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Abstract

Purpose To assess whether ECG-gated non-contrast 2D
steady-state free precession (SSFP) imaging allows for exact
monitoring of aortic diameters in Marfan syndrome (MFS)
patients using non-ECG-gated contrast-enhanced 3D magnet-
ic resonance angiography (CE-MRA) and echocardiography
for intraindividual comparison.

Methods Non-ECG-gated CE-MRA and ECG-gated non-
contrast SSFP at 1.5 T were prospectively performed in 50
patients. Two readers measured aortic diameters on para-sagittal
images identically aligned with the aortic arch at the sinuses of
Valsalva, sinotubular junction, ascending/descending aorta and
aortic arch. Image quality was assessed on a three-point scale.
Aortic root diameters acquired by echocardiography were used
as reference.

Results Intra- and interobserver variances were smaller for
SSFP at the sinuses of Valsalva (p=0.002; p=0.002) and
sinotubular junction (p=0.014; p=0.043). Image quality was
better in SSFP than in CE-MRA at the sinuses of Valsalva
(»<0.0001), sinotubular junction (»p<0.0001) and ascending
aorta (p=0.02). CE-MRA yielded higher diameters than SSFP
at the sinuses of Valsalva (mean bias, 2.5 mm; p<0.0001), and
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comparison with echocardiography confirmed a higher bias

for CE-MRA (7.2£3.4 mm vs. SSFP, 4.7+2.6 mm).

Conclusion ECG-gated non-contrast 2D SSFP imaging pro-

vides superior image quality with higher validity compared to

non-ECG-gated contrast-enhanced 3D imaging. Since CE-

MRA requires contrast agents with potential adverse effects,

non-contrast SSFP imaging is an appropriate alternative for

exact and riskless aortic monitoring of MFS patients.

Key Points

» ECG-gated 2D SSFP imaging provides better image quality
than non-ECG-gated contrast-enhanced 3D MRA

* ECG-gated 2D SSFP imaging provides higher reproducibility
than non-ECG-gated contrast-enhanced 3D MRA

* 2D SSFP imaging provides higher validity than 3D MRA
using echocardiography as reference

* ECG-gated non-contrast 2D SFFP imaging allows for risk-
less monitoring of Marfan patients

Keywords Marfan syndrome - Magnetic resonance
angiography - Contrast agents - Sinus Valsalva - Aortic
aneurysm

Introduction

Marfan syndrome (MFS) is a genetic disorder of the connec-
tive tissue caused by mutations in the FBN! gene encoding the
protein fibrilin-1. It shows an autosomal-dominant inheritance
and its prevalence has been reported with one in 5,000-10,000
individuals [1]. The syndrome can evoke a wide spectrum of
symptoms of varying severity affecting the ocular and skeletal
as well as the cardiovascular system [1]. Dilatation of the
aortic root is the most common cardiovascular manifestation.
The high risk of aortic dissection and consecutive pericardial
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tamponade or rupture represent life-threatening complications
[2]. Pharmacotherapy reducing the progression rate of aortic
dilation and cardiac surgery preventing from aortic dissec-
tion could increase the life expectancy by 25 %, but their
efficiency still depends on a precise diagnosis at an early
stage of the disease [3].

Annual imaging is recommended for monitoring aortic root
dimensions [4]. For MFS patients, current guidelines recom-
mend prophylactic aortic root replacement at a threshold
diameter of 5.0 cm. In case of high risk for rupture e.g. due
to a growing rate of at least 0.5 cm per year, elective surgery is
recommended at an external diameter of less than 5.0 cm [5,
6]. As 15 % of MFS patients present with aortic dissection at
diameters of 5.0 cm or less, expert centres with vast expertise
and good surgical outcome perform surgery at a threshold of
4.5 cm [7, 8]. Hence, imaging modalities that allow precise,
reproducible, operator-independent and standardized assess-
ment of the aorta are key in the follow-up of MFS.

Echocardiography, multidetector computed tomography
(MDCT) and magnetic resonance imaging (MRI) are avail-
able for non-invasive imaging of the aortic root [9]. Especially
in adults, echocardiography cannot assess the entire aorta [10]
and is highly operator-dependent. MDCT uses radiation and
necessitates the application of iodinated contrast. Magnetic
resonance angiography (MRA) does not require radiation or
iodinated contrast. Excellent image quality covering the entire
aorta can be acquired in an observer-independent fashion.
Therefore, contrast-enhanced MRA is recommended for
imaging of the entire thoracic aorta in patients with con-
genital heart disease [11].

