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ABSTRACT

Objectives Patients with Marfan syndrome (MFS) are
prone to develop aortic aneurysms due to fragmentation
of elastic fibres, resulting in reduced distensibility of the
aorta. Reduced distensibility was previously shown to
predict progressive descending aorta dilatation. Here, we
investigated longitudinal changes in distensibility, as a
potential predictor of aortic events.

Methods This retrospective study included all patients
with MFS with at least four cardiac magnetic resonance
examinations performed between 1996 and 2012. Aortic
distensibility was assessed, in the ascending (level 1),
proximal descending (level 2) and distal descending (level
3) aorta. Changes in distensibility were studied using linear
mixed-effects regression models.

Results In total, 35 patients with MFS (age at inclusion
28 (IQR 23-32) years, 54% men) were included. Mean
aortic distensibility was already low (between 2.9x1 0¥
mm Hg/year and 6.4x10™¥/mm Hg/year) at all levels

at baseline, and significantly decreased over time at
levels 2 and 3 (respectively, p=0.012and p=0.002).

The rate of distensibility loss per year (x10"/mm Hg/
year) was 0.01, 0.03 and 0.06x1073/mm Hg at levels 1,
2 and 3, respectively. At inclusion, men exhibited very
low distensibility, whereas women showed moderately
reduced distensibility, gradually decreasing with age.
Aortic dilatation rate at level 2 was associated with
reduced aortic distensibility. However, we could not
demonstrate a direct correlation between distensibility and
clinical events during a follow-up of 22 years.
Conclusion Patients with MFS display reduced aortic
distensibility already at an early age, inversely relating

to aortic dilatation rate. However, in this selected patient
group, distensibility seems less suitable as an individual
predictor of aortic events.

BACKGROUND

Marfan syndrome (MFS) is a connective
tissue disorder, due to mutations in the fibril-
lin-1 gene. Patient with MFS morbidity and
mortality is mainly determined by progressive
dilatation of the aorta, ultimately leading to
potentially lethal aortic dissection when no
timely surgical intervention is undertaken.
Therefore, clinical management is directed

Key questions

What is already known about this subject?

» Patients with Marfan syndrome (MFS) may develop
aortic dissection due to progressive dilatation in the
thoracic aorta. Aortic distensibility has been shown
to serve as a predictor for progressive descending
thoracic aorta dilatation.

What does this study add?

» This retrospective study investigated longitudinal
changes in aortic distensibility throughout the tho-
racic aorta by means of cardiac magnetic resonance
in individual patients with MFS to assess aortic dis-
tensibility as a possible predictor of aortic events
(aortic surgery or dissection).

How might this impact on clinical practice?

» Patients with MFS have low values of aortic disten-
sibility already at an early age, inversely relating to
aortic dilatation rate. However, distensibility seems
less suitable as an individual predictor of aortic
events.

at prophylactic aortic surgery, based on
threshold values for aortic diameters." Due
to aggressive surgical prophylactic manage-
ment, life expectancy in patients with MFS
has greatly improved in the past decades.”
Most aortic dilatations in MFS occur in
the aortic root. Nevertheless, the more distal
aorta may also be at risk for aortic dissection,
especially after aortic root replacement.’
Proper timing of prophylactic surgery of the
distal aorta appears to be more challenging
in MFS, since aortic dissection often occurs at
near normal diameters in these parts of the
aorta after aortic root surgery.3 We argued
that aortic distensibility could serve as a
potential predictor of aortic events in these
parts of the aorta, also taking into account
that aortic root replacement itself might
change distensibility in the more distal aorta.
Aortic distensibility has already been widely
investigated in different cohort studies with
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patients with MFS and associated with aortic complica-
tions,"” with thoracic aortic distensibility as the strongest
predictor for progressive descending thoracic aorta dila-
tation.? However, it is unknown how the rate of distensi-
bility loss over time affects aortic events (aortic surgery or
dissection) in individual patients with MFS.

The aim of this study was to investigate aortic disten-
sibility as a predictor of aortic complications in patients
with MFS over time. Furthermore, we compared rates of
distensibility loss between men and women, and investi-
gated the influence of medication use or aortic surgery
on the rate of distensibility loss in individual patients with
MFS.

