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Cine-CMR partial voxel segmentation demonstrates increased
aortic stiffness among patients with Marfan syndrome
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Background: Standard cine-cardiac magnetic resonance (CMR) imaging is commonly used to evaluate
cardiac structure, geometry and function. Prior studies have shown that automated segmentation via partial
voxel interpolation (PVI) accurately quantifies phantom-based cardiac chamber volumes and necropsy left
ventricular myocardial mass. Despite this, the applicability and usefulness of PVI in the determination of
physiologic parameters of the aorta such as aortic stiffness has yet to be investigated.

Methods: Routine CMR was conducted with a 1.5T (GE) scanner with pulse sequences similar to that of
standard CMR (parameters: TR 3.4 msec, TE 1.14 msec, flip angle 60°, temporal resolution ~30-40 msec).
Views were obtained in standard cardiac-oriented longitudinal or axial views (2, 3 and 4 chambers). Within
non-dilated regions of the descending thoracic aorta, aortic area was quantified via a novel PVI automated
process (LV-METRIC), which discerns relative amounts of blood pool in each voxel. Aortic stiffness, as
calculated from brachial artery pulse pressure and aortic area at maximal and minimal dimensions, was
evaluated in 60 total segments (one segment per patient). All segments were in the descending aorta and
were not aneurysmal.

Results: Sixty patients in total were studied, including 50 that had genetically-related aortic disorder
[35 bicuspid aortic valve (BAV), 15 Marfan syndrome (MFS)]. Ten normal controls without aortic disease
were included for comparison purposes. All patients (n=60) had evaluable CMR images for assessment of the
descending aorta with use of automated segmentation. Patients with BAV and MFS were similar to controls
in age, systolic blood pressure, brachial artery pulse pressure, smoking status or hypercholesterolemia (all
P=NS). There were more women (P<0.001), lower body mass index (P=0.008), and greater height (P<0.001)
in the MFS cohort compared to BAV and controls. Descending aortic area in either systole (maximal) or
diastole (minimal) was similar among all three cohorts. However, change in aortic area (AArea) throughout
the cardiac cycle was substantially lower in MFES than control subjects (P<0.001). In contrast, change in
aortic area throughout the cardiac cycle was not significantly different between BAV ws. controls (P=0.62).
Aortic stiffness was increased among MFS patients versus control subjects (P=0.014). When comparing MFS
to BAV subjects, a comparable trend was observed (P=0.09). No statistical difference was evident in aortic
stiffness in patients with BAV versus control subjects (P=0.29).

Conclusions: The application of PVI to standard CMR imaging can assess abnormal descending aorta
functional indices in normal caliber segments in MFS subjects. Future prospective studies with larger subject
populations are warranted to further determine the overall utility of automated aortic segmentation as a

possible early biomarker of aortic dysfunction before overt dilatation.
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Introduction

Thoracic aortic aneurysms (TAAs) predispose patients to
catastrophic aortic complications such as aortic dissection
or rupture (1-3). The past decade has witnessed advances in
surgical management and pharmacotherapy; however, out
of hospital mortality remains high whereby approximately
40% of patients still die in the field, highlighting the
importance of more effective risk stratification to prevent
aortic complications (4). Current risk stratification is
based on initial and serial assessment of aortic diameter
with noninvasive imaging, with use of aortic size to guide
timing of prophylactic surgery (5). However, size alone
imperfectly captures the underlying pathogenesis of TAA.
Recent studies have demonstrated that among patients with
genetically-mediated TAAs (the leading cause of TAAs),
up to 60% of dissections occurred in aortic segments with
diameters below cutoffs for surgery in current guidelines (6).

Marfan syndrome (MFS) is the most common genetic
cause of TAAs and stems from mutations of fibrillin-1
(FBNI) (7). Given known prognostic limitations of aortic
size, attention has shifted beyond aortic sizing to functional
abnormalities that may mediate clinical manifestations such
as altered biomechanics (8). TAA complications occur when
biomechanical wall stress exceeds the strength of the aortic
wall. Higher aortic stiffness is defined as a lesser degree of
vascular expansion for a given pulse pressure during systole
(9,10). Although prior studies have demonstrated abnormal
aortic stiffness in patients with MFS, many of these studies
have been limited by the use of 2-dimensional (2D) imaging
with ultrasound, which may result in off-axis views of the
aorta (11,12).

