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Abstract

Aortic diameter measurements play a crucial role for the indication of aortic root surgery in Marfan patients. However, for
magnetic resonance angiography (MRA)-derived measurements, there is no consensus on whether the aortic wall should be
included or excluded in the aortic diameter. The purpose of this retrospective study was to compare the reliability of non-
contrast bright blood MRA aortic inner-to-inner and outer-to-outer edge measurements in patients with Marfan syndrome.
Forty Marfan patients underwent ECG-gated balanced steady-state free-precession MRA of the aorta at 1.5 T. Two readers
independently performed inner and outer measurements at different aortic levels. They rated the image quality of the deline-
ation of both inner and outer vessel wall edges on a four-point scale. MRA-derived diameters of the sinuses of Valsalva
were compared with echocardiography-derived diameters. Aortic vessel wall delineation score was rated higher at all levels
for inner than for outer vessel walls (p <0.001). Inter- and intraobserver variances of aortic measurements were smaller for
inner-to-inner measurements at the sinuses of Valsalva, sinotubular junction and ascending aorta (p <0.03). There was a dif-
ference of 1.1 +2.3 mm for inner MRA measurements (p=0.014) and 6.9 + 3.1 mm for outer MRA measurements (p <0.001)
when compared to echocardiographic leading-edge measurements. Inner-to-inner vessel wall diameter measurements in
non-contrast bright blood MRA provide more reliable diameters when compared to outer-to-outer vessel wall measurements
of the aortic root. Therefore, we propose to rely on inner rather than outer aortic wall measurements in non-contrast-MRA
when monitoring aortic diameters in patients with Marfan syndrome.
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Introduction

Marfan syndrome is a hereditary connective tissue disor-
der caused by mutations in the FBNI gene encoding the
protein fibrilin-1 [1]. The prevalence of this autosomal-
dominant inherited disease is one in 500-10,000 indi-
viduals [2, 3]. Progressive dilation of the aortic root is
the most common cardiovascular complication of Marfan
syndrome [1, 4]. The connective tissue disorder affects
different parts of the human body, including heart, blood
vessels, lungs, skin, bones, joints, and eyes [3, 5]. Aortic
root aneurysms may cause aortic dissection and represent
the main cause of death in Marfan syndrome [1, 4, 6, 7].

Timely diagnosis of aortic root aneurysms in Marfan
patients allows for prophylactic aortic surgery to evade the
risk of dissection [8, 9]. Current guidelines recommend
prophylactic aortic root replacement at a threshold diam-
eter of 50 mm. In case of high risk for rupture e.g. due to
a growing rate of at least 5 mm per year, elective surgery
is recommended at an external diameter of 50 mm [10] or
even less (45 mm) in patients with risk factors.

Several biomarkers for progression of aortic dilata-
tion, such as transforming growth factor-p and fibrillin-1
fragments, have been investigated, but none are routinely
used in clinical practice [11]. Four-dimensional phase con-
trast magnetic resonance imaging (4D flow MRI) is an
advanced imaging technique, which allows for acquisition
of morphological images and velocity data. 4D flow MRI
thus enables visualization and quantification of complex
blood flow patterns in the thoracic aorta [12, 13]. Recent
4D flow MRI studies showed promising results in Mar-
fan patients supporting the notion that pathological blood
flow profiles may contribute to aneurysm formation [14,
15]. Further longitudinal studies are needed to assess the
potential of 4D flow MRI as a potential imaging biomarker
for progression of aortic dilatation.

However, these imaging biomarkers are not yet estab-
lished in clinical routine or current guidelines. Therefore,
absolute aortic diameter and the aortic growth rate remain
the most important predictors for aortic dissection in Mar-
fan patients [16].

As a result, annual cross-sectional imaging is man-
datory for monitoring aortic root dimensions in Marfan
patients to determine if and when aortic root replacement
is indicated [17, 18]. Imaging modalities that allow pre-
cise, reproducible, operator-independent and standardized
assessment of the aorta are crucial in the follow-up of
Marfan patients.

Transthoracic echocardiography (TTE), multidetector
computed tomography (MDCT) and magnetic resonance
imaging (MRI) are available for non-invasive imaging of
the aortic root [10]. However, echocardiography cannot
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assess the entire aorta and is highly operator-dependent
while MDCT uses ionizing radiation and requires appli-
cation of iodinated contrast [19]. Magnetic resonance
angiography (MRA) does not require ionizing radiation
or iodinated contrast. Excellent image quality covering the
entire aorta can be acquired in an observer-independent
fashion [20, 21]. Therefore, MRA is recommended for
imaging of the entire thoracic aorta in patients with con-
genital heart disease.

Unfortunately, there is no consensus, on whether the aor-
tic wall should be included or excluded in the aortic diameter
measurements when using MRA for monitoring of aortic
root dimensions in patients with genetic aortic disease such
as Marfan syndrome. The guidelines for the diagnosis and
management of thoracic aortic disease recommend outer-to-
outer edge measurements, based on the idea that inner-to-
inner edge measurements may not accurately reflect the true
diameter in case of mural atherosclerotic plaques, thrombi
or aortic wall inflammation [10]. In contrast, the Society
for Cardiovascular Magnetic Resonance board of trustee’s
task force on standardized image interpretation recommends
reporting the inner diameter of the aorta [22]. Consequently,
recent studies regarding MRI-derived aortic measurements
used different approaches: some authors measured inner-to-
inner diameters [20], other authors measured outer-to-outer
diameters [21, 23] and some authors failed to detail their
measurement approach [24].

