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Abstract

Few data exist regarding predictors of rapid aortic root dilation and referral for aortic surgery in Marfan syndrome (MES).
To identify independent predictors of the rate of aortic root (AoR) dilation and referral for aortic surgery, we investigated
the data from the Pediatric Heart Network randomized trial of atenolol versus losartan in young patients with MFS. Data
were analyzed from the echocardiograms at 0, 12, 24, and 36 months read in the core laboratory of 608 trial subjects, aged
6 months to 25 years, who met original Ghent criteria and had an AoR z-score (AoRz) > 3. Repeated measures linear and
logistic regressions were used to determine multivariable predictors of AoR dilation. Receiver operator characteristic curves
were used to determine cut-points in AoR dilation predicting referral for aortic surgery. Multivariable analysis showed rapid
AoR dilation as defined by change in AoRz/year > 90th percentile was associated with older age, higher sinotubular junction
z-score, and atenolol use (R>=0.01) or by change in AoR diameter (AoRd)/year > 90th percentile with higher sinotubular
junction z-score and non-white race (R*=0.02). Referral for aortic root surgery was associated with higher AoRd, higher
ascending aorta z-score, and higher sinotubular junction diameter:ascending aorta diameter ratio (R>=0.17). Change in AoRz
of 0.72 SD units/year had 42% sensitivity and 92% specificity and change in AoRd of 0.34 cm/year had 38% sensitivity and
95% specificity for predicting referral for aortic surgery. In this cohort of young patients with MFS, no new robust predic-
tors of rapid AoR dilation or referral for aortic root surgery were identified. Further investigation may determine whether
generalized proximal aortic dilation and effacement of the sinotubular junction will allow for better risk stratification. Rate
of AoR dilation cut-points had high specificity, but low sensitivity for predicting referral for aortic surgery, limiting their
clinical use. Clinical Trial Number ClinicalTrials.gov number, NCT00429364.
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Introduction

Marfan syndrome (MFS) is an autosomal dominant con-
nective tissue disorder affecting approximately 1 in 5000
people [1]. Progressive aortic root (AoR) dilation leading
to aortic dissection and rupture has long been recognized
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as the leading cause of death in MFS [2, 3]. Although the
majority (60-80%) of patients with MFS have some degree
of AoR dilation [4], there is lack of large multicenter studies
evaluating the factors that predict the rate of aortic dilation
and the need for aortic surgery among individual patients.
In healthy children and adults, AoR diameter correlates
with age, height, weight, and body surface area [5-8]. In
children and adults with MFS, larger baseline AoR diameter
has been shown to predict progressive AoR dilation [9, 10].
Older age, increased height, higher systolic blood pressure,
larger baseline AoR diameter, more rapid AoR dilation,
and a pattern of generalized proximal aortic dilation have
been shown to predict aortic complications such as aortic
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regurgitation, aortic dissection and rupture, and death [4,
11-15]. Previous studies have been limited by retrospective
design, single-center enrollment, small sample size, and/or
short follow-up times. Identification of more robust risk fac-
tors associated with rapid AoR dilation and need for aortic
surgery would allow for better risk stratification to determine
those who would most benefit from more frequent follow-
up and initiation of earlier medical therapy and/or surgical
intervention.

The Pediatric Heart Network (PHN) Marfan trial enrolled
608 subjects to compare the effects of beta blocker therapy
(atenolol) versus angiotensin II receptor blocker therapy
(losartan) on aortic dilation in individuals with MFS [16].
This trial provides one of the largest and most robust inter-
national databases for children and young adults with MFS
who have significant aortic root involvement [17]. The pri-
mary aim of this study was to analyze data arising from the
trial to identify independent clinical and echocardiographic
predictors of the rate of AoR dilation, including annual rate
of change in AoR z-score (AoRz)/year and in AoR diameter
(AoRd)/year. The secondary aims were to determine inde-
pendent clinical and echocardiographic predictors of rapid
AoR dilation (change in AoRz/year and AoRd/year >90th
percentile) and referral for aortic surgery.

Methods
Study Design

We performed a post hoc analysis of data from the PHN
randomized clinical trial of atenolol versus losartan in chil-
dren and young adults with MFS. The trial design and main
results have been previously reported [16, 17]. The main
trial protocol was approved by the institutional review board
or ethics committee at each participating study center, and
informed consent and assent were obtained. The clinical data
and the echocardiograms were collected from 21 participat-
ing centers. The echocardiograms were read in a core labora-
tory and the data used for this analysis were the measures at
baseline, 12, 24, and 36 months after randomization.

