Optimizing Non-Contrast 3D Aortic Morphology MRI with Compressed Sensing
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Abstract

Accurate evaluation of aortic size is crucial in aortic
disease. We aimed to compare non-contrast-enhanced
MRI acquisition strategies, to define the optimal balance
between scan time and reliable quantification of 3D aortic
morphology. Forty-eight healthy volunteers (39+14 years,
29 women) underwent aortic MRI using the clinical
reference sequence and 4 accelerated strategies using
compressed sensing (CS) with either fat saturation (fs),
spectral adiabatic inversion-recovery (SPAIR) or Dixon
fat-water separation. Aortic diameter at 7 anatomical
locations, length and volume of 4 aortic segments were
measured from each dataset. CS strategies were
significantly faster than the reference (1:38+0:32 to
3:12+0:55 vs. 7:42+2:27 min, all p<0.0001), and provided
reliable measures as revealed by high correlation
coefficients with the reference (r>0.88) and low Bland-
Altman biases, which also ranged within inter-operator
variability  (diameter<0.57[-3.0;4.1)mm, length<0.69[-
14;15]1mm, volume<0.54[-8.9;9.9]ml). Diameters and
volumes significantly increased from 20-35 to 50-70 years
(p<0.01) when considering fs and SPAIR strategies with
area under ROC curves ranging from 73 to 91%, being the
highest for fs. Non-contrast MRI sequence combining CS
and fat saturation achieved reliable assessment of 3D
aortic morphology while reducing scan time by 3.

1. Introduction

The thoracic aorta is exposed to atherosclerosis and
degradation of elastic wall fibers related to continuous
heartbeat-generated mechanical and hemodynamic
stresses as well as age-related increase in arterial pressure.
Such stresses and changes are further amplified in the
presence of inflammation and risk factors such as

hypertension, diabetes or obesity. Age- and disease-related
aortic alterations are reflected by changes in aortic
geometry, function and inner blood flow hemodynamics,
which in turn increase the load exerted on the left ventricle.
However, despite these multifaceted changes, to date, only
inner arterial diameter measured from 2D imaging is
considered for aortic disease prognosis, progression
evaluation and hence patient risk stratification and
subsequent decision-making regarding treatment or
surgery.

Radiation-free Magnetic Resonance Imaging (MRI)
through its excellent image quality, numerous “sequences”
and extended anatomical coverage can uniquely provide
non-invasive, comprehensive in vivo 3D evaluation of the
thoracic aorta. Among MRI sequences used for vascular
assessment, angiography provides information on arterial
anatomy and geometry including presence of stenosis and
atherosclerotic plaque [1]. Quantitative, comprehensive
3D morphological characterization includes aortic
diameters, length and volume. As such, MRI is today
recommended over computed tomography (CT) in selected
patients with aortic disease to avoid excessive exposure to
radiation including in repetitive follow-up, during
pregnancy or in young patients [2]. Importantly, research
studies in small series and various aortic conditions have
been supporting the use of contrast-free over standard
contrast-enhanced MRI angiography to evaluate aortic
morphology [3-5].

However, to date there is no consensus as to the optimal
MRI aortic angiographic strategy for comprehensive
assessment of aortic morphology. This is partly due to
multiplicity and customization of available MRI
sequences, which mostly still require lengthy scan times.
Indeed, MRI sequences can be tuned by the radiologic
technologist during the exam through settings such as
spatial resolution, which has a direct impact on both scan
time and image quality: when resolution is finer, level of
detail in the image improves but noise increases, and the



patient has to lie down longer inside the scanner.
Accordingly, MRI is always a matter of defining the best
compromise between required image quality and patient
comfort.

This work aimed to compare different magnetic
resonance angiography (MRA) acquisition strategies
providing 3D morphology of the thoracic aorta without
contrast agent injection. Sequence evaluation targeted
optimal balance between scan time and reliable
quantification of aortic diameters, lengths and volumes in
healthy individuals.

2. Methods

2.1.  Study group and MRI acquisitions

We included 48 asymptomatic healthy volunteers
(39+14 years, 29 women) stratified into two age groups:
20-35 and 50-70 years. The following inclusion criteria
were applied: body mass index <30 Kkg/m2?, no
contraindication to MRI, no pregnancy or breastfeeding,
no personal history or known cardiac disease. Institutional
Review Board (IRB) approval was obtained, and each
participant provided signed, informed consent.

Each individual underwent contrast-free MRA (1.5
Tesla, MAGNETOM Sola, Siemens Healthineers,
Forchheim, Germany) of the 3D aortic volume (field of
view = 257-262 x 350 x 64-110 mm?3) in parasagittal view
during diastole while using ECG gating and respiratory
navigator. First, a conventional gradient-echo pulse
sequence with spectral fat saturation (fs) and an acquired
spatial resolution = 1.28x1.42x2 mm?® was used as
reference (REF). Then, 3 research sequences accelerated
with compressed sensing (CS) with isotropic spatial
resolution = 1.3 mm? were applied using different fat signal
suppression methods: fs (CSys, acceleration factor R = 5),
spectral adiabatic inversion-recovery (CSspair, R = 5), or
Dixon fat-water separation (CSpixon, R = 7). Finally, a
fourth research sequence was performed using CS, R = 5,
fs and spatial resolution = 1.28x1.42x2 mm? similar to the
reference (CSresorer).

