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Abstract

The Pediatric Heart Network randomized trial of atenolol versus losartan in the Marfan syndrome
showed no treatment differences in the rates of aortic-root growth or clinical outcomes. In this
report we present treatment effects on aortic stiffness and determine whether baseline aortic
stiffness predicts aortic-root growth and clinical outcomes. Echocardiograms at 0, 6, 12, 24 & 36
months from 608 subjects (6 months-25 years) who met original Ghent criteria and had a
maximum aortic-root z-score (ARz) >3 were centrally reviewed. Stiffness index (SI) and elastic
modulus (EM) were calculated for aortic root and ascending aorta. Data were analyzed using
multivariable mixed effects modeling and Cox regression. Heart rate-corrected aortic-root SI over
3 years decreased with atenolol but did not change with losartan (=0.298+0.139 vs. 0.141+0.139/
year, p=0.01). In the entire cohort, above-median aortic-root SI (>9.1) and EM (>618 mm Hg)
predicted a smaller annual decline in ARz (p<0.001). Upper-quartile aortic-root EM (>914 mm
Hg) predicted the composite outcome of aortic-root surgery, dissection, or death (hazard ratio
2.17, 95% CI 1.02-4.63, p=0.04. Crude 3-year event rates were 10.4% vs. 3.2% for higher versus
lower EM groups. In conclusion, atenolol was associated with a fall in aortic-root S, while
losartan was not. Higher baseline aortic-root SI and EM were associated with a smaller decrease in
ARz and increased risk for clinical outcomes. These data suggest that non-invasive aortic stiffness
measures may identify patients at higher risk for progressive aortic enlargement and adverse
clinical outcomes, potentially allowing for closer monitoring and more aggressive therapy.

Keywords

Marfan syndrome; aortic stiffness; stiffness index; elastic modulus; clinical outcome;
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INTRODUCTION

Progressive aortic-root dilation and dissection are the leading cause of death in the Marfan
syndrome.! The Pediatric Heart Network conducted a randomized trial comparing atenolol
and losartan in children and young adults with the Marfan syndrome.2 The primary outcome
was the rate of aortic-root enlargement, expressed as the change in the maximum aortic-root
diameter z-score indexed to body surface area (ARz) over 3 years. Each drug reduced ARz;
however, we found no significant difference in the rate of change in ARz or 3-year rate of a
composite outcome of aortic-root surgery, aortic dissection and death by treatment. Aortic
wall properties in the Marfan syndrome are abnormal and stiffer compare to unaffected
controls, even in patients with normal aortic-root dimensions.34:> Aortic stiffness is
associated with rate of aortic root disease progression, with higher stiffness resulting in
higher frequency of aortic root replacement in patients with connective tissue disorders.5:":8
Prior studies on the effect of beta blockade on arterial stiffness in the Marfan syndrome
demonstrated variable results,>-12 however, recent small studies have reported improved
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arterial stiffness on atenolol and losartan therapy.13.14 The purpose of the this report is to
estimate the treatment effects of atenolol and losartan on echocardiographic measures of
aortic stiffness in a large cohort of children and young adults with the Marfan syndrome, and
to determine whether aortic stiffness measured at baseline predicts the rates of aortic-root
growth and outcomes such as surgery, dissection, and death.

The trial was designed and performed by the Marfan Trial Subcommittee of the Pediatric
Heart Network, and the study design has been published.1® The protocol was approved by
the institutional review board or ethics committee at each of the 21 study centers. The data
were collected by center investigators and analyzed at the data coordinating center (New
England Research Institutes).

Subjects enrolled in this trial were individuals aged 6 months to 25 years who met the
original Ghent criteria for the Marfan syndromel® with ARz >3 and absolute aortic-root
diameter <5 cm. Patients with prior aortic surgery were excluded. Informed consent and
assent were obtained, depending on age, from the patient and a parent or legal guardian
before trial enrollment.

All patients on prior prophylactic therapy for aortic-root dilation underwent taper over 14
days, followed by a 14-21 day washout period before baseline assessment and
randomization. Atenolol (at an initial dose of 0.5 mg/kg) was increased on the basis of
hemodynamic response up to a maximum dose of 4.0 mg per kilogram per day (not to
exceed a total daily dose of 250 mg), with a goal of a 20% or greater decrease in the mean
heart rate as measured on a 24-hour recording. Losartan (at an initial dose of 0.4 mg per
kilogram) was adjusted as tolerated on the basis of body weight up to a maximum dose of
1.4 mg per kilogram per day (not to exceed a total daily dose of 100 mg), which is the
maximum dose approved by the FDA for treatment of hypertension.