Participants

The PHN MES trial enrolled 608 subjects aged 6 months
to 25 years who met the original Ghent diagnostic criteria
for MFS [18], with an AoRz> 3 and AoRd <5 cm. Patients
who had previous aortic surgery, planned aortic surgery
within 6 months of enrollment, or a history of aortic dissec-
tion were excluded from the trial. Data from all participants
were analyzed except for 6 subjects with change in AoR
z-score < —3 or >3 SD units/year, which were considered
clinically implausible and attributed to measurement error.
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Predictors

The baseline clinical characteristics, echocardiographic
measures, and the maintenance doses of study drugs by
treatment arm, which were considered as predictors, are
included in Table 1. Seven outlier values among the pre-
dictors were identified and excluded from analysis to avoid
undue influence on the results.

Outcomes

The outcomes for this analysis were (1) annual rate of
change in AoR dilation (AoRz/year and AoRd/year); (2)
rapid aortic dilation defined as change in AoRz/year and
AoRd/year > 90th percentile; and (3) referral for aortic
surgery.

Statistical Analysis

All analyses were conducted using SAS v9.3 (SAS Institute
Inc., Cary, NC).

Rate of Aortic Dilation/Year and Rapid Aortic Root Dilation

Repeated measures multivariable linear and logistic regres-
sions with compound symmetric variance structure were
used to assess variables associated with rate of AoR dilation
and rapid AoR dilation, as defined above. A confirmatory
analysis with multiple imputation showed similar results
(data not shown).

Referral for Aortic Root Surgery

Multivariable logistic regression was used to assess vari-
ables associated with referral for aortic surgery. C-statistics
were performed to generate receiver operator characteristic
(ROC) curves to determine cut-points in AoR dilation pre-
dicting referral for aortic surgery. The cut-point was chosen
as the point on the ROC curve that maximizes Youden’s
Index.

Multivariable Modeling Procedures

Predictors significant at level 0.20 in binary analysis were
entered into a multivariate model with backwards elimina-
tion. A P value <0.05 was accepted for statistical signifi-
cance. The amount of variance explained by the models (R?)
was examined. Since many of the predictors were derived
from echocardiographic measurement of aortic dimensions,
cluster analysis and correlations were examined to evalu-
ate the collinearity. For highly collinear variables (correla-
tions >0.8), only the predictor considered most clinically rel-
evant from each group was chosen to include in the models.



Pediatric Cardiology

Table 1 Predictors Predictors N Mean+SD or n (%)

Baseline clinical characteristics

Age (years) 606 11.2+6.3
Male gender 608 366 (60%)
Hispanic 607 82 (14%)
Race 608
White 526 (87%)
Black or African American 46 (8%)
Asian 16 (3%)
Other 20 (3%)
Family history (any relative with Marfan syndrome) 585 361 (62%)
Prior cardiac surgery (non-aortic) 608 12 (2%)
Prior medication use
Beta blocker 608 344 (57%)
Angiotensin converting enzyme inhibitors 608 34 (6%)
Calcium channel blocker 608 8 (1%)
Angiotensin receptor blocker 608 18 (3%)
Other anti-hypertensive 608 2 (<1%)
Any endocrine history 608 7 (1%)
Any neurodevelopmental history 608 117 (19%)
Any psychiatric history 608 39 (6%)
Height-for-age z-score® 541 1.97+1.14
Weight-for-age z-score® 548 0.31+1.14
BMI-for-age z-score 513 —-1.21+1.66
Systolic BP-for-age z-score 606 —0.64+0.98
Diastolic BP-for-age z-score 606 0.32+0.94
Mean BP-for-age z-score 595 -0.24+0.96
Pulse pressure (mmHg) 606 39+9
Resting heart rate-for-age z-score 604 —-0.01+0.92
Average 24-h heart rate-for-age z-score 608 0.63 +0.67
Baseline echocardiographic measures
Aortic annulus z-score (SD units) 589 1.76 £1.30
Aortic annulus diameter (cm) 589 2.01+0.42
Aortic root z-score (SD units) 607 4.32+1.35
Aortic root diameter (cm) 607 3.36+0.61
Sinotubular junction z-score (SD units) 552 2.12+1.27
Sinotubular junction diameter (cm) 552 2.41+0.53
Ascending aortic z-score (SD units) 543 1.00+1.00
Ascending aortic diameter (cm) 543 2.29+0.49
Aortic root diameter:aortic annulus diameter ratio 589 1.68+0.17
Sinotubular junction diameter:aortic annulus diameter ratio 543 1.22+0.15
Sinotubular junction diameter:aortic root diameter ratio 552 0.73+0.06
Sinotubular junction diameter:ascending aortic diameter ratio 506 1.06+0.10
Ascending aortic diameter:aortic annulus diameter ratio 531 1.16+0.14
Ascending aortic diameter:aortic root diameter ratio 543 0.69+0.08
Aortic root diameter:height ratio 540 0.023 +0.0025
Ascending aortic diameter:height ratio 527 0.016+0.0019
Aortic root elastic modulus 598 101+71
Aortic root stiffness index 598 9.9+6.5
Ascending aortic elastic modulus 492 50+28
Ascending aortic stiffness index 492 5.0+2.8
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Table 1 (continued) Predictors N Mean+SD or n (%)
Study drug by treatment arm
Atenolol maintenance dose (mg/kg/day) 303 27+1.1
Losartan maintenance dose (mg/kg/day) 305 1.3+£0.2