Several unenhanced MRA techniques, including fast spin-
echo and gradient-echo sequences, have been evaluated for
imaging of the aorta. Of these, balanced steady-state with free
precession (SSFP) techniques are desirable because of their
inherent high contrast between blood and background tissues,
thereby providing superior imaging of the aortic wall than
contrast-enhanced MRA techniques [12, 13]. Recent studies
compared non-contrast MRA to standard contrast-enhanced
MRA with the result of equal diagnostic quality and superior
results of non-contrast MRA in the aortic root [10, 14, 15].
Moreover, renouncement of gadolinium contrast avoids the
risk of nephrogenic systemic fibrosis, allergic reactions and
contrast material paravasation [ 16]. However, previous studies
are limited by small study populations with different aortic
pathologies [17]. Bannas et al. compared contrast-enhanced
3D MRA of the thoracic aorta with non-contrast 3D SSFP
imaging in patients with suspected MFS [15]. However, 3D
SSFP imaging requires respiratory gating and long acquisition
times of up to 10 min [15].

The aim of the present study was to assess whether
non-contrast 2D SSFP imaging allows for exact and risk-
less monitoring of aortic diameters in patients with MFS.
We performed an intraindividual comparison of ECG-gated

non-contrast 2D SSFP imaging and routinely performed
non-ECG-gated contrast-enhanced 3D MRA exclusively in
patients with genetically confirmed MFS. Since the indi-
cation for preventive replacement of the aortic root de-
pends on the diameter of the sinuses of Valsalva, we used
echocardiography at this level as a standard of reference to
validate the accuracy of MRI diameter measurements.

Material and methods
Study population

Fifty adult patients (24 male, 26 female; age range 18—
73 years; mean 34.7+13.8 years; median 31 years) with
confirmed MFS and prior to aortic surgery were included in
this prospective cohort study and received MRI and echocar-
diography between January 2012 and March 2013. Patients
younger than 18 years, with contraindications concerning
MRI or with aortic surgery in the past were excluded. The
local University Marfan Center associated with the University
Heart Center established each MFS diagnosis on the basis of
evaluation according to the latest Ghent nosology as well as
genetic analyses with sequencing of the FBNI gene [1, 9].
Each patient was diagnosed with a causative FBNI mutation.
The study was approved by the institutional review board and
all patients provided written informed consent.

MR imaging

MR Imaging was performed using a 1.5-T system equipped
with a five-channel coil for cardiac imaging (Philips Achieva
1.5 T, Philips Medical Systems, Best, the Netherlands). ECG
leads were placed in a typical manner for cardiac triggering.
Scout images in axial, coronal and sagittal orientation were
performed at the beginning of every examination.

ECG-gated non-enhanced 2D steady state free precession
imaging

ECG-gated non-contrast 2D SSFP imaging with sensitivity
encoding (SENSE) was acquired in para-sagittal orientation
aligned with the curvature of the aortic arch. Image acquisition
was triggered to the end-diastolic phase of the cardiac cycle
for minimization of motion artefacts during end-expiratory
breath-hold [9]. Image parameters were as follows: TR/TE,
3.2/1.6 ms; flip angle, 90°; field of view, 430 mmx302 mm;
matrix, 256 % 180; pixel size, 1.7 mmx 1.7 mm; slice thick-
ness, 10 mm; SENSE factor, 2. Number of slices, 20; acqui-
sition time 18-22 s depending on the patient’s heart rate.
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Non-ECG-gated contrast-enhanced 3D MRA

Non-ECG-gated contrast-enhanced 3D MRA (CE-MRA)
of the entire thoracic aorta was performed after automatic
injection (2 ml/s) of gadopentetate dimeglumine (Gd-
DTPA, Magnevist, Bayer-Schering Pharma AG, Berlin,
Germany) at a dose of 0.2 mmolkg body weight into
an antecubital vein. Scanning parameters of the para-
sagittal gradient-echo T1-weighted sequence were TR/TE,
4.8/1.4 ms; flip angle, 40°; field of view, 450%360x90—
130 mm; matrix, 368%189x25-36. True spatial resolution
was 1.2x1.9x3.6 mm’, interpolated to 0.9%0.7x3.6 mm
(512x512 matrix). The time of arrival of contrast in the
thoracic aorta was determined with a 2-ml test bolus to
calculate the scan delay and to optimize contrast bolus
timing. The 3D MRA was performed during a single end-
expiration breath-hold. Imaging time varied depending on
patient anatomy and field of view (18-24 s).

MR image evaluation

Anonymised images of non-ECG-gated 3D CE-MRA and
ECG-gated non-contrast 2D SSFP images were presented
to two radiologists, S.V. and P.B., in random order. The
external aortic diameter was measured perpendicular to the
blood-filled lumen [9]. Measurements were performed on
the identically orientated para-sagittal source images of the
non-ECG-gated 3D CE-MRA and of the ECG-gated non-
contrast 2D SSFP. Readers were free to choose appropriate
slices displaying the maximal profile of the aorta from the
stacks of para-sagittal images. No secondary multiplanar
reformations (MPR) were used for the comparison of the
two techniques. Using the identically oriented para-sagittal
images avoided user influence introduced by individually
performed MPRs and allowed for assessment of only the
differences that are attributed to the different imaging and
triggering techniques [15]. Measuring points were deter-
mined in the aortic bulbus at the sinuses of Valsalva, the
sinotubular junction, the ascending and descending aorta
each on the level of the pulmonary trunk and the mid
aortic arch between the branching of the left carotid and
the left subclavian artery (Fig. 1) [9, 18]. Diameters were
measured three times in each image series: For assessment
of intraobserver agreement, two measurements were per-
formed by S.V., with an interval of 4 weeks between the
first and second measurement. For assessment of interob-
server agreement, a third measurement was performed by
PB. Image quality was assessed in consensus by both
observers on a three-point scale regarding sharpness, anatomic
delineation and presence of motion artefacts at the levels of
measurement: 3, excellent image quality; 2, moderate image
quality; 1, poor image quality.