Hence, there is a lack of both: consensus among different
guidelines as well as systematic studies regarding the issue
whether the aortic wall should be included in magnetic reso-
nance angiography (MRA)-derived aortic diameter measure-
ments. Therefore, we aimed to compare the reliability of
aortic inner-to-inner and outer-to-outer edge measurements
of non-contrast MRA in Marfan patients.

Material and methods
Study population

We included forty consecutive adult patients (18 males,
22 females; age range 18-57 years; mean 31.2 + 12 years;
median 27 years) with confirmed Marfan syndrome prior to
aortic surgery in this retrospective study. All patients under-
went both non-contrast MRA and echocardiography on the
same day between January and July 2015. Marfan diagnosis
was established according to the latest Ghent nosology as
well as genetic analyses with sequencing of the FBNI gene
[3, 25]. We excluded Marfan patients younger than 18 years
or with prior aortic root surgery. The local institutional
review board approved our retrospective single-centre study
and waived the requirement for informed consent.
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Non-contrast MRA

Non-contrast balanced steady-state free precession (bSSFP)
MRA was performed using a 1.5 T system equipped with a
five-channel coil for cardiac imaging (Achieva, Philips Med-
ical Systems). ECG leads were placed in a typical manner
for cardiac triggering. Scout images were acquired in axial,
coronal and sagittal orientation. ECG-gated non-contrast 2D
MRA with sensitivity encoding (SENSE) was acquired in
the transversal and coronal plane as well as in para-sagittal
orientation aligned with the curvature of the aortic arch [26,
27]. Image acquisition was triggered to the end-diastolic
phase of the cardiac cycle to minimize motion artefacts dur-
ing end-expiratory breath-hold. Image parameters of para-
sagittal orientation were as follows: TR/TE, 3.5/1.75 ms;
flip angle, 90°; field of view, 450 mm (FH) X390 mm
(AP)x 102 mm (RL); acquired matrix, 268 X 234; acquired
voxel size: 1.68 mm X 1.66 mm X 10 mm; reconstructed
voxel size 1.4 mm X 1.4 mm X 10 mm; slice thickness,
10 mm with a gap of — 5 mm (i.e. 5 mm overlap of slices
for gapless coverage); SENSE factor: 2. Number of slices:
20; acquisition time 18-22 s for each stack, depending on the
individual heart rate and breath-holding capability.

MR image evaluation

Anonymized non-contrast MRA images were presented in
random order to two radiologists with four and six years
of experience in cardiovascular imaging, respectively. All
images were interpreted on state-of-the-art RIS/PACS work-
stations (Centricity™ RIS-i 4.2 Plus, GE General Electric
Company).

Image quality assessments and diameter measurements
were performed at the sinuses of Valsalva, sinotubular junc-
tion, ascending aorta at the level of the pulmonary trunk,
aortic arch between the branching of left carotid and left
subclavian artery, and descending aorta at level of the pul-
monary trunk as illustrated in Fig. 1 [10].

Image quality of para-sagittal non-contrast MRA images
was assessed by both readers individually on a four-point
scale regarding sharp anatomic delineation of inner and
outer edges of the vessel walls at all levels [21]:

1 = excellent definition with sharp delineation and high
contrast

2 = well defined with good contrast

3 = poorly defined with low contrast

4 = not visualized

Visibility of a segment was rated to be of diagnosti-
cally acceptable image quality if the score was <2. Thus,
readers were confident that diameter measurements could
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Fig. 1 Para-sagittal ECG-gated non-contrast MRA of the thoracic
aorta with in a 28-year-old man with confirmed Marfan syndrome.
Indicated measurement levels from proximal to distal: sinuses of Val-
salva (1), sinotubular junction (2), ascending aorta (3), aortic arch (4)
and descending aorta (5)

be performed with diagnostic confidence from the visual-
ized segment. Further, both readers analysed the aortic
lumen for thrombi to prevent biased image quality evalu-
ation and diameter measurements.

Diameter measurements were performed by both read-
ers individually at all levels on identically orientated para-
sagittal non-contrast MRA source images perpendicular to
the blood-filled lumen. Readers were free to choose appro-
priate slices displaying the maximal profile of the aorta
from the stacks of para-sagittal images. No secondary mul-
tiplanar reformations (MPR) were used for the comparison
of the two measurement techniques. Using the identically
oriented para-sagittal images avoided user influence intro-
duced by individually performed MPRs and allowed for
assessment of only the differences that are attributed to the
different measurement techniques [23, 26, 27].

Inner-to-inner and outer-to-outer diameters were
measured three times: for assessment of intraobserver
agreement, reader 1 performed two measurements, with
an interval of four weeks between the first and second
measurement. For assessment of interobserver agreement,
reader 2 performed a third measurement. Inner-to-inner
and outer-to-outer diameter measurements were performed
in two different reading sessions with a two-week time lag
between assessments of the same case to avoid recall bias.