#Only available age <20 years

Consequently, only AoRd was included and aortic annulus,
sinotubular junction, and ascending aortic dimensions were
not, and only the stiffness index for AoR and ascending aorta
were included, and the elastic modulus for both were not. A
confirmatory analysis including or excluding these collinear
predictors showed similar results (data not shown).

Since the effect of age on AoR dilation is not linear, age
was plotted against outcomes, with a Loess (non-parametric)
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Fig.1 a, b The Loess (non-parametric) curves, that were used to
assess the relationship of the annual changes in AoRz and AoRd with
age, as solid red lines with the dotted red lines representing the 95%
confidence intervals. ¢, d The ROC curves that were used to deter-
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curve overlaid to assess the shape of the relationship between
age and outcomes (Fig. 1a, b). The Loess (non-parametric)
curves suggested a non-linear, but age group-dependent,
effect of age on AoR dilation. On the basis of these curves,
we used age cut-points for AoRz of 11 and 15 years for girls
and 11 and 16 years for boys. For AoRd, we used cut-points
of 8 and 14 for both genders. For referral for aortic surgery,
a quadratic effect of age was chosen.
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Results

The mean age of the analytic cohort was 11.2 +6.3 years
with the majority being male (60%) and white (87%)
(Table 1). The mean baseline AoRz was 4.32 + 1.35 SD units
and AoRd was 3.36+0.61 cm.

Independent of study arm, on medical treatment with
atenolol or losartan, the mean annual change in AoRz was

Table2 Outcomes

Outcomes N Mean+SD or n (%)
AoR dilation
Annual change in AoRz/year (SD 1659* —0.13+0.70
units/year)
Annual change in AoRd/year (cm/ 1661* 0.07+0.18
year)
Referral for aortic surgery 608 28 (5%)

AoR aortic root, AoRz AoR z-score, AoRd AoR diameter

20f 1824 potential measures (3 annual changes per each of 608 sub-
jects)

Table 3 Results of multivariable analysis

a decrease of —0.13+0.70 SD units/year, and the mean
annual change in AoRd was an increase of 0.07 +0.18 cm/
year (Table 2). In this study cohort, the cut-off for rapid
AoR root dilation > 90th percentile was > 0.64 SD units/
year for AoRz and > 0.26 cm/year for AoRd. During the
study period, 28 subjects (5%) were referred for aortic root
surgery including 2 (0.33%) subjects who underwent aortic
root surgery for aortic dissection. There was one death due
to congestive heart failure; this subject had neither aortic
dissection nor aortic root surgery.