@ Springer

Echocardiography

Out of the 50 patients who received MRI, 48 patients underwent
aroutine 2D transthoracic echocardiographic examination on the
same day and formed a reference group. Aortic diameters at the
level of sinuses of Valsalva measured by echocardiography were
used to evaluate the accuracy of the diameters obtained from 2D
SSFP and 3D CE-MRA. Echocardiography was performed
either by M.R. (11 years of experience) or by S.S. (7 years of
experience) at the University Heart Center with a commercially
available ultrasound system (Sonos 2000, Hewlett Packard,
Andover, MA, USA). End-diastolic aortic root diameters were
determined using the leading edge method in the parasternal
long axis view at the level of the sinuses of Valsalva [19].

Statistical analysis

Intraclass correlation coefficient (ICC) was calculated to in-
vestigate intraobserver and interobserver agreement between
measurements obtained from non-ECG-gated 3D CE-MRA
and ECG-gated non-contrast 2D SSFP data sets. Bland—Alt-
man analysis was used to assess intra- and interobserver
agreement between measurements obtained from 3D CE-
MRA and 2D SSFP. A two-sided ¢ test was performed for
comparison of mean differences and F test for comparison of
variances. Comparisons of image quality of the aortic root
using 3D CE-MRA and 2D SSFP were performed using the
Wilcoxon matched-pair test.

Pearson’s correlation was calculated to determine the corre-
lation between diameters assessed by non-ECG-gated 3D CE-
MRA, ECG-gated non-contrast 2D SSFP and echocardiogra-
phy. Correlation coefficients greater than 0.8 indicated strong
correlation, 0.5-0.8 indicated moderate correlation, 0.3-0.49
indicated weak correlation and coefficients smaller than 0.3
were interpreted as nonexistent correlation. Bland—Altman
analysis was used to assess agreement between measurements
obtained from 3D CE-MRA 2D SSFP data sets. A two-sided
paired ¢ test was used to determine significance of differences
between measurements obtained from 3D CE-MRA, 2D SSFP
and echocardiography. Bland—Altman analyses were also used
to assess the agreement between diameters acquired by echo-
cardiography and by 3D CE-MRA and 2D SSFP, respectively.

P values less than 0.05 were considered as significant.
Statistical analysis was performed using SPSS vers. 20.0
(IBM, Armonk, NY, USA) and Excel (Microsoft Corporation,
Redmond, WA, USA). Graphs were created using Prism vers.
5.0 (GraphPad Software Inc., La Jolla, CA, USA).

Results

All patients were in sinus rhythm and all MR imaging studies
were performed without any complication. All studies had
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Fig. 1 a Para-sagittal ECG-gated non-contrast 2D SSFP and b non-
ECG-gated contrast-enhanced 3D MRA of a 60-year-old female patient
with confirmed Marfan syndrome. White lines indicate the measurement
points of the thoracic aorta. From proximal to distal: Sinuses of Valsalva,
sinotubular junction, ascending aorta, aortic arch and descending aorta.
Compared to the non-ECG-gated contrast-enhanced 3D MRA with a
blurred appearance of the aortic root (b, arrowheads), the ECG-gated

diagnostic image quality. None of the patients had an aortic
dissection and no study was excluded from the evaluation.

Intraobserver agreement
Intraobserver correlation showed good results with 7>0.8 for

both techniques at all points of measurements (Table 1).
Intraobserver correlation concerning the aortic root (sinuses

non-contrast 2D SSFP sequence provides a better delineation of the aortic
root with a better differentiation of the blood-filled lumen from the aortic
wall structures (a, arrowheads). Both readers rated the image quality at
the level of the sinuses of Valsalva as 3 points for SSFP and as 2 points for
CE-MRA. Therefore the non-contrast 2D SSFP sequence allows for a
more precise measurement at the aortic root owing to the absence of
motion artefacts

of Valsalva and sinotubular junction) was higher in ECG-
gated non-contrast 2D SSFP than in non-ECG-gated 3D CE-
MRA. The highest intraobserver agreement was found for the
sinuses of Valsalva in 2D SSFP images with »=0.962 as
compared to 3D CE-MRA with »=0.864.