@ Springer
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Echocardiography

All Marfan patients underwent a 2D transthoracic echocar-
diographic examination (TEE) on the same day of the non-
contrast MRA study as part of their routine screening at
our University Heart Centre. Two readers with > 10 years
of echocardiographic experience evaluated TTE recordings.
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 [28]. Echocardiography
was performed with a commercially available ultrasound
system (EPIQ CVx, Philips, Andover, MA, USA). Aortic
diameters at the level of sinuses of Valsalva measured by
echocardiography were compared to measurements obtained
from bSSFP MRA.

Statistical analysis

Means and standard deviations of subjective image quality
scoring were calculated for inner and outer vessel wall edges
images for both readers and for the average of both readers.
We do report these results as means + standard deviations
because they are more informative than medians and inter-
quartile ranges. Comparison of the subjective image quality
of the anatomic delineation of inner and outer vessel wall
edges was performed using the Wilcoxon signed-rank test
for paired samples. A weighted k statistic was performed
to assess interobserver variability. A k value of 0.81-1.00
indicated excellent agreement; a k value of 0.61- 0.80, sub-
stantial agreement; a k value of 0.41-0.60, moderate agree-
ment; a k value of 0.21-0.40, fair agreement; and a k value
of 0.00-0.20, slight agreement [29].

Intraclass correlation coefficients (ICC) were calculated
to assess intraobserver and interobserver correlation of
measurements obtained from inner-to-inner and outer-to-
outer measurements. Bland—Altman analysis was used to
assess intra- and interobserver agreement between meas-
urements obtained from inner-to-inner and outer-to-outer
measurements. A two-sided t test was performed for com-
parison of mean differences (bias) and F-test for comparison
of variances.

Inner-to-inner diameter measurements were com-
pared with outer-to-outer diameter measurements using
Bland—Altman analysis. Both inner-to-inner and outer-to-
outer diameter measurements were compared with echo-
cardiographic measurements using Bland—Altman analysis.
A two-sided paired t test was used to determine significant
differences between measurements obtained from 2D bSSFP
MRA and echocardiography.

P-values < 0.05 were considered as statistically signifi-
cant. Statistical analysis was performed using MedCalc for
Windows, version 12.7.8.0 (MedCalc Software).
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Results

All non-contrast MRA studies were performed with suf-
ficient diagnostic image quality and no rating of 4 (=not
visualized) was given. Also, for inner-to-inner measure-
ments only scores of 1 and 2 were given. None of the
patients had an aortic dissection. None of the patients
had mural thrombi and all studies were included in the
evaluation.

MRA image quality of vessel wall edges

Non-contrast MRA image quality ratings of the anatomi-
cal delineation of the vessel wall edges were significantly
higher for inner vessel wall edges compared to outer ves-
sel wall edges at all levels of measurement (all p <0.001)
(Fig. 2 and Table 1).

Fig.2 Para-sagittal non-contrast MRA of the aortic root in a 29-year-
old man with Marfan syndrome illustrating the advantage of inner
diameter measurements. Note the clear delineation of the inner ves-
sel contour at the level of the sinotubular junction and sinuses of
Valsalva (arrowheads) due to stark contrast of the hypointense ves-
sel wall to the hyperintense vessel lumen. Compare the hypointense
outer contour of the aorta that is obscured by hypointense perivascu-
lar tissue (asterisks). A clear delineation of the outer vessel wall is
only possible at the level of the sinuses of Valsalva if adjacent to the
hyperintense lumen of the left atrium (arrow). Both readers rated the
inner vessel wall delineation for the sinuses of Valsalva and sinotu-
bular junction as excellent (grade 1) whereas the outer vessel wall of
the sinuses of Valsalva was rated as well defined (grade 2) and sino-
tubular junction as poorly defined with low contrast (grade 3). Both
observers measured identical inner diameters (40 mm vs. 40 mm; bias
0 mm) and deviating outer diameters (48 mm vs. 44 mm; bias 4 mm)
for the sinuses of Valsalva
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Table 1 Qualitative image quality scores for delineation of outer vs.
inner vessel walls of the thoracic aorta

Aortic level Average Reader 1 Reader2 Weighted x (95%
(el))

Sinuses of Valsalva
Inner 1.5+05 1.5+0.6 1.5+0.6 0.86(0.70-1.0)
Outer 2.1+£0.7 2.1+0.7 2.1+£0.8 0.78 (0.62-0.93)
P-value (t-test) <0.001 <0.001 <0.001 NA

Sinotubular junction
Inner 1.6+0.5 1.6+05 1.5+0.5 0.74(0.53-0.95)
Outer 23+0.6 23+0.7 23+0.6 0.62(0.42-0.82)
P-value (t-test) <0.001 <0.001 <0.001 NA

Ascending aorta
Inner 1.3+05 13+0.6 13+0.6 0.82(0.65-0.99)
Outer 21+£0.6 2.1+0.6 22+0.6 0.79 (0.57-1.0)
P-value (t-test) <0.001 <0.001 <0.001 NA

Mid-aortic arch
Inner 1.2+04 13+05 1.2+04 0.86(0.69-1.0)
Outer 21+£0.6 2.1+0.6 2.1+0.6 0.79 (0.60-0.97)
P-value (t-test) <0.001 <0.001 <0.001 NA

Descending aorta
Inner 12+04 12+05 1.1+£0.3 0.85(0.65-1.0)
Outer 24405 24+05 24+0.5 0.84(0.66-1.0)
P-value (t-test) <0.001 <0.001 <0.001 NA

T-test was performed for comparison of mean differences. Significant
differences are in bold (significant at p <0.05)

A four point-scale regarding sharp anatomic delineation of inner and
outer edges of the vessel was used: 1 =excellent definition with sharp
delineation and high contrast; 2=well defined with good contrast;
3 =poorly defined with low contrast; 4 =not visualized

NA not applicable

Intraobserver agreement of MRA-derived
measurements

Intraobserver correlation was good for both methods at all
measurement levels (all r> 0.8) (Table 2).