In the multivariable analysis (Table 3), an increased
change in AoRz/year was associated with older age, a higher
sinotubular junction diameter: AoR diameter ratio, and male
gender (R*=0.02). An increased change in AoRd/year was
associated with younger age, higher sinotubular junction
z-score, male gender, and the absence of any psychiatric his-
tory (R>=0.07). Rapid AoR dilation, as defined by change in
AoRz/year > 90th percentile, was associated with older age,
higher sinotubular junction z-score, and atenolol as the study
drug (R?=0.02). Rapid AoR dilation, as defined by change
in AoRd/year > 90th percentile, was associated with higher
sinotubular junction z-score and non-white race (R*=0.01).

Outcomes Predictors Slope SE P R?
AoR dilation
Annual change in AoRz/year Created age variable: increase from child to young 0.16 0.035 <0.001 0.02
adult, with linear increase from age 11 to 15 for girls
or 16 for boys
STJ diameter:AoR diameter ratio 0.62 0.26 0.02
Female gender —-0.076  0.032 0.02
Annual change in AoRd/year Created age variable: number of years younger than8  —0.011  0.0030 <0.001 0.07
(negative, or 0 if > 8)
Created age variable: number of years older than 14 (or —0.0077 0.0013 <0.001
0if<14)
STJ z-score (SD) 0.012 0.0036 <0.001
Female gender —0.030 0.0084 <0.001
Psychiatric history -0.035 0.017 0.03
Outcomes Predictors OR CL P R?
Rapid AoR dilation
Annual change in AoRz/year > 90th percentile Created age variable: increase from child to young 1.71 1.17-2.49  0.005 0.02
adult, with linear increase from age 11 to 15 for girls
or 16 for boys
STJ z-score (SD) 1.24 1.05-1.45 0.009
Study drug losartan vs. atenolol 0.72 0.52-1.00  0.05
Annual change in AoRd/year > 90th percentile STJ z-score (SD) 1.31 1.12-1.52  <0.001 0.01
Race other vs. white 5.48 1.15-26.18 0.03
Referral for aortic surgery AoR diameter (cm) 172 23t0>999 <0.001 0.17
AAo z-score (SD) 2.57 1.37-4.81 0.003
STIJ diameter:AAo diameter ratio 811 4t0>999 0.01

AAo ascending aorta, AoR aortic root, AoRz AoR z-score, AoRd AoR diameter, CL confidence limits, OR odds ratio, SE standard error, STJ sino-

tubular junction
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Referral for aortic root surgery was associated with higher
AoRd, higher ascending aorta z-score, and higher sino-
tubular junction diameter:ascending aorta diameter ratio
(R*=0.17). Although statistically significant, the associa-
tions were weak, and none of the above-described clinical or
echocardiographic factors were found to be robust predictors
of AoR dilation or referral for aortic surgery.

ROC curves for change in AoRz and AoRd are shown
(Fig. 1c, d). A change of AoRz of 0.72 SD units/year had
42% sensitivity and 92% specificity for predicting referral for
aortic surgery, and a change in AoRD of 0.34 cm/year had
38% sensitivity and 95% specificity for predicting referral
for aortic surgery.

Discussion

In this post hoc analysis of the data from the PHN Marfan
trial, we did not find any robust clinical or echocardiographic
predictors of rapid AoR dilation or referral for aortic sur-
gery in children and young adults with MFS monitored over
3 years. Although some associations were statistically sig-
nificant, these associations were only weakly predictive and
explained little of the variation in outcomes. In this study
cohort, AoR dilation cut-points had high specificity, but low
sensitivity for predicting referral for aortic surgery.

Previous studies have shown larger baseline AoR dimen-
sions to predict progressive AoR dilation in MFS. In 19
children with MFS (aged 1-18 years) followed by echocar-
diography for up to 8 years, those with AoRz > 2 at baseline
showed more rapid AoR dilation [9]. In 78 adults with MFS
(aged 18-50 years) with a median echocardiography follow-
up of 71 months, baseline AoRd was the major predictor for
progressive aortic root dilation (OR 1.37,95% CI 1.16-1.62)
[10].