The detailed echocardiographic technical protocol and core laboratory measurement
protocol have been published.®17 Echocardiograms were performed at baseline, and at 6
months, 1 year, 2 years and 3 years after randomization. The echocardiograms were
analyzed in a core echocardiography laboratory.

Using 2-dimensional imaging, aortic diameters were measured inner-edge-to-inner edge at
their maximum and minimum dimensions in systole and diastole at the aortic-valve annulus,
aortic root at the sinuses of Valsalva, sinotubular junction, and ascending aorta (Figure 1). Z-
scores were available for the maximum diameters only. An automated vital sign device
(Dinamap) was used to record multiple right brachial blood pressures and heart rates during
echocardiographic assessment. The blood pressure and heart rate were recorded after the
patient had been in a recumbent position for at least 5-10 minutes, during or immediately
after recording of aortic images for calculation of stiffness measures. Four measurements
were obtained, the first of which was discarded. The other measurements were averaged. Z-
scores for the systolic, diastolic, and mean blood pressure were calculated using the Boston
Children’s Hospital normative database (courtesy of Steven D. Colan) since they were
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determined in the same recumbent fashion using the average of 3 machine-determined
measurements, in contrast to the American Academy of Pediatrics-published values which
were obtained in the sitting position using sphygmomanometry.

Measures of arterial stiffness at the aortic root and ascending aorta used for the purpose of
this study were the arterial pressure-strain elastic modulus in mm Hg and the stiffness index:

. Elastic modulus = (Systolic blood pressure-Diastolic blood pressure)/
[(Aortamax-Aortamin)/ Aortamin] 8

. Stiffness index = [In (Systolic blood pressure/Diastolic blood pressure)]/
[(Aortamax-Aortamin)/Aortamin]). 12

These measures were calculated for the aortic root and the ascending aorta where Aortamay
and Aortami, are the maximal and minimal diameters of the aortic root at the sinuses of
Valsalva or ascending aorta, respectively.

All analyses of treatment effect were performed according to the intention-to-treat principle.
Echocardiographic outcomes were modeled with parametric curves longitudinal linear and
logistic regressions2?, using a compound symmetry covariance structure, which was
demonstrated to yield the most parsimonious models based on goodness-of-fit statistics. The
baseline-adjusted rates of change in the 2 treatment groups were compared using a test of the
treatment-by-time interaction effect. Differential treatment effect according to pre-specified
baseline subgroup (adults vs. children, ARz <4.5 vs. >4.5, and previous use of a beta
blocker) was identified by a test of the subgroup x treatment x time interaction. Age as a
continuous variable was also examined using a test of age x treatment x time interaction.

Kaplan-Meier event rate estimation with log-rank test and Cox proportional hazards
modeling were used to assess whether baseline measures of aortic stiffness (elastic modulus
and stiffness index) predicted time to event defined as the earliest occurring of aortic-root
surgery, dissection, or death. Baseline age and ARz were included as covariates in the Cox
modeling. Longitudinal regression modeling was used to examine whether baseline
measures of aortic stiffness predicted the rate of change in ARz. Older age and higher ARz
are known to correlate with both aortic stiffness and the risk of clinical events.8:17 Therefore,
the analyses were adjusted for both age and ARz.

A p value <0.05 was considered statistically significant. The p values from the tests of
treatment difference were not adjusted for the evaluation of multiple echocardiographic
outcomes. No imputation was used for missing values. Analyses were conducted using SAS
version 9.3 (Statistical Analysis System, SAS Institute, Cary, NC) and R version 3.2.1. Lynn
Sleeper, ScD (co-author) had full access to all the data in the study and takes responsibility
for its integrity and the data analysis.

The reproducibility of the aortic measurements in our cohort have been published previously
using the baseline echocardiograms in this trial (n=608).17 Aortic-root and ascending-aorta
measurements by 2D imaging had excellent reproducibility, with inter-observer intra-class
correlation coefficients >0.97, and calculated stiffness measures had moderate
reproducibility, with ICCs ranging between 0.58 and 0.71.17
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A total of 608 subjects (age 11.2+6.3 years; 60% male) were enrolled between February
2007 and February 2011 at 21 clinical centers; 303 participants were randomly assigned to
atenolol and 305 to losartan. At baseline, there were no significant differences in clinical and
echocardiographic characteristics between the treatment arms.1721 The withdrawal rate was
similar in the 2 groups (11%) with no difference in median time from randomization to
withdrawal (2.3 years in the atenolol group and 1.9 years in the losartan group, p= 0.47).