Standard cine-cardiac magnetic resonance (CMR)
is commonly employed to evaluate cardiac geometry
and function. In this study, we applied an automated
segmentation CMR algorithm, developed and validated
by our group, that affords partial voxel interpolation (PVI)
of aortic lumen size (cross-sectional areas) throughout the
cardiac cycle (systole and diastole) to assess aortic stiffness
(13,14). In prior studies, PVI yielded improved agreement
of CMR measures with phantom-based cardiac volumetric
indices and necropsy left ventricular myocardial mass. The
value of PVI for evaluation of physiologic parameters of the
aorta has not been investigated. In addition to the use of
this algorithm, we employed standard CMR pulse sequences
used in mostly all cardiac magnetic resonance imaging
(MRI) exams today (10,15). Our technique fundamentally
differs from many other studies, which have evaluated aortic
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stiffness using flow based (e.g., velocity-encoded) imaging
that is prone to various imaging-related artifacts (11,16).

In this study, we sought to evaluate an established
biomechanical index, aortic stiffness, by standard CMR
in subjects with MFS without advanced aortic disease in
comparison to patients with bicuspid aortic valve (BAV)
and apparently normal adults. We hypothesized that aortic
stiffness would be increased (in aortic regions with normal
size) in patients with MFS compared to patients with BAV
as well as normative controls.

Methods
Patient population

This study included patients who underwent CMR for
guideline-based clinical indications between 2005 and
2015. Extensive clinical data were recorded for all patients,
including major cardiovascular risk factors, blood pressure
parameters, and body size indices. MRIs of patients with
MFS and BAV were assessed for evaluable images of the
aorta. MFS patients undergo routine MR imaging as part
of an established aortopathy program at Cornell that also
ensured accurate diagnostic classification. Fifteen patients
with MFS and 35 with BAV were included. Exclusion
criteria included age less than 18 years, previous aortic
surgery or dissection, or image artifacts that impaired
accurate assessment of aortic contours. A pre-existing
cohort of ten healthy age-matched subjects served as
controls. Exclusion criteria in this cohort were known aortic
disease, coronary artery disease, valvular disease, heart
failure, antihypertensive treatment, systolic blood pressure
>140 mmHg or diastolic blood pressure >90 mmHg. The
study was approved by the Weill Cornell Medical College
institutional review board (No. 1505016188). Written
informed consent was obtained from each participant.

Body mass index was calculated and pulse pressure was
determined from brachial artery blood pressure. This
retrospective study involving preexisting MRI and clinical
data was performed in strict adherence to our Institutional
Review Board.

Magnetic resonance image acquisition.

Routine CMR was conducted with a 1.5T (GE) scanner with
pulse sequences similar to that of standard CMR (sequence
parameters: TR 3.4 msec, TE 1.14 msec, angle 60°,
temporal and spatial resoluton ~30-40 msec and ~2.0x1.5 mm,
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Axial MRI: descending aorta with LV METRIC

Figure 1 Assessment of aortic physiology via partial voxel automated segmentation. Axial cine-MRI without automation (A) and with

automation (B) in the mid-descending aorta. Partial voxel interpolation (PVI) of the aortic segment is assessed at both the largest (systole)

and smallest (diastole) area size.

thickness ~6.0 mm, inter-slice width ~4.0 mm) (17). Views
were obtained in standard cardiac-oriented longitudinal or
axial views (2, 3 and 4 chambers).

Automated segmentation with LV-METRIC

LV-METRIC segmentation algorithm was used to
quantify MR images of the thoracic aorta. The multi-step
algorithmic approach has been previously published (17).
Prior reported uses of this algorithm pertain mostly to cardiac
chamber assessment and diastolic function ascertainment.

Aortic dimensions and stiffness measurements

Aortic diameter and area were systematically recorded in
normal caliber regions within the mid-descending aorta
(Figure I). Maximal and minimal luminal areas of the aorta
and pulse pressure via brachial artery recordings were used
to derive aortic stiffness, an index of vascular elasticity,
of the mid-descending aorta. The following formula was
used: Stiffness index (B) = In (Ps — Pd)/([As - Ad]/Ad). Ps
and Pd are systolic and diastolic pressures, respectively
(determined by brachial artery pressure). As and Ad refer
to aortic area during end-systole and end-diastole. Cine-
CMR images were used to quantify within each aortic
segment: measurements at end of systole and end of
diastole were obtained via previously validated automated
MRI segmentation algorithm (LV-METRIC) (Figure 1).
In prior validation studies, LV-METRIC closely agrees
with phantom-based cardiac volumetric indices and is high
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reproducible for cardiac chamber geometry measurements
(13,14). Per-patient analyses were performed by a skilled
investigator (>5 years experience) who was blinded to
diagnosis and clinical characteristics.