We found progressive AoR dilation as measured by an
increased change in AoRz/year was associated with older
age, a higher sinotubular junction diameter:AoR diameter
ratio, and male gender, whereas AoR dilation as measured
by increased change in AoRd/year was associated with
younger age, higher sinotubular junction z-score, male gen-
der, and absence of any psychiatric history. We postulate that
the differential effect of age here is due to somatic growth in
childhood. Younger individuals with MFS tend to maintain
a similar AoRz throughout childhood, as their AoR grows
in parallel to their more advanced somatic growth. Older
individuals with MFS tend to have increasing AoRz, as
their AoR continues to grow in adulthood, but their body
surface area becomes fixed once somatic growth is com-
plete. In contrast, AoRd in all age groups with MFS tends
to increase. We also found that more rapid AoR dilation as
defined by change in AoRz/year > 90th percentile was asso-
ciated with older age, higher sinotubular junction z-score,
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and atenolol, whereas more rapid AoR dilation as defined by
change in AoRd/year > 90th percentile was associated with
higher sinotubular junction z-score, and non-white race.
Although these associations were only weakly predictive, a
common theme in these models was an increased sinotubular
junction z-score and an increase in the sinotubular junction
dimension relative to the AoR or ascending aortic dimen-
sion, or the so-called effacement of the sinotubular junction.
This may suggest that monitoring the sinotubular junction
dimensions by echocardiography could be an additional use-
ful marker of more rapid AoR dilation, both clinically and
in future studies. However, data reported previously from
this trial suggested that the maximum sinotubular junction
diameter was one of the least consistently measured of the
proximal aortic dimensions with the highest interobserver
variability [19]. Therefore, simply recognizing effacement
of the sinotubular junction by echocardiography might prove
more useful than actually monitoring the sinotubular junc-
tion dimensions.

Similarly, aortic complications in MFS have previously
been shown to be consistently associated with larger baseline
AoR dimensions [4, 11-15]. In 113 patients with MFS (aged
6 months to 66 years), with a mean follow-up of 49 +24
months, aortic complications (dissection, marked dilation
requiring surgery, or progressive moderate-to-severe aortic
regurgitation) were associated with larger baseline AoRd,
older age, increased height, higher systolic blood pressure,
and AoR growth rate, but the only independent predictor
was baseline AoRd [4]. Interestingly, when AoRd, one of
the indications for surgical referral, was excluded from their
analyses, the only independent predictor of aortic complica-
tions was generalized proximal aortic dilation involving the
AoR, sinotubular junction, and ascending aorta, which was
present in 51% of their study participants. AoR growth rate
has also been shown previously to be associated with aortic
complications in MFS in other studies. In 62 patients with
MES (aged 1 months to 54 years) with echocardiography
follow-up for up to 16 years, aortic complications were again
associated with larger baseline AoRd and older age, along
with AoR growth rate > 5% per year [11]. In 57 children with
MEFS (aged 1-16 years) with echocardiography follow-up
for up to 14 years, AoR growth rate was also shown to be of
prognostic value for occurrence of aortic complications [12].
In 43 patients with MFS (aged 22 + 14 years) with a mean
echocardiography follow-up of 5 +3 years, aortic dissection
both in the ascending and descending aorta only occurred in
the group with more rapid AoR growth rate >3% per year
[13].

We found that referral for aortic root surgery was associ-
ated with higher AoRd, higher ascending aorta z-score, and
higher sinotubular junction diameter:ascending aorta diame-
ter ratio. The higher sinotubular junction diameter:ascending
aorta diameter ratio again suggests effacement of the
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sinotubular junction. Along with the higher ascending aorta
z-score, this suggests that generalized proximal aortic dila-
tion as has previously been shown [4] is associated with
referral for aortic root surgery. As above, this may suggest
that recognizing effacement of the sinotubular junction and
generalized proximal aortic dilation could be useful clinical
markers in determining the need for referral for aortic root
surgery.

The main limitation of this study cohort is the short
follow-up duration of only 3 years. The selection of only
patients with moderate AoR disease, with AoRz> 3 and
AoRd <5 cm, and no potential for aortic surgery within
6 months of enrollment, also limited the numbers of refer-
rals for aortic surgery during the study period. There was
also likely variation in institutional criteria for referral for
aortic surgery, as this was not prescribed within the main
trial protocol. Including specific details about any family his-
tory of early dissection or need for aortic surgery may have
added to our analysis. Genetic screening for the presence
of an FBNI mutation was only available in just over half of
study participants, so was also not included in this analysis.
Future planned genotype-specific and pharmacogenetics
studies may provide additional information.