METHODS

This study complies with the Declaration of Helsinki and
was written in accordance with the Strengthening the
Reporting of Observation Studies in Epidemiology state-
ment.” We intend to disseminate the main results to trial
participants and will seek patient and public involvement
in the development of an appropriate method of dissem-
ination.

Study design and participants

All patients included in the current retrospective study
were previously included in two studies performed earlier
in the Amsterdam UMC—location AMC. The first study
was conducted from 1996 to 2002. Herein, patients under-
went two MRI scans with a median follow-up of 5.9 years.*
The second study was the COzaar in Marfan Patients
Reduces aortic Enlargement (COMPARE) trial,” a study
that initially was conducted from 2008 to 2012, in which
patients also underwent two MRI scans with a median
follow-up of 3.1 years between scans. At time of inclusion,
patients were not involved in the design, management
or conduct of the trial. Only patients who underwent all
four MRI scans were included in the current study.

Data sources and measurement

Baseline patient characteristics were extracted from the
original study database of 1996. Additional information
on medication use and events during follow-up of the trial
were extracted from the COMPARE database. Follow-up
data concerning elective aortic root replacement, aortic
dissection and death were available until 2018, and were
extracted from the extended COMPARE trial database.’

Cardiac magnetic resonance

All cardiac magnetic resonance (CMR) scans were
performed with a 1.5 Tesla MR system (either Philips
ACS-NT15, Philips Medical Systems, Best, the Nether-
lands, or Magnetom Vision or Avanto, Siemens Medical
Systems, Erlangen, Germany).

In all scans, commercially available gadolinium-
enhanced spoiled gradient echo techniques were used
to visualise the entire aorta. Exact MRI protocol of both
studies concerning the ECG-gated cine MRI has been
described elsewhere earlier.*® In brief, high resolution

Figure 1 The aorta of a patient with Marfan syndrome. At
indicated levels, aortic distensibility was measured. Level
1 (D1)=ascending aorta, Level 2 (D2)=proximal descending
aorta, Level 3 (D3)=distal descending aorta.

gradient echo pulse sequences were applied perpendic-
ular to the aorta at three levels as indicated in figure 1;
(1) ascending aorta (D1), (2) descending thoracic
aorta at the level of the bifurcation of the pulmonary
artery (D2) and (3) descending aorta at the level of the
diaphragm (D3). During the MRI scans, blood pressure
was measured by a sphygmomanometer cuff.

Aortic distensibility
Syngo.via image analysis software (Siemens, Erlangen,
Germany) was used for image analysis. Aortic disten-
sibility was re-measured and re-calculated per patient,
on all four scans at all three levels, by a single analyst
(MMvVA) using the previously conducted cine MRI and
non-invasively measured blood pressure during CMR, as
described by Groenink et al.’ The re-measured distensi-
bility values are in accordance with the values calculated
in the original studies (figure 2). Bland-Altman analysis
at level 2 showed no significant difference (p=0.304),
meaning no proportional bias.

Aortic contours were drawn manually on the modulus
images of all cardiac phases. Aortic distensibility was
calculated according to the following formula:

D= ((Au
where D-=distensibility (/mm Hg), A =maximal

max

(systolic) aortic area (mm?), A =minimal (diastolic)

aortic area (mm?), pulse pressure=systolic blood pres-
sure-diastolic blood pressure (mm Hg).

- Amin) / Ami,,) /pulse pressure

Statistical analysis

Statistical analyses were performed using R V.1.0.153
(RStudio Team, Boston, Massachusetts, USA) and
SPSS V.22 (IBM, Armonk, New York, USA). Data are
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Figure 2 Bland-Altman analysis of distensibility values at the level of the thoracic proximal descending aorta. Mean

0.0022+0.0019, upper: 0.0039, lower: —0.0037.

summarised as n (%), mean+SD and median (IQR). P
values of <0.05 were considered statistically significant.

Distensibility at all levels was analysed using linear
mixed-effects regression models. Spline transformations
were used to find the best fit of the regression line of
distensibility on time and age. Likelihood-ratio tests were
used to compare fit of different models. Finally, linear
regression lines were found to best fit the distensibility
data.

Additional fixed-effects were sex, medication use and
aortic root surgery as time-dependent covariates, as both
main-effects and their interactions with age. Change in
rate of distensibility loss before and after surgery and
before and after start of medication use was evaluated
with a change-point model.