2.2.  Quantification of aortic morphology

Morphological indices were extracted from each MRA
dataset, following semi-automated 3D aortic segmentation
using a custom software (Mimosa, LIB, Sorbonne
Université [6,7]). Thoracic aortic cross-sectional diameters
were measured (Figure 1, purple marks) at the sino-tubular
junction (STJ), mid-ascending aorta (AA0), proximal
aortic arch at the level of brachiocephalic trunk (BCT),
distal aortic arch at the level of left subclavian artery
(LSA), proximal descending aorta (DAO0) at the level of
mid-AAo, distal DAo at the level of diaphragm and celiac
trunk (CeTr). Lengths and volumes of AAo, aortic arch,

proximal and distal DAo (Figure 1,
orange arrows) were further derived
according to European Society of
Cardiology (ESC) guidelines.

Of note, water-only images were
considered for CSpixon. Image and
segmentation quality was assessed
visually, and measurement locations
with failed aortic segmentation for
at least one MRA sequence were
excluded from further analyses.
Throughout the whole image
analysis process, operators were
blinded to acquisition strategy and
parameters.

Figure 1. Locations
used to measure
aortic  diameters
(purple) along with
lengths and
volumes (orange).

2.3.  Statistical analyses

Data were presented as mean +
standard deviation. Differences
between each CS and reference
MRA sequences, in terms of scan
times and aortic morphological measures, as well as
differences between the 2 age groups, were assessed using
a Wilcoxon signed-rank test. Comparison of
morphological measures between CS and reference
sequences was further assessed using linear regressions
and Bland-Altman analyses. Pearson correlation
coefficients along with biases (= tested CS sequence —
reference) and limits of agreement, as defined by mean bias
+ 1.96 x standard deviation, were provided. Finally, the
ability of each measure derived from each MRA sequence,
to discriminate the previously reported effects of aging on
aortic morphology by separating the 2 age groups, was
assessed using a Receiver Operating Characteristic (ROC)
curve. Areas under curve (AUC) were provided and paired
comparison between AUC was achieved using DelLong
test.

3. Results

3.1.  Scan time and image quality

As expected, all CS MRA sequences were significantly
faster (CSg: 2:5640:51 min; CSspair: 3:03£0:59 min,
CSpixon: 3:12+0:55 min, CSresorer: 1:38+0:32 min; all
p<0.0001) than fs reference (7:42+2:27 min).

Representative examples of mid-thoracic aortic slice
imaged using each reference, CSt, CSspair, CSpixon and
CSresorer MRA sequences are provided in Figure 2. Aortic
segmentation and image quality were higher for reference
(0 measurement exclusion) than for CS sequences, as
diameter measurements / length and volume measurements
were excluded in 3% / 4% cases for CSg, 5% / 6% for
CSspair, 4% / 5% for CSpixon and CSresorer, respectively.
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Figure 2. Examples of mid-thoracic aortic slice along with
scan time obtained using each 3D aortic MRI angiography
sequence in a 27-year-old healthy man.

3.2.  Aortic morphological measures

Aortic diameters, lengths and volumes derived from
each reference and tested CS MRA at the remaining
measurement locations are provided in Figure 3. Although
some statistical differences were observed between CS and
reference sequences, overall agreement with the reference
was confirmed when combining all measurement locations
(Table 1), as revealed by high correlation coefficients
(Cstl r > 0.93; CSspair: I = 0.92, CSpixon: I > 0.88,
CSresorer: I'>0.92) and low Bland-Altman biases (diameter
< 0.57 [-3.0;4.1] mm, length < 0.69 [-14;15] mm, volume
<0.54 [-8.9;9.9] mI).

Table 1. Comparison of aortic morphology measures
derived from each 3D CS MRA sequence against
conventional reference, while combining all locations.

Corr. 0.93,p<0.0001  0.92, p<0.0001  0.88, p<0.0001  0.92, p<0.0001
Diameter Bias[LOA] (mm) 0.04[3.2;32]  008[3.2;34]  003[-4444]  057[3.041]
Diff. (%) 6.246.6 6.446.9 8.8+8.4 7.147.1
Corr. 0.97,p<0.0001  0.98,p<0.0001  0.97,p<0.0001  0.98, p<0.0001
Length  Bias [LOA] (mm)  0.37 [18;19] -0.01 [-17;17] 0.31[1819] 0.69 [14;15]
Diff. (%) 0.4+8.4 9.048.3 9.7+8.5 8.5:7.6
Corr. 0.94,p<0.0001  0.94,p<0.0001  0.91,p<0.0001  0.93, p<0.0001
Volume  Bias[LOA] (mL) -0.31[-8.9;8.3] -050[-9.28.2]  -0.21[-11;10] 0.54[-8.9;9.9]
Diff. (%) 14+12 15414 18+16 16+15

Corr.: Pearson correlation coefficient, LOA: Bland-Altman limits of agreement and Diff.: percentage absolute
difference against reference, respectively.

