intravenous
injection of 95-mL iopamidol 370 mg I/mL (Isovue 370, Bracco
Diagnostics, Inc., Princeton, NJ) at 4 mL/s, followed by a 100-ml
saline chaser at 4 mL/s. Retrospective ECG-gating was used,
with axial reconstructions at 0.625-mm section thickness at
75% of the R-R cycle with ECG-modulated tube current tech-
nique (20% of maximum milliampere) and 40% adaptive sta-
tistical iterative reconstruction for dose efficiency. Other scan
parameters included the following: detector coverage, 40
mm; Display Field of View, 25 ¢m; gantry rotation time, 0.4
seconds; maximum tube current, 400-700 milliampere as
determined by patient size; and tube voltage, 100-120 kVp.

Image Segmentation

Segmentation of the aortic blood volume was accomplished
with a user-defined threshold in contiguous regions followed by
manual adjustments, all performed using custom in-house al-
gorithms developed in Matlab (The MathWorks, Inc, Natick,
MA). In brief, a threshold was chosen on a case-by-case basis to
separate contrast-enhanced blood from the surrounding tissues
and organs. Manual separation was required at the aortic valve
and arch vessel levels. The surface structure was determined on
the basis of the segmentation mask and then subject to curva-
ture flow smoothing,.

Image Registration

Image registration was performed between sequential CTA stud-
ies using a custom Matlab interface to the Elastix open source
software (Utrecht, Netherlands). Images were processed tempo-
rarily for registration with the following after manually crop-
ping around the region of the aorta:

(1) A 3D Wiener filter (3 X 3 X 3) was applied to limit the
effects of noise.

(2) Image values <0 HU were set to 0 HU to avoid including
the lungs.

(3) The aortic blood segmentation mask was dilated by 6 mm
to include the aortic wall.

Automated image registration included an affine optimization
followed by a multiresolution nonrigid b-spline warping opti-
mization using mutual information (subsampled within the di-
lated segmentation mask) with bending energy penalty (set to
50). Three resolutions of b-spline grid spacing were used in the
descending order, as follows: 12, 6, and 3 mm. Total time for
image registration was ~10 min on a standard high-end per-
sonal computer.

Vascular Deformation Mapping

Using the deformation fields generated from the final optimized
nonrigid transformation, the spatial Jacobian tensor can be
defined as all first-order derivatives at each voxel location:
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The determinant of the 3D spatial Jacobian, |J|, or simply re-
ferred to as the Jacobian map, was calculated from the final
optimized image transform and normalized by the time differ-
ence between imaging sessions (|J|/years) to indicate a defor-
mation rate. Values of |J|, henceforth referred to as VDM values,
were linearly interpolated to the vertex points of the aortic
segmentation surface for display. Image expansion is visualized
by greater values (red, |J| > 1), compression by |J| < 1 (blue),
and no general deformation by |J| = 1 (green). Areas of expan-
sion or compression were considered artificial if one of the
following criteria was present:

(1) visible motion artifact was present on source CTA images;

(2) visible error was noted in image alignhment after the image
warping coregistration step; or

(3) regions of expansion/compression were adjacent to the
cut-planes of the 3D aortic segmentation (eg, at the level
of the aortic valve or proximal arch vessels), as these areas
are susceptible to minor differences in geometry resulting
from manual segmentation.

A simplified workflow of the VDM technique is displayed in
Figure 1.