History of prior beta blocker and angiotensin receptor blocker use was similar in subjects
randomized to atenolol versus losartan [173 (57%) vs. 170 (56%), p = 0.80 with prior use of
beta blockers, and 12 (4%) vs. 22 (7%) with prior use of angiotensin receptor blockers, p =
0.10].

We examined whether the elastic modulus and stiffness index vary with heart rate and R-R
interval (60/heart rate). The elastic modulus did not show any association with heart rate in
our cohort, whereas stiffness index did. Thus, when stiffness index was used in analysis, we
divided it by the square root of the R-R interval, which yielded a measure invariant to heart
rate (better correcting for differences in stiffness due to heart rate compared with division by
R-R interval), in addition to analysis using the uncorrected measure.

The rates of change in z-scores and absolute diameters for the aortic root and ascending
aorta are reported in Table 1.2 As previously reported, the mean absolute dimensions
increased over time, in contrast to the mean z-scores, which decreased over time.2 The rates
of change in ARz (primary outcome), aortic-root diameter, ascending-aorta diameter z-score,
and ascending-aorta diameter did not differ between the atenolol and losartan groups. There
was insufficient evidence to declare a differential treatment effect according to any pre-
specified subgroup for any of these aortic outcomes.

Table 1 includes the baseline and 3-year absolute values and rates of change of stiffness
measures including elastic modulus, stiffness index, and heart rate-corrected stiffness index
at the level of the aortic root and ascending aorta for both treatment groups. The rate of
change over 3 years in heart rate-corrected aortic-root stiffness index differed by treatment
(p=0.01), with a decrease in the atenolol group (p=0.03) and no significant change (p=0.31)
in the losartan group (Figure 2). No other treatment differences were observed. There were
no treatment differences by pre-specified subgroups. At 3 years, diastolic pressure was
slightly lower for atenolol (54+8 mm Hg) vs. losartan (568 mm Hg), p=0.04; but there
were no significant differences in the systolic or mean blood pressure. As expected, the
resting heart rate (64+12 BPM for atenolol vs. 73+13 BPM for losartan, p<0.0001), and
average 24-hour heart rate (73+11 BPM for atenolol vs. 82+11 BPM for losartan, p<0.0001)
was significantly lower in the atenolol group compared to the losartan group.2

Data from the full cohort (both treatment groups combined) were used to assess the effects
of baseline stiffness on change in aortic-root size over time. Subjects with baseline aortic-
root elastic modulus (p<0.001) and heart rate-corrected aortic-root stiffness index (p=0.001)
at or below the median had a larger decrease in ARz over time compared with those above
the median (Table 2 and Figure 3). The ascending-aorta elastic modulus was a strong
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predictor of change in ARz; those subjects in the upper quartile had a smaller decrease in
ARz over time. However, heart rate-corrected ascending-aorta stiffness index did not predict
change in ARz.

There were 29 subjects who met the composite clinical outcome, which included aortic
surgery (n=26), aortic dissection and surgery (n=2), or death (from congestive heart failure,
n=1). We found no continuous linear association between aortic stiffness and the hazard of a
clinical event (data not shown); rather, the associations found were nonlinear, reflected in
threshold effects. Table 3 summarizes the analysis of stiffness measures as dichotomous
variables, with a median or third-quartile cut point in predicting the composite clinical
outcome. After adjustment for baseline age and baseline ARz, continuous stiffness measures
(both aortic root and ascending aorta) did not predict clinical outcome. However, aortic-root
elastic modulus dichotomized at the third quartile (75t percentile) independently predicted
the composite outcome (hazard ratio 2.17, 95% CI1 1.02 - 4.63, p = 0.04), controlling for
baseline age and ARz. Crude 3-year event rates were 10.4% vs. 3.2% for the higher vs.
lower elastic modulus groups, respectively. Interaction analyses (p<0.05) suggested that
above-median aortic-root elastic modulus and heart rate-adjusted aortic-root stiffness index
(p=0.07 in main effect analysis) were stronger predictors of clinical outcome in patients with
a relatively large baseline aortic-root z-score (=6). The ascending-aorta elastic modulus and
heart rate-adjusted stiffness index with a third-quartile cut point had a similar effect size
(HR=2.40 for elastic modulus and HR=2.28 for stiffness index), but the p values did not
reach significance (p=0.08, p=0.09). Interaction analyses suggested that none of the
associations (aortic root or ascending aorta) varied according to age.