Bland—Altman analyses revealed a smaller intraobserver
bias for the ECG-gated non-contrast 2D SSFP at the sinuses
of Valsalva (mean difference, 0.01 mm) compared to non-

Table 1 Intraobserver variance of the measured aortic diameters as determined by non-ECG-gated contrast-enhanced 3D MRA (CE-MRA) and ECG-

gated non-contrast 2D SSFP as described by Bland and Altman

Intraobserver variance

Sinuses of Valsalva

Sinotubular Junction

Ascending aorta Mid aortic arch Descending aorta

Non-ECG-gated CE-MRA

Mean difference (mm) 0.46 0.72

Limits of agreement (mm) —-641t07.3 —-5.71t072

Standard deviation (mm) 35 33

Variance (mm?) 12.1 10.8

Intraclass correlation coefficient (r) 0.86 0.85
ECG-gated SSFP

Mean difference (mm) 0.01 0.78

Limits of agreement (mm) —3.1t03.1 371053

Standard deviation (mm) 1.6 23

Variance (mm?) 2.5 53

Intraclass correlation coefficient (r) 0.96 0.92

p value (7 test) 0.34 091

p value (F test) 0.002 0.014

0.30 —-0.02 —-0.20
—-32t03.8 —-32t03.8 —-321t02.8

1.8 2.0 1.5

32 39 23

0.93 0.82 0.98

0.10 —-0.30 0.09
-3.8t04.0 -3.5t029 —2.81t02.8

2.0 1.6 1.4

4.0 2.7 2.1

0.93 0.91 0.90

0.58 0.46 0.50

0.43 022 0.70

ICC values are given for both sequence types. T test was performed for comparison of mean differences and F test for comparison of variances.

Significant differences are in bold (significant at p<0.05)

@ Springer



876

Eur Radiol (2015) 25:872-882

ECG-gated 3D CE-MRA (mean difference, 0.46 mm) without
statistical significance (p=0.34).

Concerning variances of measurements, ECG-gated non-
contrast 2D SSFP imaging provided significantly smaller var-
iances at the sinuses of Valsalva (2D SSFP, 95 % limits of
agreement 3.1 mm vs. 3D CE-MRA, +6.9 mm; p=0.002) and
at the sinotubular junction (2D SSFP, 95 % limits of agreement
+4.5 mm vs. 3D CE-MRA, +6.5 mm; p=0.014). Detailed
results of the measurements are given in Table 1. Figure 2a, b
illustrate results of Bland—Altman analysis of non-ECG-gated
3D CE-MRA and ECG-gated non-contrast 2D SSFP imaging
for intraobserver agreement at the sinuses of Valsalva.

Interobserver agreement

Analysis of the interobserver correlation showed good results
with 7>0.85 for both techniques at all points of measurements
(Table 2). The interobserver agreement was higher in non-
contrast 2D SSFP imaging than in contrast-enhanced 3D
MRA at all points but the descending aorta where the ICC
showed comparable results. Highest interobserver agreement
was found for the sinuses of Valsalva in non-contrast 2D SSFP
images with 7=0.974 as compared to contrast-enhanced 3D
MRA with r=0.908.

Bland—Altman analyses revealed a smaller interobserver
bias for the non-contrast 2D SSFP at the sinuses of Valsalva

3D CE-MRA

a

159

o

£ ©  +196SD
E 54 o ; ° 73
@ Bias o ,m°9280 —
o 0.5 o ‘g‘égﬁnoooo <)
£ -5 o °© 84
a ° 1.96SD

15 T T T 1

20 30 40 50 60
Average (mm)

(o]

159
A +1.96SD
E s &R
o . o %o 52
e J Bias
[

07 o ()

E -5 203 @0 6.6
(=] -1.96SD

-15 T T T T T T T 1

20 30 40 50 60

Average (mm)

Fig. 2 Intra- and interobserver agreement of diameter measurements at
the sinuses of Valsalva. Bland—Altman plots of the intraobserver agree-
ment for contrast-enhanced 3D MRA (a) and non-contrast 2D SSFP (b)
illustrate the significantly higher intraobserver variance of the non-
ECG-gated contrast-enhanced MRA compared to the ECG-gated
SSFP sequence (p=0.002). Bland—Altman plots of the interobserver
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and at the sinotubular junction (mean difference, —0.38 mm and
—0.36 mm, respectively) compared to contrast-enhanced 3D
MRA (mean difference, —0.72 mm and 0.86 mm, respectively),
without statistical significance (p=0.53 and p=0.06, respec-
tively). Detailed results of measurements are given in Table 2.
Non-contrast 2D SSFP imaging provided significantly
smaller variances at the sinuses of Valsalva (2D SSFP, 95 %
limits of agreement, £3.7 mm vs. 3D CE-MRA, £5.9 mm;
p=0.002), at the sinotubular junction (2D SSFP, 95 %
limits of agreement, £5.5 mm vs. 3D CE-MRA, £7.3 mm;
p=0.043), at the ascending aorta (2D SSFP, 95 % limits of
agreement, 3.0 mm vs. 3D CE-MRA, +4.8 mm; p=0.001)
and at the aortic arch (2D SSFP, 95 % limits of agreement,
+2.7 mm vs. 3D CE-MRA, +4.1 mm; p=0.004). Detailed
results of measurements are given in Table 2. Figure 2c
and d illustrate results of Bland—Altman analysis of contrast-
enhanced 3D MRA and non-contrast 2D SSFP imaging for
interobserver agreement at the sinuses of Valsalva.

