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Abstract

Background Patients with Marfan syndrome are at risk for aortic enlargement and are routinely monitored by
computed tomography (CT) imaging. The purpose of this study is to analyse body composition using artificial
intelligence (AI)-based tissue segmentation in patients with Marfan syndrome in order to identify possible predictors
of progressive aortic enlargement.
Methods In this study, the body composition of 25 patients aged ≤50 years with Marfan syndrome and no prior aortic
repair was analysed at the third lumbar vertebra (L3) level from a retrospective dataset using an AI-based software tool
(Visage Imaging). All patients underwent electrocardiography-triggered CT of the aorta twice within 2 years for
suspected progression of aortic disease, suspected dissection, and/or pre-operative evaluation. Progression of aortic
enlargement was defined as an increase in diameter at the aortic sinus or the ascending aorta of at least 2 mm. Patients
meeting this definition were assigned to the ‘progressive aortic enlargement’ group (proAE group) and patients with
stable diameters to the ‘stable aortic enlargement’ group (staAE group). Statistical analysis was performed using the
Mann–Whitney U test. Two possible body composition predictors of aortic enlargement—skeletal muscle density
(SMD) and psoas muscle index (PMI)—were analysed further using multivariant logistic regression analysis. Aortic
enlargement was defined as the dependent variant, whereas PMI, SMD, age, sex, body mass index (BMI), beta blocker
medication, and time interval between CT scans were defined as independent variants.
Results There were 13 patients in the proAE group and 12 patients in the staAE group. AI-based automated analysis of
body composition at L3 revealed a significantly increased SMD measured in Hounsfield units (HUs) in patients with
aortic enlargement (proAE group: 50.0 ± 8.6 HU vs. staAE group: 39.0 ± 15.0 HU; P = 0.03). PMI also trended
towards higher values in the proAE group (proAE group: 6.8 ± 2.3 vs. staAE group: 5.6 ± 1.3; P = 0.19). Multivariate
logistic regression revealed significant prediction of aortic enlargement for SMD (P = 0.05) and PMI (P = 0.04).
Conclusions Artificial intelligence-based analysis of body composition at L3 in Marfan patients is feasible and easily
available from CT angiography. Analysis of body composition at L3 revealed significantly higher SMD in patients with
progressive aortic enlargement. PMI and SMD significantly predicted aortic enlargement in these patients. Using body
composition as a predictor of progressive aortic enlargement may contribute information for risk stratification
regarding follow-up intervals and the need for aortic repair.
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Introduction

The Marfan syndrome is an inherited connective tissue disor-
der with an estimated incidence of 2–3 per 10 000 individuals.
Its phenotype is characterized by cardiovascular, musculoskel-
etal, and ocular abnormalities.1 Several mutations for the
classical Marfan syndrome have been described and they
frequently involve the fibrillin-1 gene (FBN1).2,3 Major criteria
for the diagnosis of Marfan syndrome according to the Ghent
nosology include dilation of the aortic root, aortic dissection,
ectopia lentis, characteristic skeletal abnormalities, and
certain genetic mutations.4

Untreated patients with Marfan syndrome are at risk for
aortic dissection, aortic rupture, primary cardiomyopathy,
and heart failure due to mitral or aortic valve regurgitation.
In the past, mean life expectancy was as low as 32 years.5,6

As cardiovascular manifestations are the main cause of
morbidity and mortality, complete aortic imaging in patients
with suspected Marfan syndrome and related disorders is
recommended.7,8 Monitoring patients at risk for aortic
dilatation and the advent of surgical repair for aortic
aneurysms have greatly improved long-term survival in
Marfan syndrome.9

For initial assessment of aortic diameter, patients with
Marfan syndrome usually undergo echocardiography, as
recommended by international guidelines.10 To avoid under-
estimation of aortic enlargement, when determined by
echocardiography, it is recommended to supplement the
initial examination by additional computed tomography (CT)
or magnetic resonance imaging (MRI) of the aorta.8 While
yearly follow-up imaging is generally performed with
echocardiography, CT or MRI angiography is appropriate if ini-
tial sonographic assessment underestimated cross-sectional
aortic diameter, dissection is clinically suspected, or surgical
aortic repair is intended.11,12