RESULTS AND DISCUSSION

Evaluation of Aortic Aneurysm

The VDM analysis clearly depicted interval enlargement of the
descending aortic dimensions in our first representative case of
a 76-year-old female patient with a prior history of surgical
repair of an ascending aortic aneurysm. The aortic arch and
descending aorta were not included in the initial surgical repair
given the mild degree of preoperative dilation; however, the
distal arch and descending aorta were noted to progressively
enlarge over 3 subsequent CTA examinations spanning a period
of 3.8 years (Figure 2). It is interesting to note that although the
VDM shows enlargement of the proximal descending aorta at
each interval, the extent and rate of enlargement progress from
the first interval to the last, consistent with the gradually accel-
erating and outwardly expanding nature of aortic enlargement
described with aortic aneurysm (6). In addition, although the
clinical radiologist’s assessment using maximal aortic diameters
identified enlargement at each interval, the growth rate ap-
peared to be decelerating by diameter measurements, and the
growth was reported to be limited to the distal arch, whereas the
VDM clearly highlighted more extensive enlargement along
the length of the aorta, involving the proximal and mid-de-
scending aorta at the second and third intervals. In an attempt to
quantify and validate the VDM results, aortic area measure-
ments were performed at a single level in the distal descending
aorta with close attention paid to placing the measurement
plane at precisely the same level and orientation in each study
(Figure 2). The luminal area measurements revealed a small
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Figure 1. Vascular deformation mapping (VDM)
workflow: computed tomography angiography
(CTA) images undergo digital image processing
and analysis that involves segmentation of the
contrastenhancing aortic blood volume followed
by nonrigid coregistration between baseline and
follow-up sessions. 3D maps of the determinant of
the spatial Jacobian are then generated using the

final optimized transform. These values are subse-
quently mapped to the 3D surface of the aortic
segmentation, essentially allowing for visualiza-
tion of the aortic wall deformation rate between
imaging sessions. Expansion can be visualized as
red (VDM > 1), compression as blue (VDM < 1),
and no deformation as green (VDM = 0).

VDM of Thoracic Aortic Enlargement

increase in area at the first interval (3.7 mm?), a larger increase
in luminal area at the second interval (22.1 mm?), and the greatest
increase in luminal area at the third interval (100.2 mm?)
consistent with the accelerating growth visualized on the VDM
map. For reference, an overall luminal increase of 100 mm? is
equal to a ~1.1 mm increase in the diameter assuming that the
lumen is circular.

In contrast to the above case, the VDM analysis was per-
formed on a 66-year-old female patient undergoing imaging
surveillance of a mildly dilated ascending aorta (maximally
4.1 cm at baseline), which revealed little deformation (Figure 3).
This case was selected for analysis to serve as a negative control,
as no enlargement was detected by clinical diameter assessment,
and enlargement of the ascending aorta is both significantly
slower and less common than enlargement of the descending
aorta, particularly when the degree of dilation is mild (15). VDM
did not reveal any areas of rapid growth in the ascending or
descending aorta, and the majority of the 3D surface area of the
thoracic aorta showed |J| values close to 1 (green), compatible
with stable aortic dimensions. However, several small regions of
moderate deformation were detected, one at the level of the
sinotubular junction, another in the proximal arch in the region
of the origin of the innominate artery, and the last at the
mid-descending level. No motion artifact or image registration
error was visually apparent, and, although the significance of
these findings remains unclear, it is possible that they represent
areas of slow growth that are beneath the threshold of detection
by diameter measurements.

Evaluation of Aortic Dissection

Aortic dissection and aortic aneurysm are unique in their patho-
physiology; however, the ultimate consequence of both pathol-
ogies is the same—dilation of the aortic wall due to weakened
structural integrity. In both aneurysm and dissection, clinical
surveillance guidelines and surgical decision-making are based
on observation of the absolute aortic dimensions and the rate of
aortic enlargement. As such, the VDM technique can be used to
monitor progression (ie, enlargement) of patients with aortic
dissection. In the first representative case, we present the results
of a 56-year-old patient with a prior history of surgically re-
paired dissection of the ascending aorta, with a residual dissec-
tion flap involving the native aortic arch and descending aorta
(Figure 4). VDM showed values close to 1 (green) throughout the
majority of the aorta, compatible with stable dimensions of the
true and false lumen during the 2-year time interval, in agree-
ment with the clinical diameter assessment. There were several
small areas of apparent mild enlargement in the ascending aorta
and the distal descending aorta, which are thought to be due to
imprecisions in coregistration caused by slight differences in car-
diac and respiratory phases between studies, resulting in minor
differences in aortic angulation (ie, “bending”), although no defi-
nite misregistration was visually apparent.