3.3.  Sensitivity to age-related variations

The 20-35 and 50-70-year-old subgroups included 29
(15 women, 28+3.6 years) and 19 (14 women, 56+4.0
years) volunteers, respectively. Morphological measures
were significantly increased in older individuals, as
compared to younger individuals (p<0.01), except for
aortic arch and distal DAo length derived from all
sequences, as well as SJT diameter derived from CSpixon
and CSresorer.

Finally, when considering measures that were
significantly different between the 2 age groups, AUC

obtained using CS strategies were within the same ranges
(Csti 73-91%; CSspalr: 76-90%, CSpixon: 74-88%,
CSresorer: 72-87%) as reference (73-90%). AUC was
significantly lower for CSrsorer When compared to
reference as well as other CS strategies for at least one
measurement location. In addition, CSspair and CSg
provided higher AUC than reference MRA for proximal
DAo diameter (AUC =0.84 vs. 0.77, p = 0.03) and volume
(AUC = 0.90 vs. 0.83, p = 0.02), respectively. All other
AUC were statistically comparable.

30
3
é 20 =
5 i
5]
£
el
o 10
0
mid-AAo Prox. DAo Diaphragm  CeTr
BREF mCSfs CSSPAIR CSDixon CSresoREF
160 A
120 .
€
E 117
£ 80
{=2]
S TTTT
|
40
i TTTT
0
AAo Arch Prox. DAo Dist. DAo
BMREF mCSfs ' CSSPAIR CSDixon CSresoREF
60
***:e***
2ol il
2 [l
§
S 2 [17
*
i i 171
0
AAo Arch Prox. DAo Dist. DAo
BREF mCSfs CSSPAIR CSDixon CSresoREF

Figure 3. From top to bottom: diameter, length and volume
mean values according to aortic anatomical location
obtained using each 3D angiography sequence. *: p<0.05,
**. p<0.01 and ***: p<0.001 against reference. Prox.:
proximal, Dist.: distal.

4. Conclusion

Our main findings were: 1) all sequences accelerated
with CS and factors R ranging from 5 to 7 were



significantly faster than the clinical MRA reference
sequence, 2) among tested CS sequences, MRA used with
fat saturation (fs) and R=5 seemed to provide the overall
best diagnostic image quality, 3) despite significant
differences at some anatomical locations, all CS MRA
provided good to excellent agreement with reference, 4)
superior performances in discriminating the well-known
physiological effects of ageing on aortic morphology, i.e.
aortic dilation and elongation were observed when
considering CS MRA based on fs or spectral adiabatic
inversion-recovery (SPAIR) with R=5.

First, 3D aortic morphological measurements derived
from MRA sequences were in agreement with previous
literature [7]. Further consistency of CS-derived indices
was demonstrated through comparison against the well-
established clinical MRA reference, which resulted in high
correlations and low biases. In addition, such biases ranged
within intra-operator variability (diameter~0.5 mm,
length~5 mm, volume~2.7 ml [6]). Overall performances
decreased when considering Dixon fat-water separation
and R=7. In particular, both Dixon and CSiesorer (R=5)
sequences seemed to provide lower ability to differentiate
the 2 age groups. Of note, previous studies reported
reliability of a Dixon-based CS MRA when compared to
both fs-based conventional MRA and CT angiography
references [8,9]; however, such studies were conducted at
3 Tesla and with a larger field of view in coronal
orientation, allowing higher acceleration factor. Given the
high sensitivity of fs and SPAIR methods to magnetic field
heterogeneity, performance of such strategies at higher
fields remains to be investigated.

In any case, future studies are required to establish
MRA sequence-specific aortic disease severity thresholds
before such techniques can be used in routine, as some
significant differences and biases against current clinical
reference were observed. Importantly, using the same
sequence for longitudinal patient follow-up is of upmost
relevance. Results we obtained in the current work should
be taken with caution though due to the limited sample
size. Observed differences between MRA datasets might
also be due to confounding intra-operator variability in
positioning anatomical landmarks. This should be
addressed by image analysis pipelines integrating fully
automated  segmentation and identification  of
measurement location.

A 3D aortic MRA sequence combining compressed
sensing accelerated by a factor of 5 and spectral fat
saturation achieved high agreement and low biases with
conventional reference sequence in terms of quantitative
aortic diameters, lengths and volumes, within scan times
that were on average 3 times faster, all without contrast.
These findings remain to be confirmed on a larger sample
size including participants with wider age and aortic
geometry ranges and through independent validation. In
the long term, our research aims to enhance patient
comfort, improve aortic disease diagnosis and prognosis,

and reduce MRI-associated waiting lists as well as costs.
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