Typical musculoskeletal findings in patients with
Marfan syndrome are arachnodactyly, pectus deformity,
scoliosis, acetabular protrusion, and disproportionately long
extremities.13 Other abnormalities including reduced bone
mineral density, reduced muscle mass, and muscle weakness
have been described and might influence body composition
of affected patients.14,15

Evaluation of body composition as a possible predictor of
cardiovascular disease is well established. For example, ab-
dominal obesity has been shown to be highly predictive of
coronary heart disease, and the psoas muscle area at the
level of the third lumbar vertebra (L3) appears to predict
outcome in patients undergoing transcatheter aortic valve
implantation.16,17 CT allows straightforward analysis of
body composition and quantification of sarcopenia.18,19 As
manual segmentation of CT datasets is time consuming,

earlier studies investigating body composition analysis
have often been performed in small patient populations.
Artificial intelligence-based automated tissue segmentation
can dramatically decrease post-processing time of these
datasets.20

This study aims to retrospectively analyse the body compo-
sition of patients with Marfan syndrome using artificial intel-
ligence (AI)-based automated tissue segmentation and to
identify possible features of body composition that might
predict progression of aortic enlargement.

Materials and methods

Study design

In this single-centre study, we analysed body composition
and aortic diameters in a retrospective dataset of patients
who underwent CT imaging of the entire aorta twice within
2 years. The study was approved by the institutional review
board.

Patient cohort and patient characteristics

All patients diagnosed with Marfan syndrome at the
outpatient Marfan Center of the Charité University Hospital
Berlin who were referred to the Department of Radiology
between 2018 and 2020 were included in this study, if they
underwent electrocardiography-triggered CT angiography of
the aorta twice within 2 years due to suspected progression
of aortic enlargement, suspected aortic dissection, or
pre-operative evaluation for surgical repair or replacement.
Exclusion criteria were prior surgical or interventional aortic
repair and patient age greater than 50 years as aortic enlarge-
ment in older patients might have causes other than Marfan
syndrome.

Progression of aortic enlargement was defined as an in-
crease in the diameter of the aortic sinus or the ascending
aorta of at least 2 mm within 2 years. Patients with progres-
sive aortic enlargement were assigned to the ‘progressive
aortic enlargement’ group (proAE group), whereas patients
without progressive aortic enlargement were assigned to
the ‘stable aortic enlargement’ group (staAE group).

Image acquisition and aortic diameter
measurement

All patients referred to the Department of Radiology were
examined in the same single-source 256-row CT scanner
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(Revolution CT, General Electric, Milwaukee, USA). After
intravenous bolus injection of iodinated contrast medium,
an axial ECG-triggered whole-heart scan including the aortic
root was performed, immediately followed by a helical scan
of the entire aorta. Adequate opacification of the aorta was
ensured by bolus tracking with SmartPrep (General Electric,
Milwaukee, USA).

Aortic diameters were determined from double oblique
multiplanar reconstructions perpendicular to the course of
the vessel using Merlin viewer (Phoenix-PACS GmbH,
Freiburg im Breisgau, Germany).

Measurements were performed at the levels of the aortic
sinus and the largest diameter of the ascending aorta
(proximal to the branching of the brachiocephalic trunk).
Aortic diameter was consistently measured from outer edge
to outer edge during serial follow-up imaging.