In contrast, Figure 5 illustrates a 52-year-old man with a
history of type B aortic dissection who had 2 ECG-gated CTA
studies available for analysis, the first ~1 year after the onset of
his dissection and a follow-up study performed 6 months after
the first. On the basis of the clinical report, there was suspicion
for ~1-2 mm of interval enlargement of the distal aortic arch,
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Figure 2. Progressive enlargement of an aortic aneurysm of the descending aorta in a 76-year-old patient with history
of prior surgical repair of the ascending aorta. Aortic enlargement is noted at all intervals, but increases in rate and ex-
tent over time. Aortic lumen area (in square millimeter) measured at a single level (black line) in the distal descending
aorta was used to corroborate a focal region of enlargement in the distal descending aorta seen on the VDM map.
VDM values for replaced ascending aorta are not displayed owing to artifact.

but the conclusion of the clinical assessment was that there had
been no definite enlargement, as the observed change in diam-
eter was within the range of measurement error. VDM of this
patient showed nearly diffuse enlargement of the false lumen
throughout the distal aortic arch and descending aorta, with a
corresponding decrease in size of the true lumen, changes that
are frequently observed in chronic aortic dissection (29). It is
important to note that although the absolute change in maximal
aortic dimension was thought to be small (1-2 mm), the rate of
growth is noted to be significant owing to the short interval
(6 months) between the 2 studies. This ability to detect growth

Baseline

—

+1.5 years

Figure 3. VDM analysis shows no areas of high-
intensity wall expansion in a 66-year-old woman
with a mild dilated ascending aorta (4.1 cm maxi-
mally). Although aortic dimensions were stable by
clinical diameter assessment, low-intensity areas

of potential aortic enlargement were noted at the
sinotubular junction and in the region of the in-
nominate artery, suggesting the possibility of lim-
ited growth in these regions.
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over short intervals is particularly useful in the setting of pa-
tients with recent aortic dissection, as there is a proven clinical
benefit to endovascular (TEVAR) repair in the subacute period (2
weeks to 3 months after dissection) (30). Of note, there was a
visually apparent motion artifact in the ascending aorta on CTA
images, leading to difficulty with image coregistration, which is
manifested on the VDM as a wavy aortic wall contour and areas
of high and low Jacobian determinant (red and blue, respec-
tively) on adjacent areas of the aortic wall.

Finally, Figure 6 illustrates a 76-year-old man with a his-
tory of ascending aorta replacement, who developed a type B
aortic dissection on the baseline study and had 4 surveillance

Baseline +2 years

Figure 4. Overall stable aortic dimensions in a

56-year-old man with a history of surgical repair
of the ascending aorta for type A dissection with
residual dissection flap in the aortic arch and de-

scending aorta. Small areas of apparent aortic
expansion at the aortic root and distal descending
aorta are likely because of mild coregistration
artifact (*).
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Baseline

o

+0.5 years

Figure 5. VDM analysis of a 52-year-old man
with a history of type B dissection shows interval
expansion of the false lumen (red) with interval
compression of the true lumen (blue) over a short
interval of 6 months. Clinical diameter measure-
ments suggested 1-2 mm increase in maximal
dimensions, but no definite enlargement was de-
scribed because the diameter change was within
the range of measurement error. Cardiac motion
artifact in the ascending aorta results in a wavy
aortic wall contour and areas of high- and low-
VDM values on opposite sides of the aortic wall.

CTAs performed over a 3-year period available for analysis.
Comparing the clinical reports of the first and most recent CTA
studies, the patient experienced up to 6 mm of enlargement
overall at various points along the descending aorta during the
4-year follow-up period; however, using clinical diameter mea-
surements interval enlargement was only confidently detected
at the second interval. During the first interval, the VDM anal-