Comparison of contrast-enhanced 3D MRA and non-contrast
2D SSFP imaging

Pearson’s correlation analyses revealed strong correlation of
diameters obtained by contrast-enhanced 3D MRA and non-
contrast 2D SSFP imaging at all levels (#>0.8) (Table 3). Of
note, significantly higher diameters were observed when using

b 2D SSFP
159
T +1.96SD
E 54 3.1
8 ] Bias o 0--00 fo Rl
e Joo1_. 9 TR D °
é 5= ° -3.1
S -1.96SD
-15 T T T T v T T 1
20 30 40 50 60
Average (mm)
159
€ +1.96SD
E 54 Q.. a° 3.
§ IBias o o . o
g [-04 ogo o
£ -5 e 41
(=) -1.96SD
-15 T T T 1
20 30 40 50 60

Average (mm)

agreement for contrast-enhanced 3D MRA (c¢) and non-contrast 2D
SSFP (d) illustrate the higher interobserver variance of the non-ECG-
gated contrast-enhanced 3D MRA compared to the ECG-gated SSFP
sequence (p=0.002). Middle solid line indicates the mean bias of the
diameter measurements, the dotted lines indicate the 95 % confidence
interval
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Table 2 Interobserver variance of the measured aortic diameters as determined by non-ECG-gated contrast-enhanced 3D MRA (CE-MRA) and ECG-

gated non-contrast 2D SSFP as described by Bland and Altman

Interobserver variance

Sinuses of Valsalva

Sinotubular junction

Ascending aorta Mid aortic arch Descending aorta

Non-ECG-gated CE-MRA

Mean difference (mm) -0.72 0.86

Limits of agreement (mm) —6.6t0 5.1 —6.5t08.2

Standard deviation (mm) 3.0 3.8

Variance (mm?) 9.0 14.2

Intraclass correlation coefficient (r) 091 0.86
ECG-gated SSFP

Mean difference (mm) —-0.38 -0.36

Limits of agreement (mm) —4.1t03.3 —59t05.2

Standard deviation (mm) 1.9 2.8

Variance (mm?) 3.6 79

Intraclass correlation coefficient (r) 0.97 0.94

p value (7 test) 0.53 0.06

p value (F test) 0.002 0.043

0.15 1.22 -0.14
—4.6t04.9 —29t05.4 —2.6t02.4

24 2.1 1.3

59 45 1.6

0.93 0.89 0.96

0.36 1.02 0.34
—2.6t03.3 -1.7t03.7 —2.41t03.1

1.5 1.4 1.4

2.3 1.9 20.0

0.97 0.96 0.96

0.58 0.53 0.11

0.001 0.004 0.50

ICC values are given for both sequence types. T test was performed for comparison of mean differences and F test for comparison of variances.

Significant differences are in bold (significant at p<0.05)

non-ECG-gated 3D CE-MRA compared to ECG-gated non-
contrast 2D SSFP imaging at the sinuses of Valsalva (mean bias,
2.5 mm; p<0.0001) (Fig. 3) and descending aorta (mean bias,
0.8 mm; p=0.0001) (Table 3). The mean absolute diameter at
the sinuses of Valsalva was 42+6 mm when using 2D SSFP and
44+5 mm when using contrast-enhanced 3D MRA. Detailed
results of measurements are given in Table 3, upper rows.

Image quality of contrast-enhanced 3D MRA
and non-contrast 2D SSFP imaging

2D SSFP imaging yielded significantly better image quality
scores than contrast-enhanced 3D MRA at the sinus of Valsalva
(»<0.0001), sinotubular junction (»p<0.0001) and the ascending

aorta (p=0.02). Image quality of the aortic arch (p=0.42) and
descending aorta (p=0.64) showed no significant differences
between both techniques. Detailed results of image quality
ratings are given in Table 4. ECG-gated non-contrast 2D SSFP
allowed superior depiction of the aortic root with sharper delin-
eation of the blood-filled lumen from the wall structures than
non-ECG-gated contrast-enhanced 3D MRA (Fig. 1).