Body composition analysis

For analysis of body composition, we used an AI-based
automated software tool based on a convolutional neural
network, U-net, developed for image segmentation (Visage
version 7.1., Visage Imaging GmbH, Berlin, Germany). The
network consists of nine blocks: four downsampling blocks,
four upsampling blocks, and one in between. The training data
consisted of 200 axial CT images of the L3 level, and
augmentation was applied during training to improve
generalization of the network. Tissue was separated into
psoas muscle, skeletal muscle, visceral fat, and subcutaneous
fat and coded with different colours. Other tissues, such as
kidney, liver, spleen, intestine, and pancreas, were not
segmented. False tissue segmentation occurred in a few
cases, for example, when hypodense stool in the intestine
was misinterpreted as body fat, and was manually corrected.
The area in square centimetres (cm2) and density in
Hounsfield unit (HU) of each segmented tissue class were
automatically calculated by the software. The following
parameters were derived from L3 body composition analysis:
mean density (in HU) of skeletal muscle including the psoas
muscle (SMD), and areas (in cm2) of skeletal muscle, visceral
adipose tissue (VAT), and subcutaneous adipose tissue (SAT).
The psoas muscle index (PMI) was calculated using the
following formula: psoas muscle area (cm2)/body surface area
(m2). Two possible body composition predictors of aortic
enlargement—SMD and PMI—were analysed further using
multivariant logistic regression analysis. Aortic enlargement
was defined as a dependent variant, whereas PMI, SMD,
age, sex, body mass index (BMI), beta blocker medication,
and time interval between CT scans were defined as indepen-
dent variants. An example of AI-based automated analysis of
L3 body composition is shown in Figure 1.

Statistical analysis

The Shapiro–Wilk test was used to test for normal distribu-
tion. Statistical significance of differences between the two
groups was evaluated using the Mann–Whitney U test, and
a P value ≤0.05 was considered to indicate a significant
difference. For prediction of aortic enlargement, multivariant
logistic regression was performed. All data analyses were
performed using IBM SPSS Statistics version 27 (IBM,
Armonk, New York, USA).

Results

Baseline data

A total of 25 patients were included in this study. There were
no significant differences regarding possible confounders in-
cluding age (proAE group: mean 32 ± 8 years; staAE group:
mean 37 ± 9 years; P = 0.10), time interval between the two
follow-up CT angiographies (proAE group: mean 559 ± 240;
staAE group: mean 482 ± 234 days; P = 0.42) and sex (proAE
group: 5 female and 8 male patients; staAE group: 5 female
and 7 male patients; P = 0.88). Except for one patient per
group, all patients were on medication including a renin–
angiotensin system antagonist or beta blocker. The patients’
baseline characteristics are summarized in Table 1. The mean
dose-length product was 447.7 mGy * cm in the first and
553.4 mGy * cm in the second CT angiography.

Figure 1 Example of artificial intelligence-based automated analysis of L3
body composition in an 18-year-old male patient with diagnosed Marfan
syndrome. Each segmented tissue is coded with a different colour: psoas
muscle = purple, skeletal muscle (except psoas muscle) = green, visceral
fat = dark green, blue = subcutaneous fat. Tissue density and area were
automatically calculated using Visage version 7.1.
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Diameters of aortic sinus and ascending aorta

In the first CT examination, the mean diameter of the aortic
sinus was 44 ± 3.9 mm in the proAE group (with progression
of aortic enlargement) and 44 ± 4.4 mm in the staAE group
(without progression of aortic enlargement). The mean
diameter of the ascending aorta was 34 ± 6.4 mm in the
proAE group and 36 ± 8.8 in the staAE group. There was no
statistically significant difference in the initial diameters
measured in first CT angiography between the proAE group
and the staAE group (aortic sinus: P = 0.86; and ascending
aorta: P = 0.45).

The second CT angiography yielded a mean diameter of
the aortic sinus of 46 ± 3.7 mm and a mean diameter of the
ascending aorta of 35 ± 7.5 mm in the proAE group, whereas
in the staAE group, the mean diameter of the aortic sinus was
45 ± 5.1 mm, and the mean diameter of the ascending aorta
was 36 ± 8.8 mm.

Body composition

Patients with progressive aortic enlargement had a higher
SMD (proAE group: SMD = 50.0 ± 8.6 HU vs. staAE group:
SMD = 39.0 ± 15.0 HU; P = 0.03). The PMI also trended
towards higher values in the proAE group (proAE group:
PMI = 6.8 ± 2.3 vs. staAE group: PMI = 5.6 ± 1.3; P = 0.19).