First Interval

Second Interval

ysis revealed several areas of enlargement along the descending
aorta, with the most intense areas in the proximal and distal
descending aorta characterized by enlargement of the false
lumen and compression of the true lumen. Despite the distal
descending aorta being susceptible to image coregistration error
related to respiratory variation, we did not visually detect any
issues with image coregistration. On re-examination of the CTA
studies, there was suggestion of 1-2 mm of aortic enlarge-
ment at these levels by diameter assessment. Furthermore, the
entry tears that allow blood to flow from the true lumen into
the false lumen were located at the proximal descending and
distal descending levels, the locations of the most rapid
growth, supporting the VDM results that enlargement had
occurred in these regions. At the second interval, the VDM
map again showed regions of false lumen enlargement; how-
ever, the rate of aortic enlargement decreased. Finally, during
the third interval, the descending aorta that appeared showed
only a small area of continued false lumen enlargement at the
mid-descending level, and otherwise no interval change. This
observed gradual deceleration of aortic growth over time has
previously been described in patients with chronic aortic
dissection (29). Although the mechanisms underlying the
evolution of chronic type B dissection remain poorly under-
stood, the wall of an acutely dissected aorta contains minimal
fibrosis, and structural integrity of the wall is low. With
increasing chronicity, the aortic wall undergoes a process of
adaptive remodeling, mainly through increased collagen de-
position, leading to increased wall rigidity and a decreased rate
of enlargement (29). Unfortunately, such remodeling processes
are insufficient for preventing aneurysm formation in some
patients who remain at a risk for rupture. The ability to accu-
rately measure the rate of aortic enlargement at each follow-up
interval may better inform clinical management through im-
proved depiction of the overall growth trend (ie, accelerating vs
decelerating), and may contribute to a better understanding of
the natural history of aneurysm formation among patients with
chronic aortic dissection.

Third Interval

h

Baseline

_— >

+1 year

N

{

+2 years +3 years

Figure 6. Progressively enlarging cortic dimensions in a 76-year-old man with a history of type B aortic dissection over
3 infervals with the rate of enlargement noted to progressively decrease during follow-up. The highest-intensity regions of
enlargement were at the level of the proximal and distal descending aorta levels corresponding to the location of entry

tears in the dissection flap. Clinical diameter assessment detected a 4-mm interval growth at the second interval in the
distal arch, but no definite enlargement was noted at the first or third intervals. VDM values for replaced ascending
aorta are not displayed because of artifact.

168

TOMOGRAPHY.ORG |

VOLUME 3 NUMBER3 | SEPTEMBER 2017



cooee 1

R etececcececcaceseasggeecttiiloceccecccceccccec

ceseece? I"" "']
cessee®

Figure 7. Diagram of sources of measurement
variability with maximal diameter and VDM mea-
surement techniques. Variability in diameter mea-
surements arises from 3 potential user-specific in-
puts: placement of the near-wall caliper (green
error bar), placement of the far-wall caliper (red
error bar), and sight differences in radial position
of diameter measurement in noncircular aortic
segments (blue error bar). The nonrigid image
registration techniques used in the VDM analysis
are reported to have submillimeter precision (pur-
ple error bar), and coregister all points in 3D
space along the circumference and length of the
aorta, making detection of local regions of non-
maximal growth possible (gray area of wall
bulging).

Advantages and Clinical Opportunities

We believe that the early results presented here clearly dem-
onstrate several unique advantages of the VDM technique
over maximal diameter measurements for assessment of aortic
enlargement in the setting of aneurysm and dissection. First,
and most importantly, we believe that the application of the
VDM technique can result in reduced measurement error, as it
uses the full 3D image data along the entire length of the aorta,
rather than diameters placed at fixed locations along the aortic
length. Furthermore, our approach relies on modern semiauto-
mated nonrigid image registration techniques that can align
CTA images with a precision in the range of 0.5-1 mm (28). The
reported 2-5 mm range of error associated with aortic diameter
measurement on CT arises from several potential sources, in-
cluding variability in placement of the measurement calipers
along the near and far walls, as well as variability in the rotation
of the diameter plane when the aorta is not uniformly circular as
shown in Figure 7 (31). However, the VDM technique relies on
modern nonrigid image coregistration techniques that are able
to match each location along the 3D aortic wall surface with
submillimeter accuracy.