Bland-Altman analyses revealed a significantly smaller
(p<0.001) intraobserver bias for inner-to-inner measure-
ments at the sinuses of Valsalva (mean difference: 0.4 mm)
compared to outer-to-outer measurements (mean difference:
0.8 mm) (Fig. 3a, b). The intraobserver bias was signifi-
cantly smaller for inner-to-inner measurements compared to
outer-to-outer measurements also at all other measurement
levels (all p<0.001) (Table 2).

Bland—Altman analyses display a significantly smaller
(p=0.03) intraobserver variance for inner-to-inner measure-
ments at the sinuses of Valsalva (95% limits of agreement:
— 3.1 to 3.9 mm) compared to outer-to-outer measurements
(95% limits of agreement: — 4.2 to 5.8 mm) (Fig. 3a, b,
Supplemental Fig. 1). The intraobserver variance was sig-
nificantly smaller for inner-to-inner measurements compared
to outer-to-outer measurements also at the sinotubular junc-
tion (p=0.03) and the ascending aorta (p=0.03). There was
no significant difference in intraobserver variances at the
level of the aortic arch (p=0.46) and the descending aorta
(p=0.65) (Table 2).

Interobserver agreement of MRA-derived
measurements

Interobserver correlation was higher for inner-to-inner meas-
urements (all r> 0.8) than for outer-to-outer measurements,

Table 2 Intraobserver variance of inner vs. outer aortic measurements as described by Bland and Altman

Sinuses of Valsalva

Sinotubular junction

Ascending aorta Aortic  arch Descending Aorta

Outer-outer edge

Mean difference (mm) 0.80 0.40

Limits of agreement (mm) —421t05.38 —4.0t04.8

SD (mm) 2.5 22

Variance (mm?) 6.4 5.0

ICC (r) 0.91 0.89
Inner-inner edge

Mean difference (mm) 0.43 0.10

Limits of agreement (mm) —-3.1t039 —3.0to3.2

SD (mm) 1.8 1.6

Variance (mm?) 3.1 2.5

ICC (r) 0.95 0.95

P value (t test) <0.001 <0.001

P value (F test) 0.03 0.03

0.13 0.65 0.40
—-35t03.7 —3.1t043 —3.6t04.4
1.9 2 2.1

34 39 4.2

0.95 0.83 0.83

0.52 0.35 -0.15
—2to3.1 —-3.1t03.8 —44t04.2
1.3 1.7 22

1.7 3.1 4.8

0.97 0.86 0.86
<0.001 <0.001 <0.001
0.03 0.46 0.65

Intraclass correlation coefficient (ICC) values are given for outer and inner measurements. T-test was performed for comparison of mean differ-

ences and F-test for comparison of variances

Significant differences are in bold (significant at p <0.05)
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Fig.3 Intra- and interobserver agreement of inner vs. outer aortic
diameter measurements using non-contrast MRA at the sinuses of
Valsalva. a, b Bland—Altman plots of intraobserver agreement dem-
onstrate a significantly smaller intraobserver variance of a inner
measurements compared to b outer measurements (p<0.001). ¢, d

except for the aortic arch and descending aorta where inter-
observer correlation was comparable to outer-to-outer meas-
urements (Table 3).

Bland-Altman analyses revealed a significantly smaller
(p<0.001) interobserver bias for inner-to-inner measure-
ments at the sinuses of Valsalva (mean difference: — 0.4 mm)
compared to outer-to-outer measurements (mean difference:
— 0.9 mm) (Fig. 3c, d). The interobserver bias was signifi-
cantly smaller for inner-to-inner measurements compared to
outer-to-outer measurements also at all other measurement
levels (all p<0.001) (Table 3).

Bland—Altman analyses further revealed a significantly
smaller (p=0.001) interobserver variance for inner-to-
inner measurements at the sinuses of Valsalva (95% limits
of agreement: — 4.2 to 3.3 mm) compared to outer-to-outer
measurements (95% limits of agreement: — 9 to 7.1 mm)
(Fig. 3c, d). The interobserver variance was significantly
smaller for inner-to-inner measurements compared to outer-
to-outer measurements also at the sinotubular junction
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Analyses of interobserver agreement measurements also demonstrate
a significantly smaller interobserver variance of ¢ inner measure-
ments compared to d outer measurements (p=0.001). Middle solid
line indicates mean bias of diameter measurements. Dotted lines indi-
cate limits of agreement

(p<0.05) and the ascending aorta (p <0.001). There was
no significant difference in interobserver variances at the
level of the aortic arch (p=0.16) and the descending aorta
(p=0.07) (Table 3).

Comparison of MRA-derived inner vs. outer aortic
measurements

Bland—Altman analyses of the measured diameters at the
sinuses of Valsalva revealed a significantly higher diameter
of outer measurements compared to inner diameter measure-
ments with a mean of — 5.8 +2.6 mm (p <0.001) Fig. 4).
The measured aortic diameter was significantly higher for
outer measurements compared to inner measurements also at
all other measurement levels (all p<0.001) (Table 4).