No differences between the two groups regarding other
parameters of body composition such as VAT (proAE group:
85.1 ± 59.8 mm2; staAE group: 104.3 ± 88.0 mm2; P = 0.53)
and SAT (proAE group: 125.6 ± 57.3 mm2; staAE group:
182.6 ± 140 mm2; P = 0.19) were found. All results are com-
piled in Figures 1 and 2.

Multivariant logistic regression with aortic enlargement as
dependent variant was performed for PMI and SMD, each
combined with other independent variants including age,
sex, BMI, beta blocker medication, and time interval between
the two CT angiographies. Significant predictors of

Table 1 Demographic characteristics and time interval between the two follow-up CT scans analysed in this retrospective study

Total (mean ± SD) proAE (mean ± SD) staAE (mean ± SD) P value

Number of patients 25 13 12
Age (years) 35 ± 9 32 ± 8 37 ± 9 0.10
Body height (cm) 187 ± 13 189 ± 11 185 ± 14 0.54
BMI (kg/m2) 24 ± 6 23 ± 4 25 ± 7 0.38
Sex (♂/♀) 15/10 8/5 7/5 0.88
Interval between CT scans (days) 522 ± 235 559 ± 240 482 ± 234 days 0.42

Data are provided for the total population and the two subgroups. proAE group = group with progressive aortic enlargement; staAE
group = group with stable aortic enlargement.
BMI, body mass index; CT, computed tomography.

Figure 2 Box plots visualizing analysis of AI-based automated L3 body composition in Marfan patients: (A) muscle density (in HU), (B) PMI (in cm
2
/m

2
),

(C) SAT area, and (D) VAT area. AI, artificial intelligence; HU, Hounsfield unit; L3, third lumbar vertebra; PMI, psoas muscle index; SAT, subcutaneous
adipose tissue; VAT, visceral adipose tissue. An asterisk (*) indicates statistically significant results (P ≤ 0.05).
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progressive aortic enlargement were SMD (P = 0.05) and PMI
(P = 0.04). The results are compiled in Table 2.

Discussion

In this study, we analysed the body composition of patients
with Marfan syndrome from a retrospective dataset of
patients who underwent CT angiography of the aorta twice
within 2 years. The cohort was divided into two groups: the
proAE group with progressive aortic enlargement and the
staAE group with stable aortic diameters. After excluding
possible confounders such as time between the two examina-
tions and patient characteristics like age, height, and sex, we
compared the two groups regarding their body composition.
Progressive aortic enlargement was associated with a signifi-
cantly higher overall SMD in comparison with patients with
stable diameters of the aortic sinus and ascending aorta.
Additionally, SMD and PMI were found to significantly predict
aortic enlargement in patients with Marfan syndrome.

According to the revised Ghent nosology for the Marfan
syndrome, enlargement of the aortic root is a major criterion
for establishing the diagnosis and is associated with a high risk
for aortic dissection and hence cardiovascular mortality.2,4,21

As a result of improved monitoring including follow-up
imaging and improved surgical and interventional repair
techniques available today, patients with Marfan syndrome
have near-normal life expectancy if treated in experienced
and specialized centres.22,23 Patients with progression of
aortic enlargement are at risk, and aortic repair is usually
recommended.24,25

Segmentation of a single-slice axial CT image at the L3
level is an established reference method for body com-
position analysis and has shown to be a useful indicator
for prognosis and risk stratification in several diseases,
particularly cardiovascular and malignant conditions.26–28

Both sarcopenia and sarcopenic obesity are risk factors in
cardiovascular disease but are also associated with
unfavourable outcomes in malignancies and with prolonged
postoperative recovery.29–32 However, the influence of body
composition in Marfan syndrome has not been evaluated
before.

Skeletal muscle density is influenced by an individual’s ac-
tivity level and correlates with physical fitness.33,34 In general,
patients with Marfan syndrome and relevant enlargement of
the aorta are advised to avoid strenuous activity, especially
contact sports and isometric exercises like weightlifting and
push-ups, as acute dissection and progressive aortic enlarge-
ment of the great vessels are feared complications.35 In our
study, patients with progressive aortic enlargement had a
significantly higher SMD, which indicates a higher level of
physical activity and fitness. While the PMI also trended to
be higher in these patients, the difference did not reach sta-
tistical significance in our small study population. Our results
are further corroborated by a multivariate regression analysis
identifying SMD and PMI—two parameters of body composi-
tion representing muscle tissue—as significant predictors of
aortic enlargement.