In conclusion, our analysis of data from a large rand-
omized study of children and young adults with MFS did not
identify any new clinical or echocardiographic predictors of
aortic root dilation or referral for aortic root surgery. Fur-
ther work may determine whether other risk factors, beyond
baseline AoR dimensions (AoRz and AoRd) and AoR
growth rate, such as generalized proximal aortic dilation
and effacement of the sinotubular junction, may allow for
better risk stratification. Rate of AoR dilation cut-points had
high specificity, but low sensitivity for predicting referral for
aortic surgery, limiting their clinical use. Establishment of
registries monitoring patients with MFS longer term would
allow us to determine whether such factors and family- and/
or genotype-specific predictors, may aid in identifying those
patients who would most benefit from more frequent follow-
up and initiation of earlier medical therapy and/or surgical
intervention.

Acknowledgements Pediatric Heart Network Investigators: In
addition to the authors, the following investigators participated in the
Pediatric Heart Network Marfan Trial. National Heart, Lung, and
Blood Institute: Gail Pearson, Mario Stylianou, Victoria Pemberton.
Network Chair: Lynn Mahony, University of Texas Southwestern
Medical Center. Data Coordinating Center: New England Research
Institutes, Lynn Sleeper* (PI), Sharon Tennstedt* (PI), Steven Colan,
Gloria Klein*, Lin Guey*, Lisa Wruck*, Thomas Travison*, Shan
Chen*, Eric Gerstenberger*, Tanya Olesker*, David F. Teitel*. Core
Clinical Site Investigators: Boston Children’s Hospital, Boston, MA:
Jane Newburger (PI), Ronald V. Lacro (Study Co-chair), Martha King,
Carolyn Dunbar-Masterson, Jill Handisides, Andrea Posa*, Quincy
Nang*, Cara Hass; Children’s Hospital of New York, NY: Daphne Hsu
(PD*, Wyman Lai (PI)*, William Hellenbrand*, Beth Printz*, Mary
J. Roman, Richard Devereux, Rosalind Korsin, Greysi Sherwood*;

Children’s Hospital of Philadelphia, PA: Victoria Vetter (PI), Stephen
Paridon, Marie Gleason, Reed Pyeritz; Nicole Mirarchi*, Sandra DiL-
ullo*, Agbenu Ejembi, Ruth Morgan*, Tonia Morrison; Cincinnati
Children’s Medical Center, OH: D. Woodrow Benson* (PI), William
Border*, James Cnota, Haleh Heydarian, Jeanne James*, Michelle
Hamstra, Kathryn Hogan*, Lois Bogenschutz*; Duke University, NC:
Page A. W. Anderson (PI) - deceased, Jennifer S. Li (PI), Stephanie
Burns Wechsler, Amanda Cook*, Charles Sang, Wesley Covitz*, Min-
gfen Xu, Lori Jo Sutton, Kari Crawford*, Summer Roberts*, Deborah
Palmer; Medical University of South Carolina: J. Philip Saul* (PI),
Andrew Atz, Geoffrey Forbus, Teresa Atz, Patricia Infinger, Aparna
Choudhury*; Primary Children’s Hospital and the University of Utah,
Salt Lake City, UT: LuAnn Minich (PI), Richard Williams, Angela Yet-
man*, Marian Shearrow, Michelle Robinson*, June Porter*; Hospital
for Sick Children, Toronto, Canada: Brian McCrindle (PI), Timothy
J. Bradley*, Jennifer Russell, Jack Colman, Elizabeth Radojewski*,
Svetlana Khaikin*, Nancy Slater*; Johns Hopkins University School of
Medicine, MD: Harry C. Dietz (Study Co-chair), William J. Ravekes,
Mary Rykiel, Elisabeth Sparks, Gretchen Oswald, Jennifer Leadroot*.
Auxiliary Site Investigators: Washington University School of Med-
icine, St. Louis, MO: Charles Canter (PI), Angela Sharkey*, Alan
Braverman, Cheryl Rainey; Texas Children’s Hospital Houston, TX:
John L. Jefferies*, Timothy Slesnick*, Aimee Liou (PI), Hugo Mar-
tinez*, Andres Menesses*, Tunu Tenende*; Stanford University Medi-
cal Center, Stanford, CA: David Liang (PI), Elisabeth Merkel; Ghent
University Hospital, Ghent, Belgium: Bart Loeys*, Julie De Backer
(PI), Jan Maarten Cobben, Thierry Sluysmans, Anne De Paepe, Sylvia
De Nobele; Mount Sinai Hospital, New York, NY: Bruce Gelb (PI),
Shubhika Srivastava, Tejani Mendiz-Ramdeen*, Constance Weismann,
Emily Lawrence, Stephanie Chin, Helen Ko, Jen Le Yau; Children’s
Hospital of Pittsburgh of UPMC, Pittsburgh, PA: Steven Webber* (PI),
Stacey Drant (PI), Jane Luce, Kevin Stiegler*; Vanderbilt University,
Nashville, TN: Larry Markham (PI), Cheryl Kinnard*, Cheri Stewart,
Sue Sommers, Carol Madison; Ann & Robert H. Lurie Children’s Hos-
pital, Chicago, IL: Luciana Young* (PI), Megan Domenico*, Kathryn
Waitzman*, Carla Lozano*; Children’s Hospital and Clinics of Min-
nesota, St. Paul, MN: Mary Ella Pierpont (PI), Charles Baker, Erin
Zielinski*, Heidi Vander Velden, Alison Overman; Seattle Children’s
Hospital, Seattle, WA: Mark Lewin (PI), Aaron Olson, Amy Payne;
Cedars-Sinai Medical Center, Los Angeles, CA: David Rimoin (PI)
deceased, Mitchel Pariani*, Robert Siegel (PI), Asim Rafique*; Rady
Children’s Hospital, UCSD, San Diego, CA: Paul Grossfeld, Arlene
Smith, Terri McLees-Palinkas*. Echocardiography Core Labora-
tory: Boston Children’s Hospital: Steven D. Colan (Director), Elif Seda
Selamet Tierney*, Jami Levine, Shari Trevey, Marga Rivera. Protocol
Review Committee: Michael Artman, Chair; Erle Austin, H. Scott
Baldwin, Daniel Bernstein, Timothy Feltes, Julie Johnson, Thomas
Klitzner, Jeffrey Krischer, G. Paul Matherne, Kenneth G. Zahka.
Data and Safety Monitoring Board: John Kugler, Chair; David J.
Driscoll, Mark Galantowicz, Sally A. Hunsberger, Thomas J. Knight,
Holly Taylor.
* no longer at the institution listed.