RESULTS

Study population

In total, 78 adult patients with MFS participated in the
first study (1996-2002). Of these 78 patients, 41 patients
were also included in the COMPARE trial. Imaging and
blood pressure measurements on all four moments in
time were available in 35 patients. Aortic distensibility was
measured and calculated at all three levels. The baseline
characteristics are shown in table 1. Included patients
were adults (218 years) diagnosed with MFS according to
the Ghent criteria of 1996."” Aortic dimension was signif-
icantly higher in men than in women at all levels. Aortic
root diameters in men are at baseline already near to
dimenstion indicative for elective aortic surgery. Table 2

Table 1 Baseline characteristics
All patients Women Men
n=35 n=16 n=19 P value
Patient characteristics
Age at inclusion, years 28 (23-32) 30 (24-32) 27 (21-36) 0.051
Body surface area, m? 2.08+0.22 1.96+0.18 2.19+0.20 <0.001
Systolic blood pressure 116+10.4 116+10.8 116+9.9 0.368
Diastolic blood pressure 60+10.5 61+10.4 60+10.5 0.312
Mean arterial pressure 79+9.6 79+10.0 78+9.0 1.000
[B-blocker (since 1996) 28 (80%) 11 (69%) 17 (89%) 0.001
Losartan (since 2008) 25 (71%) 11 (69%) 14 (74%) 0.505
Aortic dimension by MRI
Aortic root (mm) 42 (40-45) 40 (36-44) 45 (41-46) <0.001
Ascending aorta (mm)—Level 1 29 (23-35) 28 (23-35) 29 (24-35) 0.040
Proximal descending aorta (mm)—Level 2 24 (17-35) 23 (17-25) 25 (21-35) <0.001
Distal descending aorta (mm)—Level 3 21 (17-28) 21 (17-25) 22 (19-28) <0.001
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Table 2 Distensibility (x1073/mm Hg) at baseline and at the
last scan in 2012

1996 2012
D1 2.92+1.16 2.92+1.22
D2 3.76x1.59 2.85+1.07
D3 6.39+2.07 4.76x2.07

shows distensibility values at baseline and at the last scan
in 2012. At baseline (1996), none of the 35 patients
included in the current study had a history of aortic
surgery. At follow-up in 2018 (22 years), prophylactic
aortic root surgery had been performed in 19 patients
(54%). Three patients had experienced a type B aortic
dissection (men 2 vs women 1, p=0.266) after previous
elective aortic root surgery.

Changes in distensibility over time

Aortic distensibility at all levels decreased approximately
linearly with age (figure 3). This decrease was significant
at level 2 (p=0.012) and level 3 (p=0.002). The annual
decline in distensibility was 0.01, 0.03 and O.O6><10_3/
mm Hg (all with SE 0.02) on levels 1, 2 and 3, respec-
tively. These results remained significant after correc-
tion for blood pressure. Aortic dilatation rate at level 2
(0.10+0.14mm/year) was associated with reduced aortic
distensibility.

Men versus women

At baseline, distensibilty was higher in women at all levels
throughout the aorta when compared with men, and it
deteriorated over time (table 3, figure 4). Men had already
low distensibility at inclusion, without further decline
over time. The differences between men and women in
the magnitude of decline at levels 1 and 3 were signif-
icant (men: 0.010 and women: -0.042, p=0.029; men:
-0.033 and women: —0.11, p=0.038, respectively). This is
in accordance with healthy controls, where women also

0.007
|

D1 b = -1e-05 (1e-05), p=0.507

0.006
1

D2 b = -3e-05 (1e-05), p=0.0116

0.005
1

Distensibility (1/mmHg)
0.004

0.003
1

0.002

T T T T T
20 30 40 50 60

Age (years)
Figure 3 Linear regression lines of distensibility at all three
levels in all patients (n=35) decrease with age. The decrease
is statistically significant at D2 and D3. Error bars: Cl 95% of
the regression line.