Analysis of body composition at L3 allows objective
assessment of physical activity in patients examined by CT
imaging.36,37 We are the first to show that AI-based
automated quantification and qualification of L3 body com-
position in patients with Marfan syndrome who underwent

Table 2 Results of multivariant logistic regression analysis for possible body composition predictors of aortic enlargement as dependent variable

Aortic enlargement Coef. SEM t value P value (95% conf interval) Sig

(A)
Sex �2.119 1.572 �1.35 0.178 �5.2 0.962
Age �0.087 0.072 �1.21 0.226 �0.227 0.054
BMI �0.391 0.26 �1.50 0.133 �0.9 0.118
Beta blockers 0.619 1.739 0.36 0.722 �2.788 4.027
Time interval 0.004 0.003 1.08 0.279 �0.003 0.01
PMI 1.766 0.861 2.05 0.04 0.078 3.455 *
Constant 1.219 5.062 0.24 0.81 �8.702 11.14

(B)
Sex �0.231 1.135 �0.20 0.839 �2.456 1.994
Age �0.09 0.069 �1.30 0.194 �0.226 0.046
BMI 0.179 0.155 1.15 0.25 �0.126 0.483
Beta blockers �1.173 1.37 �0.86 0.392 �3.859 1.513
Time interval 0.001 0.002 0.27 0.784 �0.004 0.005
SMD 0.133 0.067 1.99 0.046 0.002 0.264 *
Constant �7.161 6.121 �1.17 0.242 �19.157 4.835

(A) PMI significantly predicts progressive aortic enlargement in patients with Marfan syndrome, whereas other independent variables such
as sex, age, BMI, medications including beta blockers, and time interval between the two CT scans analysed do not. (B) SMD significantly
predicts progressive aortic enlargement in patients with Marfan syndrome, whereas other independent variables such as gender, age,
BMI, medications including beta blockers, and time interval between the two CT scans do not.
BMI, body mass index; Coef., coefficient; Conf. interval, confidence interval; PMI, psoas muscle index; SEM, standard error of the mean;
sig, significance; SMD, skeletal muscle density; time interval, time interval between the two computed tomography examinations
analysed.
*P < .05
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CT angiography for follow-up or pre-operative evaluation is
feasible and may improve risk stratification regarding further
lifestyle and treatment recommendations.

As CT angiography of the entire aorta is routinely
performed and recommended for the monitoring of patients
with Marfan syndrome, extraction of possible predictors of
progressive aortic enlargement might also be relevant for
follow-up imaging: patients with lower SMD and lower PMI
might have a lower risk of progressive aortic enlargement,
and therefore, a more conservative approach and less fre-
quent follow-up CT angiographies might be justified. Longer
intervals between CT angiographies are desirable to reduce
radiation exposure in this group of often young patients.38

Moreover, morbidity related to side effects of contrast
media, such as allergic reactions and kidney failure, may be
reduced.39

Limitations

Our study is limited by the use of a retrospective dataset and
the relatively small cohort. As many patients with Marfan
syndrome undergo aortic repair at an early age, there might
have been a selection bias towards patients with less severe
disease. Finally, muscle density on CT primarily reflects
muscle structure and physical fitness but may be influenced
by the amount of contrast medium uptake.

Conclusion

Artificial intelligence-based analysis of L3 body composition
is feasible in Marfan patients and easily available from CT
angiography. SMD and PMI are indicators of physical activ-
ity and training. An increase in these parameters during
follow-up of Marfan syndrome significantly predicts the pro-
gression of aortic enlargement. Using body composition as
a predictor of progressive aortic enlargement may contrib-
ute information to risk stratification regarding follow-up
intervals and the need for surgical or interventional aortic
repair.
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