DISCUSSION

In current clinical practice for patients with the Marfan syndrome, aortic-root size is the
strongest, albeit imperfect, predictor of adverse clinical outcomes, and timing of
prophylactic aortic-root surgery is based largely on aortic dimension. The most important
finding of the current study, the largest to date, is the inverse relationship between baseline
stiffness measures (aortic-root elastic modulus and heart rate-corrected stiffness index) and
decline in ARz. In other words, subjects with higher baseline aortic-root stiffness had a
faster rate of growth of the aortic root over a 3-year period of observation. Furthermore,
baseline aortic-root elastic modulus independently predicted the composite clinical outcome
of aortic-root surgery, dissection, or death, even after adjusting for baseline age and ARz.

We also found that atenolol therapy reduced the heart rate-corrected aortic-root stiffness
index over a 3-year follow-up, but losartan did not, despite no significant difference in
aortic-root growth rate between the 2 treatment groups. However, the reasons for these
results are unclear. It has been speculated that the negative inotropic effects and the reduced
peak dp/dt associated with use of beta blockers would result in a lower peak shear stress in
the aorta, thereby reducing the stimulus to dilation.22 Losartan does not have this negative
inotropic effect and therefore may lack this potential benefit. Furthermore, diastolic blood
pressure was slightly lower in the atenolol group, which may have contributed to our
findings. There were no treatment differences for aortic-root elastic modulus, ascending-
aorta elastic modulus, or heart rate-corrected ascending-aorta stiffness index. Prior studies
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using a variety of modalities and assessing a number of different measures of aortic stiffness
have shown inconsistent response to beta blockers and angiotensin receptor blockers, but
these studies suggest that these medications might have unique and complex mechanisms of
action in modifying vascular properties in patients with the Marfan syndrome.%-14

Few prior studies have examined the relationship between aortic stiffness and aortic-root
growth rate or risk for adverse clinical outcomes in the Marfan syndrome, and their results
have been contradictory. In a cohort of 50 adults with the Marfan syndrome, patients with
lower aortic stiffness values measured by arterial tonometry (pulse wave velocity and
augmentation index) had a significantly lower rate of aortic-root progression; progression
was defined as aortic-root dilation >5 mm/year, dissection, or surgery.5 In another study of
78 adults with the Marfan syndrome, descending aortic distensibility (measured by MRI)
was an independent predictor of progressive abdominal aortic dilation, defined as a >1 mm/
year increase in diameter.” In contrast, in the study by Pees et a/. in 20 pediatric and
adolescent patients with the Marfan syndrome treated with losartan, no correlation between
elasticity behavior and aortic-root growth rate was observed.23 Recently, Prakash et a/.
demonstrated in 83 children and young adults with connective tissue disorders including the
Marfan syndrome that higher aortic stiffness (decreased aortic strain measured by MRI) is
associated with higher rates of aortic-root dilation and surgical aortic replacement.8 Our
study and that of Prakash and colleagues provide evidence that aortic stiffness measured by
either echocardiography or MRI may identify patients at higher risk for faster aortic-root
dilation and adverse clinical outcomes, potentially allowing for closer monitoring and more
aggressive therapy for such patients. In addition, those with above-median aortic-root elastic
modulus combined with a large aortic root z-score may be at particularly increased risk of
adverse outcomes. Stiffness index and elastic modulus are easily measured by
echocardiography and could be incorporated feasibly into routine clinical surveillance for
patients with the Marfan syndrome. Further studies are needed to confirm that non-invasive
aortic stiffness measures can be useful for risk stratification. In our trial, atenolol reduced
aortic-root stiffness index favorably over losartan, suggesting that therapy with atenolol (or a
combination of atenolol and losartan) may be preferable in patients with higher aortic
stiffness.

There are several methods to assess arterial stiffness, including pulse wave velocity, as
utilized in some of the investigations described above. Prior investigations support the
concept that segmental stiffness in the aorta is clinically important in patients with the
Marfan syndrome.24 While pulse wave velocity measures the aortic stiffness along a long
segment, for example from the ascending aorta to the femoral artery, aortic-root stiffness
measured by 2D echocardiography provides local data on segmental arterial stiffness, for
example at the aortic root or ascending aorta.