The mean difference between both methods ranged from
— 4.4+ 1.9 mm in the aortic arch to — 6.2 +2.4 mm at the
sinuses of Valsalva (Table 4).
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Table 3 Interobserver variance of inner vs. outer aortic measurements as described by Bland and Altman

Sinuses of Valsalva Sinotubular junction Ascending aorta Aortic arch Descending aorta

Outer-outer edge

Mean difference (mm) —-0.93 0.50 —0.60 0.40 0.30

Limits of agreement (mm) —89t07.1 —7.5t08.5 —11.41t010.2 —3.0t03.8 —37t033

SD (mm) 4.1 4.1 5.5 1.8 1.8

Variance (mm?) 16.9 16.8 30.1 3.1 3.1

ICC (r) 0.75 0.67 0.48 0.83 0.88
Inner-inner edge

Mean difference (mm) —043 0.18 0.15 —0.05 0.20

Limits of agreement (mm) —42t03.3 —56t059 —47t044 —27t02.8 —27t025

SD (mm) 1.9 2.9 2.3 14 1.3

Variance (mm?) 3.7 8.8 5.4 2.0 1.7

ICC (v) 0.94 0.82 0.89 0.89 0.92

P value (t test) <0.001 <0.001 <0.001 <0.001 <0.001

P value (F test) <0.001 <0.05 <0.001 0.16 0.07

Intraclass correlation coefficient (ICC) values are given for outer and inner measurements. T-test was performed for comparison of mean differ-

ences and F-test for comparison of variances

Significant differences are in bold (significant at p <0.05)
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Fig.4 Bland—Altman comparison of the measured diameters at
the sinuses of Valsalva assessed by inner and outer non-contrast
MRA measurements. The plot illustrates a significant difference
of —5.8+2.6 mm for inner measurements compared to outer meas-
urements (p<0.0001). Middle solid line indicates mean bias of diam-
eter measurements. Dotted lines indicate limits of agreement

Comparison of MRA-derived inner and outer
measurements vs. echocardiography

Bland—Altman analyses of the measured diameters at the
sinuses of Valsalva revealed a significantly higher diameter
of MRA-derived outer-to-outer measurements (35 +5 mm)
when compared to echocardiographic measurements
(42 + 6 mm), resulting in a mean difference of 6.9 +3.1 mm
(p<0.001). MRA-derived inner-to-inner measurements at
the sinuses of Valsalva (36 +5 mm) were also significantly
higher (p=0.014) when compared to echocardiographic
measurements (35 +5 mm), but with a smaller mean differ-
ence of 1.1 +£2.3 mm (Fig. 5).

Impact on clinical decision-making

Both readers correctly identified aortic root aneu-
rysms >45 mm in three of the 40 included patients (8%)

Table 4 Comparison of aortic diameters as determined by inner and outer measurements

Sinuses of Valsalva Sinotubular junction Ascending aorta Aortic arch Descending aorta
Inner-inner (mm) 36.1+5.4 27.4+4.7 25.8+4.7 20.7+2.9 20.5+3.1
Outer-outer (mm) 42.3+5.5 32.2+4.6 30.6+4.6 25.1+3.0 253+3.4
Mean difference (mm) —-62+24 —48+1.6 —49+2.6 —-44+19 —48+1.5
P-value (t-test) <0.001 <0.001 <0.001 <0.001 <0.001

T-test was performed for comparison of mean differences
Significant differences are in bold (significant at p <0.05)
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Fig.5 Bland-Altman comparison of inner and outer non-contrast
MRA diameter measurements vs. echocardiographic leading-edge
measurements at the sinuses of Valsalva. The plots reveal a difference
of a 1.1 +2.3 mm for inner MRA measurements (p=0.014) and a dif-
ference of b 6.9+3.1 mm for outer MRA measurements (p <0.001)
when compared to echocardiography. Keep in mind the para-sagittal
orientation of MRA-derived measurements vs. parasternal long axis-
view orientation of echocardiographic measurements. Middle solid
line indicates mean bias of diameter measurements. Dotted lines indi-
cate limits of agreement

Fig. 6 Para-sagittal non-contrast MRA of three Marfan patients with
aortic root aneurysms with diameters larger than 45 mm. a-c All
three aneurysms were correctly identified using MRA-derived inner-
to-inner measurements. These findings were confirmed by echocardi-
ography and all patients underwent prophylactic aortic root replace-
ment. Both readers rated the inner vessel wall delineation for the
sinuses of Valsalva as superior when compared to outer vessel wall
delineation. Both observers measured comparable inner diameters: A:
47 vs. 48 mm; B: 51 vs. 51 mm; C: 50 vs. 50 mm which were similar
to diameters obtained by echocardiography: A: 46 mm; B: 49 mm; C:
51 mm. Outer diameters showed a higher deviation: A: 50 vs. 52 mm
B: 55 vs. 59 mm; C: 53 vs. 57 mm

with additional risk factors using MRA-derived inner-to-
inner measurements (Fig. 6). These findings were correlated
with echocardiography and all three patients underwent pro-
phylactic aortic root replacement to evade the risk of dissec-
tion. Using MRA, both readers measured comparable inner
diameters in all three patients for the sinuses of Valsalva
(differences: 0, 0, and 1 mm, respectively) and deviating
outer diameters (differences: 2, 4, and 4 mm, respectively).
Compared with diameters obtained by echocardiography
there was a bigger difference for outer diameters than inner
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diameters (4 and 6 vs. 1 and 2 mm; 6 and 10 vs. 2 and 2 mm;
2 and 6 vs. 1 and 1 mm).