Statistical analysis

All demographic data are presented as percentage or mean
with standard deviations unless otherwise specified. Univariate
analysis was performed using chi-square and analysis of
variance to evaluate difference in baseline characteristics.
Univariate analysis was performed using analysis of variance
with the Sidak post-hoc test to compare descending aortic
physiologic indices (maximal area in systole and diastole, delta
area, and aortic stiffness) among control subjects and patients
with BAV and MFS. Skewed data were log-transformed for
statistical analysis. Multivariate regression models were then
used to evaluate the relationship of aortic stiffness with BAV
and MFS adjusted for covariates. Covariates were selected in
different regression models based on potential confounders
that included age, gender, height, systolic and diastolic blood
pressure, diastolic aortic area, hypertension, and body mass
index. A 2-tailed P value <0.05 was considered significant. All
statistics and analyses were performed using SPSS (version 21)
2014, SPSS Inc. Chicago, IL, USA.

Results
Study subjects and baseline characteristics

Sixty patients in total were studied, including 50 that had
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Table 1 Patient demographics
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Baseline characteristics Controls (n=10) BAV (n=35) MFS (n=15) P value
Age, years 42.9+12.8 43.0+£11.1 36.9+13.2 0.257
Women, % 20 11.4* 66.7"* <0.001
Systolic blood pressure (mmHg) 111.7+9.5 120.4+14.2 115.9+12.3 0.256
Diastolic blood pressure (mmHg) 707 75.1+7.8 67.5+10.9" 0.023
Pulse pressure (mmHg) 42+3 46.3+11.4 49.4+10.5 0.317
Hypertension, % 0 33.3" 16.7* 0.124
Hypercholesterolemia, % 60 47.6 o 0.099
Current smoker, % 0 14.3 16.7 0.466
Body mass index (kg/m?) 31.6+£11.6 26.3+4.1** 23.2+4.3*" 0.008
Height (inches) 65.33+3.14 68.91+2.79 71.67+3.09* <0.001

Data are presented as mean + SD or %. P value (right column) indicates among groups differences. Symbols represent between groups
differences (P<0.05): *, MFS vs. controls; **, BAV vs. controls; ¥ MFS vs. BAV; MFS, Marfan syndrome; BAV, bicuspid aortic valve.

Table 2 Aortic physiology parameters as determined by standard cine-CMR imaging

Parameters Controls (n=10) BAV (n=35) MFS (n=15) P value (BAV vs. control) P value (MFS vs. control)
Maximal area (systole) 3.51+0.48 3.45+0.76 3.15+0.99 0.803 0.303
Minimal area (diastole) 2.77+0.35 2.76x0.75 2.77+0.99 0.979 0.992
AArea 0.74+0.18 0.68+0.36 0.39+0.21 0.623 <0.001
Aortic stiffness 0.25+0.10 0.35+0.22 0.64+0.34 0.294 0.014

Data are presented as mean + SD. CMR, cardiac magnetic resonance; BAV, bicuspid aortic valve; MFS, Marfan syndrome.

genetic aortic disorders (n=35 BAV, n=15 MFES) (Tuble 1).
Ten clinically normal controls without aortic disease
were included for comparison purposes. All patients had
evaluable CMR images for assessment of the descending
aorta (n=60) with use of automated segmentation,
LV-METRIC.

Patients with BAV and MFS were similar to the control
cohort in age, systolic blood pressure, and pulse pressure
(all P=NS). There were no significant differences in major
cardiovascular risk factors including smoking status and
hypercholesterolemia between study aortopathy subjects
(BAV and MFS) and controls (P=NS). By design and
according to our pre-specified exclusion criteria, control
subjects did not have hypertension (as defined by clinical
diagnosis or use of anti-hypertensives).