Table 3 Associations between distensibility loss per year
and sex and medication use. Differences in distensibility
loss per year: slope (SE) (x10~%/mm Hg)

All patients (n=35)
Male versus Beta-blocking:

Losartan: yes

female yes versus no versus no

D1 0.052 (0.024)  0.017 (0.032) —0.033 (0.023)
p=0.029 p=0.053 p=0.30

D2 0.049 (0.027)  0.015 (0.034) 0.017 (0.026)
p=0.071 p=0.44 p=0.81

D3 0.077 (0.037)  0.037 (0.051) —0.018 (0.037)
p=0.038 p=0.72 p=0.81

show higher distensibility than age-matched men early in
life."" This discrepancy in distensibility between sexes is
diminished after 50 years of age at all levels within the
aorta when distensibility is reduced to a minimum.

In comparison to values from healthy controls described
in the literature, men with MFS in our cohort showed the
same rate of distensibility loss as control individuals at
level 2% (~0.033 vs —0.036x10™°/mm Hg/year), while in
women with MFS distensibility deteriorated here faster
than in controls (-0.11 vs ~-0.05x107°/mm Hg/year) at
this level.

Moreover, men with MFS underwent aortic root surgery
at significantly earlier age than women in our cohort
(men 37year vs women 44year, p<0.001). At inclusion,
aortic root dimensions in men were larger than in women
(men 45 mm vs women 40 mm, p<0.001) (table 1).

Native aortic root versus previous aortic root surgery

During follow-up until 2018, 19 of the 35 patients (54%)
underwent prophylactic aortic root surgery. We antici-
pated changes in distal aortic distensibility in the oper-
ated patients, by the haemodynamic influence of a stiff
vascular graft.13 However, we could not demonstrate
significant differences in rate of distensibility loss with
age between patients with a native aortic root during

0.008
0.008

——— females (n=16) ——— females (n=16)

——— males (n=19) ——— males (n=19)

D1 (1/mmHg)
0.005

D2 (1/mmHg)
0.005

0.002
0.002

20 30 40 50 60

Age (years) Age (years)

0.008

females (n=16)
AR males (n=19). .

D3 (1/mmHg)
0.00!
T T N R R N

0.002

Age (years)

Figure 4 Linear regression lines of distensibility in men
(n=19) and women (n=16) at all levels decrease with age.
Error bars: Cl 95% of the regression lines.
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Figure 5 Change in rate of distensibility loss before and after surgery was evaluated with a change-point model. Figure 5
shows distensibility over time in the 19 patients that have had aortic root surgery at some point in time (time O=time of
surgery=breakpoint). Red line=regressionline of distensibility over time. Green line=two regression lines connected (breakpoint)
at point of surgery (before and after surgery). There is no evidence for aortic root surgery being a breakingpoint for aortic

distensibility loss in time.

follow-up and patients who had undergone prophylactic
aortic root surgery (p=0.20). Furthermore, we could not
demonstrate a statistically significant difference in rate of
change in distensibility before and after surgery in oper-
ated patients on, respectively, levels 1, 2 and 3 (p=0.0514,
p=0.1038, p=0.3414) (figure 5). Although, there exists
no significant evidence for a breakpoint at time of aortic
root surgery in the change of distensibility, figure 5 shows
a trend towards an increasing distensibility after aortic
root surgery at all levels (green line).

Patients with MFS mostly use medication blocking the
B-adrenergic receptors or the angiotensin-II receptor
type 1 to reduce blood pressure. Therefore, we assessed
if these drugs influenced aortic distensibility. The use of
either B-blocking agents or losartan (online supplemental
figures 1 and 2) had no significant effect on the rate of
change in distensibility. Only patients using B-blocker
showed a trend towards a decreased rate of distensibility
loss atlevel 1 compared with patients not using B-blockers
(p=0.053) (table 3).

DISCUSSION

Our study showed low distensibility at all levels in
the thoracic aorta of young patients with MFS, which
decreased over time. Men with MFS had lower distensi-
bility than women with MFS at baseline. However, disten-
sibility was stable in men, suggesting that aortic stiffening
had taken place prior to the age of 27 years. In contrast,
in women with MFS, the aortic distensibility deteriorated
later in life compared with men. Moreover, men with MFS
underwent aortic root surgery at significantly younger
age than women. However, rate of distensibility loss did
not correlate significantly with prophylactic aortic root
surgery or medication use. Aortic dissection occurred in
three patients, and only after aortic root surgery.