There are several limitations to this trial. First, study results may not be generalizable to
patients with the Marfan syndrome with ARz >3. Second, brachial blood pressure rather
than central pressure was used for stiffness analyses. Brachial blood pressure is higher than
central blood pressure due to pulse pressure amplification thereby introducing systematic
inaccuracy. However, it is noteworthy that beta blockade in non-Marfan populations is
inferior to other drug classes, including angiotensin Il receptor blockers, in reducing central
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blood pressure relative to brachial blood pressure.2> Third, aortic wall thickness may
influence vascular stiffness but cannot be accurately measured using transthoracic
echocardiography and has likewise not been taken into account in previous studies in
patients with the Marfan syndrome. Fourth, using 2-dimensional echocardiography, the
reproducibility of the stiffness measures was only moderate. While this may in part be due to
the fact that derived parameters based on 2 or more measurements are less reproducible than
the measurements themselves due to propagation of error2®, prior studies using M-mode
have reported excellent reproducibility of ascending-aorta stiffness indices®2, and perhaps
M-mode measurement of the aortic diameters may have resulted in better reproducibility at
least at the ascending aorta level. Fifth, the number of subjects with clinical events was
relatively small (n=29). If the event rate had been higher, we might have had statistical
power to declare several clinically significant associations that we observed (hazard ratios
>2) as statistically significant. Finally, the non-linear relationship between stress and strain
could be a confounder that could limit the validity of the stiffness measures used as predictor
of vascular tissue properties.

In conclusion, in the Pediatric Heart Network Marfan Trial, higher baseline aortic-root
stiffness index and elastic modulus values were associated with a smaller decrease in ARz
(faster aortic-root growth rate), and a higher baseline aortic-root elastic modulus was a risk
factor for the composite outcome of aortic-root surgery, dissection, or death. Atenolol was
associated with a reduction in heart rate-corrected aortic-root stiffness over 3 years, while
losartan was not. These data suggest that non-invasive aortic stiffness measures may identify
patients at higher risk for progressive aortic enlargement and adverse clinical outcomes,
potentially allowing for closer monitoring and more aggressive therapy for such patients.
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FIGURE 1. Aortic Measurements in Systole and Diastole
Aortic dimensions were measured by 2D imaging in systole and diastole at the aortic-valve

annulus (1), aortic root (2), sinotubular junction (3), and ascending aorta (4). AO: aorta, LA:
left atrium, LV: left ventricle; RPA: right pulmonary artery.
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FIGURE 2. Estimated Change in Heart Rate-Corrected Aortic-Root Stiffness, by Assigned
Treatment

Estimated change in heart rate-corrected aortic-root stiffness index with pointwise 95%
confidence bands, by assigned treatment: Atenolol in blue, Losartan in red. sqrt = square

root.
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FIGURE 3. Estimated Change in Maximum Aortic-Root Z-Score (ARz) By Baseline Aortic-Root
Elastic Modulus and Stiffness Index

a. Estimated Change in ARz by Baseline Aortic-Root Elastic Modulus Estimated change
in maximum aortic-root z-score (ARz) with pointwise 95% confidence bands, for at or
below median (blue) vs. above median (red) baseline aortic-root elastic modulus groups. AR
= aortic root.

b. Estimated Change in ARz by Baseline Heart Rate-Corrected Aortic-Root Stiffness
Index. Estimated change in maximum aortic-root z-score (ARz) with pointwise 95%
confidence bands, for at or below median (blue) vs. above median (red) baseline heart rate-
corrected aortic-root stiffness index groups. AR = aortic-root; sqrt = square root
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TABLE 2

Estimated Annual Rate of Change in Maximum Aortic-Root Z-Score by Low vs. High Baseline Stiffness
Measures

Threshold Value Annual Change in p value®
Maximum Aortic-Root Z-
Score (Slope + Standard
Error)
Predictor: Aortic-root elastic modulus (mm Hg) n=598  Number of observations =
2822
Median (Figure 3a) <0.001
<618 -0.163 £ 0.013
>618 -0.081 £ 0.014
75t percentile <0.001
<914 -0.143+0.010
>914 -0.060 + 0.019
Predictor: Heart Rate-Corrected Aortic-root stiffness index Number ofz%%sgervations =
Median (Figure 3b) 0.001
<9.1 -0.156 + 0.014
>9.1 -0.094 £ 0.013
75t percentile 0.01
<13.7 -0.140 £ 0.012
>13.7 -0.089 + 0.017
Predictor: Ascending-aorta elastic modulus (mm Hg) Number of observations =
2338
Median 0.01
<318 -0.162 £ 0.014
>318 -0.109 + 0.015
75t percentile 0.005
<447 -0.152 £ 0.118
>447 -0.085 + 0.021
Predictor: Heart rate-corrected ascending-aorta stiffness index Number ofzcégsgervations =
Median 0.40
<47 -0.146 £ 0.014
>4.7 -0.129 £ 0.015
75t percentile 0.17
<6.6 —0.145 £ 0.012
>6.6 -0.113 £ 0.021

*
The time x group interaction p value denotes whether the 2 slopes for change in maximum aortic root z score over time differ.
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