Second, the VDM technique offers the distinct advantage of
being able to map a continuous range of growth rates in a 3D
fashion, both along the entire length of the aorta and around its
circumference, whereas aortic diameter measurements are lim-
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ited to a single radial position at a fixed anatomic location. In
addition, wall deformation can be assigned vectors, allowing for
measurement of directional deformation in addition to overall
magnitude, a characteristic of aortic aneurysm growth that has
not been previously quantified in situ. Separating the full Jaco-
bian tensor into components of normal, circumferential tangent,
and longitudinal tangent magnitudes may provide an even more
nuanced understanding of changes in aortic wall geometry.
Volumetric and cross-sectional area measurements, although
reported to be more sensitive for aortic enlargement, rely on
discreet predefined anatomic boundaries of the aorta (ie, start
and stop points along the length of the aorta), and are therefore
limited in determining the spatial location and gradation of
aortic enlargement. The 3-dimensional nature of VDM lends
itself to robust and easily interpretable data visualization mo-
dalities that are customizable and approachable for surgeons
and other nonimager aortic specialists. Furthermore, physical
models displaying VDM may now be easily and economically
3D-printed and provided to surgeons preoperatively to aid in
surgical planning. Although surgical decision-making remains a
complex and patient-specific task, mapping the distribution
of growth along the entire thoracic aorta, particularly areas of
growth at nonmaximal locations, allows for the possibility of
tailoring the surgical repair technique to include areas of slow
growth that may not otherwise be detected by diameter mea-
surements, and it could potentially necessitate future reopera-
tion.

Lastly, because of the spatially continuous and quantitative
nature of the VDM and its reduced measurement error, increased
sensitivity for detection of eccentric and small-magnitude aortic
enlargement is possible. The rate of aortic enlargement, rather
than absolute increase in maximal diameter, can be easily cal-
culated and visualized. The rate of aortic enlargement is more
closely related to the underlying structural and cellular mecha-
nisms that drive aneurysm progression, and is likely a better
indicator of risk among patients with aortic aneurysm. Unfor-
tunately, the rate of enlargement often cannot be accurately
calculated from aortic diameter measurements owing to signif-
icant measurement error, particularly when time intervals—the
denominator in a rate measurement—are short. The decreased
measurement error attainable with the VDM technique may
allow confident determination of slow aortic enlargement over
short time intervals (eg, 3- 6 months), rather than the several-
year time frame often required for diameter measurements.
Earlier detection and more accurate quantification of aortic
growth may allow for more targeted and aggressive treatment of
aortic disease, may provide for better-informed decisions to
undergo major aortic surgical or endovascular procedures, and
may be useful in the research setting where aortic enlargement
is an outcome of interest and follow-up periods are limited by
cost or other logistical considerations. Furthermore, the fre-
quency of surveillance imaging can be better tailored to an
individual if the stability of their aorta can be more accurately
assessed; patients with slow-growing or stable aneurysms can
have imaging spaced to 2- to 3-year intervals, allowing for more
efficient health-care utilization, whereas patients with rapid
enlargement can undergo imaging more frequently in the hopes
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of minimizing the incidence of potentially predictable and pre-
ventable complications.

Technical Challenges

The results presented here constitute the first steps in the appli-
cation of a VDM technique for the evaluation of aortic disease,
and while preliminary results show great promise, several chal-
lenges remain. First, because this analysis has a high degree of
sensitivity to aortic wall deformation, errors can be introduced
by factors resulting in differing spatial alignment of the 2
compared aortic geometries. The 2 areas most susceptible to
such error are at the aortic root (sinuses of Valsalva) and at the
distal descending aorta at the level of the diaphragm, with the 2
main contributing factors being cardiac and respiratory motion.
The effects of these factors on variation in aortic geometry have
been previously described (32). The aortic root has the highest
degree of pulsatory motion of any thoracic aortic segment ow-
ing to its close proximity to the heart, with the degree of
pulsation amplified during expiration. In addition, the entire
thoracic aorta has a relatively uniform lateral and posterior
displacement with expiration. However, although uniform dis-
placement could be easily corrected for during image coregis-
tration, the distal descending aorta remains relatively fixed in
position by the diaphragm, and this nonuniform motion intro-
duces potential misalignment during image coregistration.

These observations stress the importance of acquiring the
CTA images during the same phase of respiration (preferably
inspiration) and with ECG-gating (preferably in late diastole) to
minimize errors attributable to the small phasic variations in
aortic geometry. In addition to respiratory and pulsation arti-
facts, “stair-step” artifact is occasionally encountered in ECG-
gated CTAs, particularly when studies are performed on scan-
ners with detector rows numbering 64 or less. The stair-step
artifact is problematic for the VDM technique, as it creates an
abrupt shelf-like defect in the 3D aortic segmentation that limits
image coregistration. Fortunately, modern CT scanners that
have been optimized for cardiovascular imaging can greatly
minimize the frequency and severity of stair-step artifacts ow-
ing to the increased number of detector rows and decreased
gantry rotation time.