Comparison of aortic root diameter measurements in MRI
and echocardiography

Pearson’s correlation analyses revealed strong correlations
between both MRA techniques and echocardiographic diam-
eter measurements at the sinuses of Valsalva, however

Table 3 Comparison of aortic diameters as determined by contrast-enhanced 3D MRA (CE-MRA) and non-contrast 2D SSFP as described by Bland

and Altman

SSFP vs. CE-tMRA Sinuses of Valsalva Sinotubular junction Ascending aorta Aortic arch Descending aorta
Mean diameter SSFP (mm) 42.1+6.2 31.6+£5.4 30.0£5.2 242434 241434

Mean diameter CE-MRA (mm) 44.4+54 32.1+4.9 30.4+4.9 24.6+3.4 24.7+3.1

Mean difference (mm) -2.5 -0.5 —0.4 -0.2 -0.8

Limits of agreement (mm) —7.8t02.9 691059 -1.1t00.2 331029 35t 1.9
Standard deviation (mm) 2.7 33 22 1.6 14

Variance (mm?) 73 10.9 49 26 2.0

p value (7 test) <0.0001 0.27 0.18 0.42 <0.001

Pearson’s correlation (r) 0.90 0.80 091 0.90 0.91

Pearson’s correlation coefficient () between the different imaging modalities is given. 7 test was performed for comparison of mean differences.

Significant differences are in bold (significant at p<0.05)
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2D SSFP vs. 3D CE-MRA
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Fig. 3 Bland-Altman comparison of the measured diameters at the
sinuses of Valsava assessed by contrast-enhanced 3D MRA and non-
contrast 2D SSFP. The plot indicates a significant mean difference of —2.5
4+2.9 mm for 2D SSFP compared to 3D CE-MRA (p<0.0001). Middle
solid line indicates the mean bias of the diameter measurements, the
dotted lines indicate the 95 % confidence interval

somewhat stronger for the 2D SSFP (#=0.91; p<0.0001)
when compared to 3D CE-MRA with (#=0.83; p<0.0001).
Of note, 2D SSFP and 3D CE-MRA revealed significantly
higher diameters (42+6 mm, p<0.0001 and 44+5 mm,
p<0.0001, respectively) as compared to diameters obtained
by echocardiography with 37+6 mm. Bland—Altman analysis
confirmed a higher bias of 3D CE-MRA (mean difference, 7.2
+3.4 mm, 95 % limits of agreement, 0.6—13.8 mm) than 2D
SSFP (mean difference, 4.7+2.6 mm, 95 % limits of agree-
ment, —0.5 to 9.9 mm) when compared to echocardiographic
diameter measurements at the sinuses of Valsalva (Fig. 4).

Impact on patient management

The observed bias of —2.5 mm between 2D SSFP imaging and
contrast-enhanced 3D MRA led inherently to differences be-
tween both imaging techniques in identification of patients
with a diameter of the sinuses of Valsalva greater than 45 mm,
which is used in our university expert centre as the threshold
diameter for aortic root replacement (Fig. 5) [8]. In 12 patients
contrast-enhanced 3D CE-MRA revealed a diameter greater
than 45 mm, which could be confirmed by non-contrast 2D
SSFP imaging in 10 patients. Six of the 10 patients that were
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Fig. 4 Bland—Altman comparison of the measured diameters at the
sinuses of Valsava assessed by the two MRA techniques and echocardi-
ography. Middle solid line indicates the mean bias of the diameter
measurements. The dotted lines indicate the 95 % confidence interval. a
The plot indicates a significant mean difference of 4.7+2.6 mm for 2D
SSFP compared to echocardiography (»<0.0001). b The plot indicates a
significant mean difference of 7.2+3.4 mm for 3D CE-MRA compared to
echocardiography (p<0.0001)

correctly identified with both imaging techniques successfully
underwent subsequent aortic root replacement. The remaining
patients refused prophylactic aortic root surgery and
underwent close follow-up monitoring. The two patients with
borderline diameters and no further risk factors and the two
patients with sinuses of Valsalva greater than 45 mm that were
only identified by CE-MRA underwent close follow-up mon-
itoring as well. The differences of the determined diameters
were 1 mm (2D SSFP, 44 mm vs. 3D CE-MRA, 45 mm) and
3 mm (2D SSFP, 43 mm vs. 3D CE-MRA, 46 mm).

Table 4 Mean subjective image scores at the 5 points of measurement defined by consensus reading for contrast-enhanced 3D MRA (CE-MRA) and

non-contrast 2D SSFP

Sinuses of Valsalva Sinotubular junction Ascending aorta Aortic arch Descending aorta
SSFP 2.5 2.6 2.6 2.7 2.7
CE-MRA 1.5 1.6 23 2.6 2.7
p value <0.0001 <0.0001 0.02 0.42 0.64

(Wilcoxon matched-pair)

A three-point scale was used: 3, excellent image quality; 2, moderate image quality; 1, poor image quality. Wilcoxon matched-pair analysis was used for
comparison of differences. Significant differences are in bold (significant at p<0.05)
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Fig. 5 a, ¢ Non-contrast 2D
SSFP and b, d contrast-enhanced
3D MRA in a, b a 29-year-old
man and ¢, d a 39-year-old man
both with confirmed MFS. A
diameter of the sinuses of
Valsalva of greater than 50 mm
was detected in both sequences
(SSFP, 52 mm; CE-MRA 53 mm
and SSFP, 54 mm; CE-MRA