Discussion

We successfully demonstrated that inner-to-inner measure-
ments are more reliable than outer-to-outer edge measure-
ments when using ECG-gated non-contrast MRA for moni-
toring of aortic diameters in Marfan patients.

Our results revealed that inner aortic vessel wall edges
show a clear demarcation due to the high contrast between
the hypointense vessel wall and the hyperintense vessel
lumen. In contrast, outer vessel wall edges show a signifi-
cantly worse demarcation, which is explained by the hypoin-
tense vessel wall that is surrounded by also hypointense
perivascular tissue, resulting in a more difficult discrimina-
tion. The better delineation of the inner vessel wall edges
translated in significantly smaller intra- and interobserver
biases of the entire thoracic aorta and significantly smaller
variances of measurements for the aortic root.

There were no significant differences of variances
between inner and outer measurements at the level of
the aortic arch and the descending aorta, which might be
explained by a clear demarcation of the aortic arch and the
straight course of the descending aorta. This observation
is in accordance with a recent study demonstrating higher
correlation of measurements at the level of the aortic arch
and descending aorta compared to other aortic levels [30].

As expected, inner-to-inner diameter measurements
resulted in significantly smaller diameters when compared
to outer-to-outer measurements. At the sinuses of Valsalva
this diameter difference amounted to a statistically signifi-
cant difference of ~6 mm. A diameter difference of 6 mm is
clinically relevant, particularly in Marfan patients approach-
ing the threshold diameter for aortic root surgery, thereby
impacting on indication of elective aortic root surgery.

Both inner and outer para-sagittal MRA-derived measure-
ments of the sinuses of Valsalva were significantly higher
when compared to parasternal long axis echocardiographic
leading-edge measurements. Expectedly, the difference
between echocardiographic leading-edge diameter and
MRA-derived outer diameters (~7 mm) was higher and clin-
ically more relevant than the difference from MRA-derived
inner diameters (~ 1 mm). The remaining small difference
between MRA-derived inner-to-inner diameters and echo-
cardiographic leading-edge diameters is explained by the
different angle of incidence and imaging modalities [31].
Taken together, MRA-derived inner-to-inner measurements
show a smaller variance and higher agreement with echo-
cardiographic measurements than outer-to-outer measure-
ments. These results regarding aortic diameter assessment
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are clinically relevant as they are critical for surgical deci-
sions in Marfan patients.

Our study emphasizes the importance of unified stand-
ardization regarding the inclusion of the aortic wall in aortic
diameter measurements for non-contrast MRA in Marfan
patients. According to our results, we propose a standardized
report of the internal aortic diameter for non-contrast MRA
in Marfan patients. Our findings support the recommenda-
tion of the Society for Cardiovascular Magnetic Resonance
board of trustee’s task force on standardized image interpre-
tation in cardiovascular magnetic resonance. Of note, the
guidelines for the diagnosis and management of thoracic
aortic disease recommend the opposite approach. However,
both guidelines state that the external diameter is useful to
avoid confounding by mural thrombi [10, 22], as it is com-
monly found in the abdominal but not in the ascending aorta
[10, 28]. This is in accordance with our study: none of the
included patients had mural thrombi. Therefore, we do advo-
cate internal measurements of the thoracic aorta in Marfan
patients when using MRA.

Study limitations

There are certain limitations to this study. First, measure-
ments were only performed in para-sagittal planes of source
images (aligned with the curvature of the aortic arch along
the flow axis of the aorta) without using secondary multi-
planar reformations. However, using identically orientated
source images for both inner-to-inner and outer-to-outer
measurements minimizes possible bias introduced by sub-
optimal secondary reformations and subsequent measure-
ment errors. Assessment of identical source images allows
for true assessment of the influence of inner edge vs. outer
edge measurement technique on measurement agreement.
We acknowledge that secondary reformations such as double
oblique techniques may result in different absolute diameters
[32]. However, such secondary reformations also introduce
operator-dependent biases. 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 imag-
ing and triggering techniques [23, 26, 27]. In every day clini-
cal practice, we use and recommend secondary reformations
and/or dedicated cardiac cine MRI in Marfan patients reach-
ing critical aortic root diameters. Secondly, we did not assess
other MRA techniques such as other non-contrast 3D-MRA
sequences or contrast-enhanced MRA. Another limitation is
that we only used bright-blood MR sequences. Dark-blood
MR sequences allow for better delineation of the aortic wall
and may be better suited for measurements of outer aortic
diameter measurements [33, 34]. Future studies addressing
the comparison of these MR sequences are warranted.

Conclusions

In conclusion, inner-to-inner vessel wall measurements in
non-contrast MRA provide more reliable diameters when
compared to outer-to-outer vessel wall measurements of the
aortic root. Therefore, we propose to rely on inner rather
than outer aortic wall measurements in non-contrast MRA
when monitoring aortic diameters in patients with Marfan
syndrome or other thoracic aortic disease.