A number of studies have measured aortic disten-
sibility in healthy subjects.'" " ' Although it is of great
importance that these values have been established and
we made an attempt to compare these to our cohort, it
remains difficult to reliable compare them to our popula-
tion with MFS. One study of healthy controls comprised
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children and young adults up to the age of 30 years."*

This cohort does not overlap with our MFS cohort, since
the mean age of our patients with MFS was already 28
years at inclusion. Another study was conducted in an
Asian population, which makes it hard to compare,
because significant differences in clinical features of the
cardiovascular system have been demonstrated between a
Caucasian and Asian population with MFS."” Therefore,
we used the distensibility measurements in healthy indi-
viduals (age 21-60 years) of Aquero et al'” as reference
for our study to evaluate the changes in distensibility in
relation to our population with MFS.

Overall, distensibility at relatively young age appears to
be lower in patients with MFS than in healthy controls,
which applies to both sexes. Indeed, men with MFS at an
average age of 27 showed an aortic distensibility of 2.96
in the ascending aorta and 3.31 in the descending aorta
in our study, whereas in healthy men, aortic distensibility
was 7.0 in the ascending aorta and 5.2 in the descending
aorta between the ages of 21 and 30 years."* In women
with MFS at an average age of 30, an aortic distensibility
of 3.31 in the ascending aorta and 3.42 in the descending
aorta was measured, which was also lower compared
with healthy women, where aortic distensibility was 8.4
in the ascending aorta and 6.0 in the descending aorta.
However, at an age of >50 years, our patients with MFS
and healthy controls have a similarly low distensibility in
ascending and descending aorta (approximately around
4.0 in men and women), which raises the question what
the prognostic value is of measuring aortic stiffness in
older patients with MFS.

In men, the severe reduction in distensibility before
the age of 30, seems indicative for excessive loss of aortic
elastic integrity, perhaps explaining why men were oper-
ated at younger age than women. The decision to operate
is based on aortic root diameters, not aortic distensibility.
Many of the men in our study already reached the estab-
lished tresholds for aortic root surgery at inclusion, and
it would thus have been of interest to know the rate of
distensibility loss between age 15 and 30 years to evaluate
if that could have predicted aortic root surgery, before
clear changes in aortic diameters.

However, lower aortic distensibility beyond the aortic
root fits the concept that this precedes dilation. Prophy-
lactic aortic root surgery is a predictor for type B dissec-
tion in patients with MFS,” which could be a reason that
more often type B dissections occur in men at younger
age. In our study, however, lower distensibility did not
correlate with aortic root surgery, possible implying that
these patients are more seriously affected from the start.

METHODOLOGIC CONSIDERATIONS

The limitations of the study include its retrospective
design and the relatively small patient number that was
used. In addition, an age-matched control group would
have provided control data to compare to other studies
with healthy individuals.

Measurements of aortic diameters, distensibility and
pulse wave velocity have been shown to be reproducible,
as described in a previous report.'® However, to use longi-
tudinal measurements of aortic distensibility reproduc-
ibly, anumber of influencial factors need to be controlled.
Aortic distensibility is blood-pressure dependent.
However, correction for blood pressure did not change
our results. Although blood pressure is measured during
the scan, it was not continuous. Moreover, drawing the
aortic contours on the modulus images remains manual
labour that may vary between different analysts. Addi-
tionally, aortic extension has shown to be asymmetric
in undiseased aortas of young and healthy volunteers,”
which makes it even harder to evaluate distensibility on
measurements taken only on certain levels of the aorta.
All these factors complicate to measure distensibility on
a routine basis. Thereby, our population with MFS was
relatively healthy, concerning aortic surgery or dissection
in their history, due to inclusion criteria for the clinical
studies wherein they participated. Therefore, it would still
be of interest to study a more severely affected adolescent
population with MFS to observe especially in men with
MFS, when the decline in aortic distensibility occurs. In
this moment, we would, however, not recommend values
of aortic distensibilty as a valid predictor of aortic events.

CONCLUSION

Patients with MFS have low distensibility at all levels of
the aorta at young age, which decreased over time. In
our study, men showed lower distensibility and larger
aorta’s at a younger age than women. In addition, men
underwent aortic root surgery at younger age. However,
no change in distensibility rates was observed before
and after surgery. Therefore, aortic distensibility do not
appear to be a suitable predictor of aortic events.
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