53 mm, respectively). As result of
the MRA examination both
patients were referred to
preventive surgery and
successfully underwent aortic
root replacement pursuant to
David’s procedure. Note the clear
delineation of the aortic root when
using the ECG-gated non-contrast
2D SSFP sequence (a, ¢,
arrowheads) as compared to the
blurred appearance of the aortic
root when using non-ECG-gated
contrast-enhanced 3D MRA

(b, d, arrowheads). Both readers
rated the image quality at the level
of the sinuses of Valsalva as 3
points for SSFP and as 2 points
for CE-MRA in both patients

Discussion

We prospectively compared diameter measurements of the
thoracic aorta in non-ECG-gated contrast-enhanced 3D
MRA and ECG-gated non-contrast 2D SSFP imaging in 50
adult patients with confirmed MFS and prior to aortic surgery.
The indication for preventive replacement of the aortic root
depends on the diameter of the sinuses of Valsalva. Hence, the
focus of our study was the comparison of the precision and
quality of the aortic measurements at this locus in contrast-
enhanced 3D MRA and non-contrast 2D SSFP imaging using
echocardiography as reference standard. Non-contrast 2D
SSFP imaging revealed higher intra- and interobserver agree-
ment and intraclass correlations than contrast-enhanced 3D
MRA concerning measurements of aortic root diameters.
Consistently, the subjective image quality was markedly better
for non-contrast 2D SSFP, especially at the aortic root.
Intraindividual comparison revealed significant higher diam-
eters of the sinuses of Valsalva when using contrast-enhanced
3D MRA compared to non-contrast SSFP imaging, which
could be confirmed by echocardiography.

Improved image quality of ECG-gated non-contrast 2D
SSFP imaging compared to non-ECG-gated contrast-
enhanced 3D MRA of the thoracic aorta in unselected patient

populations has been stated by several studies [20, 21]. Inter-
estingly, the superior image quality of non-contrast ECG-
gated SSFP imaging has also been demonstrated when com-
pared with state-of-the-art ECG-gated CE-MRA [10]. Bannas
et al. compared ECG-triggered non-contrast 3D SSFP imag-
ing with a non-ECG-triggered contrast-enhanced 3D MRA in
51 patients with a suspected syndromic presentation of as-
cending aortic aneurysm of whom 38 were subsequently
diagnosed with MFS [9, 15]. Their investigations confirmed
improved image quality of ECG-gated non-contrast 3D SSFP
imaging and additionally revealed higher reliability and repro-
ducibility of aortic root measurements. However, 3D SSFP
imaging requires respiratory gating and long acquisition times
of up to 10 min [15, 22].

The rapid 2D SSFP sequence tested in this study provided
significantly better image quality of the aortic root and the
ascending aorta as compared to contrast-enhanced 3D MRA.
The aortic arch and the descending aorta showed no signifi-
cant differences. As the proximal parts of the aorta move
constantly during the cardiac cycle, this observation can be
assigned to the decreased motion artefacts resulting from
ECG-triggering and imaging in the end-diastolic phase [11,
12, 15] which leads to a sharper delineation of the aortic wall
and its excellent delimitation from the blood-filled lumen. In
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contrast, non-ECG-gated contrast-enhanced 3D MRA tends to
blend the aortic wall structures and the contrast-filled lumen
merge into one another at the level of the aortic root as a result
of continuous acquisition during the cardiac cycle. Accord-
ingly, significantly better reproducibility of the aortic root
diameters (greater intra- and interobserver agreement) can be
explained by the decrease of motion artefacts with this ECG-
gated technique.

Moreover, significant larger diameters were determined
with non-ECG-gated contrast-enhanced 3D MRA at the si-
nuses of Valsalva as compared to ECG-gated non-contrast
SSFP imaging. This may also be explained by the acquisition
of the non-ECG-gated contrast-enhanced 3D MRA through-
out the cardiac cycle, which gives rise to an image (and
subsequently to the measured diameters) comprising informa-
tion from systole and diastole, during which the aortic diam-
eter changes physiologically. Hence, assessing the aortic di-
ameters with this imaging technique is not only imprecise
because of image blurring, but also overestimates the diameter
compared to measurements which are acquired during diasto-
le, as recommended by the guidelines [9]. In contrast, ECG-
gated SSFP imaging triggered to the end-diastolic phase of the
cardiac cycle allows exact delimitation and measurements of
the aortic wall during diastole (Fig. 4). Recent studies have
shown that ECG-gating also improves the image quality of
contrast-enhanced MRA [23]. However, since we aimed to
avoid the use of contrast material in patients with MFS we do
not pursue these ECG-gated contrast-enhanced techniques at
our institution.