Acknowledgements Open Access funding provided by Projekt DEAL.

Compliance with ethical standards

Conflict of interest The authors report no relationships that could be
construed as a conflict of interest.

Ethical approval The local institutional review board approved our ret-
rospective single-centre study and waived the requirement for informed
consent. The study protocol complied with the Declaration of Helsinki
and was part of routinely performed non-invasive imaging methods.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Judge DP, Dietz HC (2005) Marfan’s syndrome. Lancet
366:1965-1976

2. Groth KA, Hove H, Kyhl K et al (2015) Prevalence, incidence,
and age at diagnosis in Marfan Syndrome. Orphanet J Rare Dis
10:153

3. von Kodolitsch Y, De Backer J, Schiiler H, Bannas P, Behzadi
C, Bernhardt AM et al (2014) Perspectives on the revised Ghent
criteria for the diagnosis of Marfan syndrome. Appl Clin Genet
8:137-155

4. Murdoch JL, Walker BA, Halpern BL, Kuzma JW, McKusick VA
(1972) Life expectancy and causes of death in the Marfan syn-
drome. N Engl J Med 286:804—-808

5. Sheikhzadeh S, De Backer J, Gorgan NR, Rybczynski M, Hille-
brand M, Schiiler H et al (2014) The main pulmonary artery in
adults: a controlled multicenter study with assessment of echocar-
diographic reference values, and the frequency of dilatation and
aneurysm in Marfan syndrome. Orphanet J Rare Dis 9:203

6. Holloway BJ, Rosewarne D, Jones RG (2014) Imaging of thoracic
aortic disease. Br J Radiol 84:S338-S354

7. den Hartog AW, Franken R, de Witte P et al (2013) Aortic disease
in patients with Marfan syndrome: aortic volume assessment for
surveillance. Radiology 269:370-377

@ Springer


http://creativecommons.org/licenses/by/4.0/

1542

The International Journal of Cardiovascular Imaging (2020) 36:1533-1542

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

von Kodolitsch Y, Rybczynski M, Vogler M, Mir T, Schiiler H,
Kutsche K et al (2016) The role of the multidisciplinary health
care team in the management of patients with Marfan syndrome.
J Multidiscip Healthc 9:587-614

Jondeau G, Detaint D, Tubach F et al (2012) Aortic event rate in
the Marfan population: a cohort study. Circulation 125:226-232
Hiratzka LF, Bakris GL, Beckman JA et al (2010) 2010 ACCF/
AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM Guidelines
for the diagnosis and management of patients with thoracic aor-
tic disease. A Report of the American College of Cardiology
Foundation/American Heart Association Task Force on Practice
Guidelines, American Association for Thoracic Surgery, Ameri-
can College of Radiology, American Stroke Association, Society
of Cardiovascular Anesthesiologists, Society for Cardiovascular
Angiography and Interventions, Society of Interventional Radi-
ology, Society of Thoracic Surgeons, and Society for Vascular
Medicine. J Am Coll Cardiol 55:e27-e129

Hofmann Bowman MA, Eagle KA, Milewicz DM (2019) Update
on clinical trials of Losartan with and without p-blockers to block
aneurysm growth in patients with Marfan syndrome. JAMA Car-
diol 4:702-706

Lenz A, Petersen J, Riedel C, Weinrich JM, Kooijman H, Schoen-
nagel BP, Adam G, von Kodolitsch Y, Reichenspurner H, Girdaus-
kas E, Bannas P (2020) 4D flow MRI for monitoring of aortic
valve repair in bicuspid aortic valve disease. J Cardiovasc Magn
Reson. https://doi.org/10.1186/s12968-020-00608-0

Dyverfeldt P, Bissell M, Barker AJ, Bolger AF, Carlhill C-J,
Ebbers T et al (2015) 4D flow cardiovascular magnetic resonance
consensus statement. J Cardiovasc Magn Reson 17:72

Geiger J, Hirtler D, Gottfried K, Rahman O, Bollache E, Barker
AlJ et al (2017) Longitudinal evaluation of aortic hemodynamics
in marfan syndrome: new insights from a 4D flow cardiovascu-
lar magnetic resonance multi-year follow-up study. J Cardiovasc
Magn Reson 19:1-11

Wang H-H, Chiu H-H, Tseng W-YI, Peng H-H (2016) Does
altered aortic flow in marfan syndrome relate to aortic root dila-
tation? J Magn Reson Imaging 44:500-508

Weinrich JM, Lenz A, Girdauskas E, Adam G, von Kodolitsch
Y, Bannas P (2019) Current and emerging imaging techniques in
patients with genetic aortic syndromes. Rofo 192:50-58

von Kodolitsch Y, Robinson PN, Berger J (2014) When should
surgery be performed in Marfan syndrome and other connective
tissue disorders to protect against type A dissection? In: Bonsen
R, et al. (eds) Controversies in aortic dissection and aneurysmal
disease. Springer, London, pp 17-47

von Kodolitsch Y, Rybczynski M, Detter C, Robinson PN (2008)
Diagnosis and management of Marfan syndrome. Future Cardiol
4:85-96