Second, the VDM method has significant technical demands,
both in terms of user expertise and computing requirements. Many
software platforms are currently available to perform accurate
semiautomated aortic segmentation, which, if combined with
our technique, may significantly decrease the time required for
analysis. In addition, although the required computing power
makes the VDM technique less practical for smaller centers that
lack dedicated high-performance computing capabilities, the
recent rise of cloud-based medical image analysis software may
allow for analysis to be centralized, lessening technical demands
at the level of the end user. Development of this VDM technique
is still in the early stages of development; however, routine
clinical applicability of this approach will require streamlining
of the analysis with improved semiautomated image segmenta-
tion techniques and code optimization to minimize technical
demands and user input.
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Future Technical Directions
Future technical efforts will be focused on the following 5 key
topics:

(1) Further validating the accuracy and consistency of the
VDM analysis is an important next step, as there is no
clear noninvasive—or even invasive—tool to measure
changes in aortic dimension in situ. As such, VDM results
will need to be compared with other more sensitive mea-
surements of aortic enlargement such as CTA luminal area
and volumetric assessments. In addition, phantoms with
precisely controlled dimensions could be used to further
validate VDM results in a controlled experimental setting.

(2) Further developments in computer algorithms will be
needed to further automate and improve image segmen-
tation, coregistration, and analysis steps. In particular,
additional efforts need to be focused on accurate and
reproducible false lumen segmentation in patients with
aortic dissection, as the false lumen is prone to heteroge-
neous enhancement related to either partial thrombosis
and/or slow blood flow.

(3) Development of a user-friendly console for easy visual-
ization and interaction with the VDM results will be an
important step in moving this technology into the realm
of clinical practice.

(4) Evaluating the feasibility of quantifying changes in the
aortic dimensions between different points in the cardiac
cycle, rather than between different studies acquired at
the same point in the cardiac cycle. The aortic dimensions
have been shown to change significantly with pulsation,
and measurement of these changes using VDM could
provide important insights into the elasticity/rigidity of
the aortic wall, a characteristic that has been associated
with a large variety of cardiovascular diseases (33).

(5) Investigating the feasibility of the VDM technique to
quantify enlargement of other pathologies that manifest
as progressive vascular enlargement such as AAA, cere-
bral aneurysm, pulmonary artery enlargement related to
pulmonary hypertension, and endoleak after endovascu-
lar aortic repair.

Future Clinical Directions

In addition to ongoing technical developments, this technology
has several unique potential clinical and research applications
that we plan to investigate. First, given the rapidly increasing
availability and decreasing costs of color 3D printing, we plan to
study the clinical utility of superimposing VDM results on full-
scale, color 3D-printed aortic models. To demonstrate feasibility
of this approach, we submitted the VDM results from Figure 2
(Interval 2) for color 3D printing with the results shown in Figure 8.
To the best of our knowledge, there are no prior published
reports of superimposing imaging-based measurements of patho-
physiology, such as the VDM results of aneurysm enlargement,
on 3D-printed anatomic models. A large proportion of the lit-
erature in the field of 3D printing has focused on the production
of high-fidelity anatomic models from medical imaging data,
with some proposed applications including rapid prototyping
for medical device development, creation of individualized
medical implants/prostheses, and operative planning and pa-
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Figure 8. Color 3D-printed model of the thoracic
aorta produced from the VDM results of a patient
with progressively enlarging descending cortic
aneurysm presented in , inferval 2. The

superimposition of pathophysiologic VDM data on
a 3D-anatomic model represents a novel applica-
tion of medical 3D printing and be valuable in
operative planning.

tient-specific device sizing in the setting of complex anatomy
(34, 35). However, despite such promising applications, the role
of 3D printing in clinical practice remains a topic of debate,
largely owing to questions of cost versus benefit if similar obser-
vations and measurements can be made by 3D medical imaging
software. As demonstrated here, the addition of VDM results
superimposed on the 3D model surface significantly increases
the amount of information that the model contains and may
further justify the effort involved in creating patient-specific 3D
models. Although a computerized VDM provides a detailed
overview of the aneurysm enlargement, a 3D model that can be
handled and closely studied by surgeons may allow for subtle
anatomic and functional observations that are not as easily
appreciated on a digital image, and could facilitate patient
education during clinic visits.