Beside other factors like aneurysm morphology, the indi-
cation for preventive aortic root replacement depends on
absolute aortic root diameters at the sinuses of Valsalva and
the rate of enlargement. Actual guidelines recommend pre-
ventive surgery at a threshold diameter of 5.0 cm but expert
centres with very good surgical outcome perform surgery at
4.5 cm because 15 % of MFS patients present with aortic
dissection at diameters of 5.0 cm or less [5, 24]. In our study
10 patients presented with aortic root diameters greater than
4.5 cm and were correctly identified with both imaging tech-
niques. Six of them successfully underwent subsequent pro-
phylactic aortic root replacement. Non-ECG-gated contrast-
enhanced 3D CE-MRA yielded two more patients with diam-
eter measurements greater than 4.5 cm, which could not be
confirmed by the ECG-gated SSFP technique or echocardiog-
raphy. The differences of the determined diameters in these
patients between the two MRA techniques are explained by
the overall observed difference of —2.5 mm for measurements
at the sinuses of Valsalva.

Annual MRA is recommended for ideal monitoring of the
aortic root dimension. Accordingly, MFS patients have to
undergo a considerable number of MRI exams during their
life. Although contrast-enhanced MRA has been shown to be
suitable for aortic monitoring, it bears the risk of evoking
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nephrogenic systemic fibrosis or causing paravasation [16,
25, 26]. In this context, the renunciation of gadolinium con-
trast agents implies the avoidance of the mentioned adverse
effects or complications. Moreover, non-contrast enhanced
MRA facilitates the clinical routine and allows for an accel-
eration of the imaging process. With an acquisition time of
less than 1 min, compared to the 3D SSFP introduced by
Bannas et al. with 8.3+2.4 min and contrast-enhanced 3D
MRA with greater than 10 min (placing and connection of
the intravenous line, test bolus, pre- and post-contrast imag-
ing, image post processing), the use of the applied non-
contrast 2D SSFP sequence provides an additional advantage
for clinical routine application [15, 17].

This study revealed an average bias of 2.5 mm for aortic
diameters measured with non-ECG-gated contrast-enhanced
vs. ECG-gated non-contrast MRA at the sinuses of Valsalva.
Furthermore, a significant offset has to be taken into consid-
eration when comparing diameters of the sinuses of Valsalva
of para-sagittal MRA measurements with results of transtho-
racic echocardiography owing to different orientations of the
performed measurements, reflecting the oval shape of the
aortic root, as stated by recent studies [27, 28]. Moreover,
we performed echocardiographic measurements of the as-
cending aorta in the leading edge technique as recommended
by current guidelines [19]. This means that diameters are
taken from the outer margin of the aortic wall, which is located
close to the ultrasound transducer, to the inner margin of the
distant wall [29]. In contrast, current guidelines recommend
measuring the external aortic diameters in MRA [9]. Hence,
the different measurement techniques inherently lead to a bias
based on the average aortic wall thickness of ca. 2.4 mm [30].
In conclusion, ca. 2.4 mm of the observed total bias between
echocardiography and MRA in this study (3D CE-MRA, 7.2+
3.4 mm; 2D SSFP, 4.7+2.6 mm) can be ascribed to different
measurement techniques (leading edge vs. outer wall to outer
wall). In summary, we recommend maintaining the same
single imaging technique for longitudinal follow-up of aortic
diameters and assessment of expansion rates over time.
Concerning MRA, using ECG-gated non-contrast 2D SSFP
imaging for monitoring of the thoracic aorta is favourable,
because of higher observer agreement, better image quality,
improved delineation of the aortic root and acceleration of the
imaging process. In consequence of this study, we stopped
application of intravenous gadolinium contrast material for
preoperative assessment of thoracic aorta in patients with
MES at our institution and did not encounter any disadvan-
tages. As another consequence we added cardiac cine MRI of
the aortic root in LVOT view and three-chamber view to the
clinical protocol. Particularly in cases were aortic diameters
approach the threshold, these sequences are useful to allow
sharp evaluation throughout the cardiac cycle.

It may be regarded as a limitation that the diameters were
only determined in the para-sagittal planes (along the flow
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axis of the aorta) of the source images and no secondary
MPRs were performed. Studies have shown that the measured
diameter depends on the orientation of the images owing to
the oval configuration of the aorta [15, 27]. As the orientations
of both compared sequences were identical, we believe that a
secondary reformation would not have provided different
results in terms of the technique comparison. However, in
clinical practice, particularly when the aortic diameter reaches
the critical threshold, secondary MPRs or dedicated cardiac
cine MRI of the aortic root should be performed to assess the
maximal diameter of the aortic root in different orientations.

Conclusion

ECG-gated non-contrast 2D SSFP imaging is an appropriate
alternative for initial assessment and monitoring of the aortic
root in patients with Marfan syndrome. Our study revealed
that ECG-gated non-contrast SSFP imaging provides superior
image quality with sharper delimitation of the aortic root
resulting in better reproducibility and higher accuracy of the
diameter measurements compared to non-ECG-gated
contrast-enhanced 3D imaging. Moreover, renouncement of
intravenous gadolinium contrast avoids its associated adverse
effects and complications.
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