Notably, there were more women (P<0.001) and overall
lower body mass index (P=0.008) in the MFS cohort
compared to either BAV subjects or controls. As expected,
height was significantly higher in patients with MFS versus
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BAV and controls.

Decreased aortic lumen excursion in MFS

Descending aortic parameters for MFS, BAV and controls are
included in 7ble 2. Maximal area in systole and diastole within
the descending aorta (assessed in a normal caliber segments)
was comparable among the three groups (all P=NS).
However, cyclical change in area of the aorta (AArea) was
significantly decreased in MFS versus control subjects
(P<0.001). In contrast, change in aortic area throughout the
cardiac cycle was not significantly different when comparing
BAV ws. control patients (P=0.62).

Increased aortic stiffness in normal-caliber aortic segments
in MFS

Aortic stiffness, as calculated by brachial artery pulse
pressure and aortic area at end of systole and en of diastole,
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was obtained in 60 total segments (one segment per
patient). All segments were in the mid-descending aorta and
were not aneurysmal. Aortic stiffness was increased among
MEFS patients versus control subjects (P=0.014) (Table 2),
with a comparable trend between MFS versus BAV patients
(P=0.09). No significant difference in aortic stiffness was
noted when the BAV group was compared to control
subjects (P=0.29). Analysis of covariance with height or an
indicator variable for gender confirmed the independent
association of MFS with greater aortic stiffness (P=0.019 wvs.
controls, P=0.002 vs. BAV patients).

Discussion

This study provides several new findings concerning aortic
disease in MFS and automated CMR assessment. First,
we show that patients with MFS exhibit abnormal aortic
biomechanics (increased arterial stiffness) in normal-caliber
aortic segments. Moreover, we show that routine cine-CMR
with automated segmentation and PVI can discern
abnormal aortic physiology.

To our knowledge, this is the first study to assess the
utility of automated segmentation with PVI (LV-METRIC)
for evaluation of physiologic indices of the aorta. Our
group has previously shown that automated segmentation
is important for assessment of LV chamber size and
volume. In a prior validation study, LV-METRIC reduced
processing time for analysis by over 90% compared to a
manual approach, and closely agreed with both phantom
derived chamber volumes and necropsy LV mass (8,15).
LV-METRIC is an automated algorithm that relies on
two assumptions: (I) MRI-based signal intensity of blood
pool is different compared to surrounding and adjacent
tissue; and (II) blood pool is surrounded by solid tissue
(e.g., myocardium or vascular endothelium). This approach
vastly differs from other existing automated segmentation
algorithms, which may typically have sophisticated but
limiting assumptions with regard to geometry or contour
deformation (6,7). LV-METRIC does not use geometric
assumptions and hence, accommodates differences in shape
and remodeling patterns. Herein, we demonstrate potential
clinical application of PVI via LV-METRIC to detect early
aortic disease.

In addition, increased stiffness is a prognostically-
validated measure of arterial dysfunction and carries the
potential to identify susceptible regions before actual
dilatation, and to distinguish structurally stable aneurysms
from those at risk for expansion/rupture. A few prior studies

© Journal of Thoracic Disease. All rights reserved.

jtd.amegroups.com

S243

have demonstrated increased stiffness in dilated thoracic
aorta regions and improvement with targeted treatment—
underscoring the relevance of stiffness as a marker of aortic
disease (12,18). Despite this, it remains unknown how
or even whether aortic stiffness relates to aortic growth.
Presently, to our knowledge, no longitudinal studies with
quantitative evaluation of stiffness in the thoracic aorta have
been conducted.

In our study, we measured aortic stiffness using
a sophisticated automated segmentation algorithm
(LV-METRIC) capable of measuring dynamic changes
in aortic size throughout the cardiac cycle. Our imaging
approach employed standard MRI pulse sequences (SSFP)
used in nearly all cardiovascular MRI exams today (10,15)
and fundamentally differs from most prior studies, which
have demonstrated a role for aortic stiffness using flow
based (velocity-encoded) imaging—an approach that can
potentially be inaccurate due to off axis imaging, obliquely
contoured flow vortices, or mis-registration between phase
contrast (flow) datasets and complementary pulse sequences
used to assess aortic wall thickness or stiffness.