Second, the VDM technique may be extremely valuable as a
research tool for studies of aneurysm pathophysiology owing to
its high degree of sensitivity to changes in aortic dimensions.
There has been increased interest in elucidating the cellular
pathways involved in remodeling of the vascular wall leading to
the formation of aortic aneurysm (36, 37). Various cellular
signaling pathways along with host-immune interactions have
been implicated in the pathogenesis of AAAs (38-41). These
factors are in part related to the complex underlying cellular
processes responsible for the loss of extracellular matrix and
wall remodeling. For example, chronic inflammation of the
aorta wall has been implicated in the activation of matrix met-
alloproteinases (MMPs) such as MMP-2 and MMP-9, which have
been reported to play a role in aortic wall weakening and
subsequent AAA formation (42, 43). Furthermore, transforming
growth factor B signaling alterations (44) have been widely
associated with vascular smooth muscle disease with the genetic
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basis now identified to involve 3 distinct pathomechanisms that
include perturbation of the transforming growth factor 8 sig-
naling pathway, disruption of the vascular smooth muscle cell
contractile apparatus, and impairment of extracellular matrix
synthesis (36, 37, 45). Advances in our understanding of the
underlying pathogenetic alterations involved in the pathogen-
esis of thoracic aortic disease are providing significant new
opportunities for therapeutic interventions using novel pharma-
ceutical approaches. The development of a validated imaging
biomarker would allow for longitudinal quantification of the
effects of drug interventions on modulation of disease progres-
sion. This capability would provide unique opportunities to use
this imaging biomarker to facilitate development of therapeutic
strategies in both preclinical aneurysm models and for use in
clinical translational trials undertaking novel therapeutic
strategies.

Finally, the potential impact of VDM results on clinical
patient care will need to be thoroughly studied. Primary topics
of investigation will include investigation of the associations
between VDM measures and patient cardiovascular risk factors,
the potential of VDM assessment to reclassify patient risk as-
sessments, and the ability of VDM to predict patient outcomes.
Although the VDM technique may indeed be more sensitive in
detecting change in the aortic dimensions, an analysis of how
data from this novel method could change patient management
will be needed to show value over the more easily obtained
aortic diameter measurements. Considering that the VDM anal-
ysis can be performed respectively on routine clinical CTA
scans, the VDM results can be compared with clinical reports
and a wide variety of patient demographic parameters and
outcomes such as surgical repair strategy, surgical complication
rate, reoperation rates, and occurrence of aorta-specific adverse
events during imaging surveillance. In addition, as the VDM
technique allows for assessment of aortic enlargement at
specific spatial locations along the aortic wall, growth can be
colocalized with pathological features of the aortic wall that are
believed to promote aneurysm development such as atheroscle-
rotic plaque (both calcified and lipid-rich), mural thrombus,
intimal hyperplasia, or wall thickness. Identifying direct corre-
lations between localized aortic wall pathology and regional
wall expansion by VDM analysis could greatly advance our
understanding of the underlying pathophysiology that leads to
aortic aneurysm, and offer new strategies to predict aortic
events, risk-stratify patients, and monitor the effectiveness of
pharmacological therapy.

CONCLUSION

We have demonstrated the feasibility of a spatial Jacobian-
based technique to measure changes in the size of the aortic
lumen between baseline and follow-up ECG-gated thoracic CTA
examinations in patients with mild aortic dilatation, aortic an-
eurysm, and aortic dissection, and that this technique is capable
of quantifying and visually displaying the degree of aortic
enlargement in a 3-dimensional fashion. Furthermore, we have
shown that there are clear discrepancies between the VDM
results and clinical diameter assessments, with the VDM tech-
nique appearing more sensitive for detection of changes in
aortic dimensions owing to reduced measurement error, al-
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though formal quantification of the degree of error reduction
and the potential clinical impacts of a more sensitive analysis of
aortic dimension changes requires further investigation. The
VDM technique for measurement of change in aortic wall di-
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