Hanneman K, Chan FP, Mitchell RS, Miller DC, Fleischmann D
(2016) Pre- and postoperative imaging of the aortic root. Radio-
graphics 36:19-37

von Knobelsdorff-Brenkenhoff F, Gruettner H, Trauzeddel
RF, Greiser A, Schulz-Menger J (2014) Comparison of native
high-resolution 3D and contrast-enhanced MR angiography for
assessing the thoracic aorta. Eur Heart J Cardiovasc Imaging
15:651-658

Krishnam MS, Tomasian A, Malik S, Desphande V, Laub G,
Ruehm SG (2009) Image quality and diagnostic accuracy of
unenhanced SSFP MR angiography compared with conventional
contrast-enhanced MR angiography for the assessment of thoracic
aortic diseases. Eur Radiol 20:1311-1320

Schulz-Menger J, Bluemke DA, Bremerich J et al (2013) Stand-
ardized image interpretation and post processing in cardiovascular

@ Springer

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

magnetic resonance: Society for Cardiovascular Magnetic Reso-
nance (SCMR) Board of Trustees Task Force on Standardized
Post Processing. J Cardiovasc Magn Reson 15:35

Bannas P, Groth M, Rybczynski M, Sheikhzadeh S, von Kodo-
litsch Y, Graessner J et al (2013) Assessment of aortic root dimen-
sions in patients with suspected Marfan syndrome: intraindividual
comparison of contrast-enhanced and non-contrast magnetic
resonance angiography with echocardiography. Int J Cardiol
167:190-196

Groth M, Henes FO, Miillerleile K, Bannas P, Adam G, Regier
M (2012) Accuracy of thoracic aortic measurements assessed by
contrast enhanced and unenhanced magnetic resonance imaging.
Eur J Radiol 81:762-766

Loeys BL, Dietz HC, Braverman AC et al (2010) The revised
Ghent nosology for the Marfan syndrome. J] Med Genet
47:476-485

Veldhoen S, Behzadi C, Lenz A, Henes FO, Rybczynski M, von
Kodolitsch Y et al (2017) Non-contrast MR angiography at 1.5
Tesla for aortic monitoring in Marfan patients after aortic root
surgery. J Cardiovasc Magn Reson 19:82. https://doi.org/10.1186/
$12968-017-0394-y

Veldhoen S, Behzadi C, Derlin T, Rybczinsky M, von Kodolitsch
Y, Sheikhzadeh S et al (2014) Exact monitoring of aortic diam-
eters in Marfan patients without gadolinium contrast: intraindi-
vidual comparison of 2D SSFP imaging with 3D CE-MRA and
echocardiography. Eur Radiol 25:872-882

Goldstein SA, Evangelista A, Abbara S, Arai A, Asch FM, Badano
LP et al (2015) Multimodality imaging of diseases of the tho-
racic aorta in adults: from the American Society of Echocardiog-
raphy and the European Association of Cardiovascular Imaging:
endorsed by the Society of Cardiovascular Computed Tomogra-
phy and Society for Cardiovascular Magnetic Resonance. J] Am
Soc Echocardiogr 28:119-182

Kundel HL, Polansky M (2003) Measurement of observer agree-
ment. Radiology 228:303-308

Asch FM, Yuriditsky E, Prakash SK, Roman MJ, Weinsaft JW,
Weissman G et al (2016) The need for standardized methods for
measuring the aorta: multimodality core lab experience from the
GenTAC registry. JACC Cardiovasc Imaging 9:219-226
Amsallem M, Ou P, Milleron O, Henry-Feugeas M-C, Detaint D,
Arnoult F et al (2015) Comparative assessment of ascending aor-
tic aneurysms in Marfan patients using ECG-gated computerized
tomographic angiography versus trans-thoracic echocardiography.
Int J Cardiol 184:22-27

Mendoza DD, Kochar M, Devereux RB, Basson CT, Min JK,
Holmes K et al (2011) Impact of image analysis methodology
on diagnostic and surgical classification of patients with thoracic
aortic aneurysms. Ann Thorac Surg 92:904-912

Eikendal ALM, Blomberg BA, Haaring C, Saam T, van der Geest
RJ, Visser F et al (2016) 3D black blood VISTA vessel wall cardi-
ovascular magnetic resonance of the thoracic aorta wall in young,
healthy adults: reproducibility and implications for efficacy trial
sample sizes: a cross-sectional study. J Cardiovasc Magn Reson
18(1):20

Liu C-Y, Chen D, Bluemke DA, Wu CO, Teixid6-Tura G, Chugh
A et al (2015) Evolution of aortic wall thickness and stiffness with
atherosclerosis. Hypertension 65:1015-1019

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1186/s12968-020-00608-0
https://doi.org/10.1186/s12968-017-0394-y
https://doi.org/10.1186/s12968-017-0394-y

	Reliability of non-contrast magnetic resonance angiography-derived aortic diameters in Marfan patients: comparison of inner vs. outer vessel wall measurements
	Abstract
	Introduction
	Material and methods
	Study population
	Non-contrast MRA
	MR image evaluation
	Echocardiography
	Statistical analysis

	Results
	MRA image quality of vessel wall edges
	Intraobserver agreement of MRA-derived measurements
	Interobserver agreement of MRA-derived measurements
	Comparison of MRA-derived inner vs. outer aortic measurements
	Comparison of MRA-derived inner and outer measurements vs. echocardiography
	Impact on clinical decision-making

	Discussion
	Study limitations

	Conclusions
	Acknowledgements 
	References