Although there are known changes in aortic physiology
in MFS, temporal changes in stiffness encompassing all
thoracic aortic regions have yet to be investigated. Prior
studies of aortic stiffness have been limited by: small sample
sizes, cross-sectional and retrospective design, use of 2D
ultrasound, and use of brachial artery blood pressure (11,19).
Moreover, there are no studies that have systematically
assessed aortic stiffness with precise measures afforded by
comprehensive 3D imaging (e.g., cine-MRI) and central
aortic pressures. Studies that are larger and longitudinal
in design are warranted to evaluate the prognostic ability
of CMR-based automated segmentation, especially with
more accurate measures afforded by central aortic blood
pressure, as a possible surrogate marker of preclinical aortic
dysfunction.

Despite decades of substantial progress in clinical aortic
imaging, medical care and surgical techniques, patients with
TAA complications continue to have high rates of morbidity
and mortality. Based on current TAA consensus guidelines,
current risk stratification is reliant on routine noninvasive
imaging assessment of aortic anatomy—aortic size. Size is
the guiding metric for use in diagnosis and surveillance,
and criterion for elective surgical intervention (5).
The standard anatomic-based imaging approaches, which
mainly focus on detection of aortic size, reflect relatively
late stage pathology, when structural dilation has already
occurred. Beyond anatomic imaging, focusing on key and
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exacerbating pathological functional processes such as
biomechanics requires application of functional imaging
techniques, such as MRI. This approach has the potential to
accelerate diagnosis, refine prognosis, and guide treatments.
The ability to identify aortic segments at high risk of
accelerated growth would be tremendously valuable, both in
guiding selection of patients for prophylactic surgical repair
and for optimizing timing of intervention to prevent aortic
complications.

Limitations

This study is not without limitations. First, patients were
identified from an existing MRI database making our study
subject to limitations inherent to retrospective investigations (20).
Despite this, we maintained a systematic and strict approach
to determine inclusion eligibility. Second, not all aortic
segments were evaluable via MRI. We deliberately chose
patients with normal-caliber descending aortas to study
pre-aneurysmal segments; exclusion of dilated segments
and apparent reliance on axial images rather than double-
oblique reconstructions would have taken out proximal
aortic segments in many MFS and BAV patients. As such,
our results on the descending aorta may not be extrapolated
to more proximal aortic segments. Third, the use central
aortic pulse pressure, a method extensively studied and
prognostically-validated, is superior to brachial artery
pulse pressure—which differs to a variable extent among
individuals from the pressure within the central aorta—
and may afford more accurate measures of stiffness. Fourth,
it is possible that otherwise eligible patients with MFS
may have been misclassified as having hypertension—
and excluded from the present analysis—due to the
standard use of anti-hypertensives (beta blockade and/or
angiotensin receptor blockers) in this population (21).
Fifth, aortic stiffness may have been higher in the MFS
group due to the higher prevalence of women with smaller
BMIs. In light of the known inverse relations of height and
diastolic aortic area with aortic stiffness, due to effects of
greater arterial reflected waves, the independent association
of aortic stiffness with MFS in analyses that adjusted for
these parameters in our study supports our hypothesis
that increased stiffness is intrinsic and not related to body
size (22). In addition, there was no significant association
between gender and stiffness; however, this analysis is
underpowered due to our small MFS sample size (n=15).
Lastly, our study was limited to patients with MFS and BAV,
so our findings may not necessarily be applicable to other
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cohorts. However, MES is a leading etiology of genetically-
associated TAA, affecting up to 65,000 individuals in the
United States and 1,400,000 worldwide (23). Moreover,
our findings provide important hypothesis-generating
data concerning aortic stiffening as a novel predictor of
TAA growth that can be broadly tested in future studies
encompassing cohorts with both genetic and sporadically-
mediated TAA.

Conclusions

This study shows that the use of an automated segmentation
algorithm (e.g., LV-METRIC) permits ascertainment of
aortic volumetric indices across a sample of subjects who
underwent clinically-indicated CMR. In addition, our
results show that abnormal biomechanics occurs early in the
course of disease progression and prior to overt anatomic
aortic dilatation in MFS. CMR can detect abnormal
physiologic parameters of the aorta in non-dilated segments
in patients with MFS. Further testing is warranted in
longitudinal studies to determine the prognostic usefulness
of CMR-based segmentation, especially with precise
measures of central aortic pressure, as surrogate and early
marker of aortic dysfunction and to determine whether
abnormal biomechanics increases risk for accelerated aortic
growth.
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