Funding Supported by UO1 grants from the NHLBI (HL068269,
HL068270, HL068279, HL068281, HL068285, HL068292, HL068290,
HL068288, and HL085057) and the Food and Drug Administration
Office of Orphan Products Development and by the Marfan Foundation.

Compliance with Ethical Standards

Conflict of interest/Relation to Industry The authors do not have any
conflict of interest. The views expressed in this article are those of the
authors and do not represent the official views of the National Heart,
Lung, and Blood Institute (NHLBI) or the National Institutes of Health.

@ Springer



Pediatric Cardiology

References

10.

11.

12.

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

Baer RW, Taussig HB, Oppenheimer EH (1943) Congenital aneu-
rysmal dilatation of the aorta associated with arachnodactyly. Bull
Johns Hopkins Hosp 72:309-331

Etter LE, Glover LP (1943) Arachnodactyly complicated by dislo-
cated lens and death from rupture of dissecting aneurysm of aorta.
JAMA 123:88-89

Roman MJ, Rosen SE, Kramer-Fox R, Devereux RB (1993) Prog-
nostic significance of the pattern of aortic root dilation in the
Marfan syndrome. J Am Coll Cardiol 22:1470-1476

Roman MJ, Devereux RB, Kramer-Fox R, O’Loughlin J (1989)
Two-dimensional echocardiographic aortic root dimensions in
normal children and adults. Am J Cardiol 64:507-512

Sheil ML, Jenkins O, Sholler GF (1995) Echocardiographic
assessment of aortic root dimensions in normal children based on
measurement of a new ratio of aortic size independent of growth.
Am J Cardiol 75:711-715

Rozendaal L, Groenink M, Naeff MS, Hennekam RC, Hart AA,
van der Wall EE, Mulder BJ (1998) Marfan syndrome in children
and adolescents: an adjusted nomogram for screening aortic root
dilatation. Heart 79:69-72

Gautier M, Detaint D, Fermanian C, Aegerter P, Delorme G,
Arnoult F, Milleron O, Raoux F, Stheneur C, Boileau C, Vaha-
nian A, Jondeau G (2010) Nomograms for aortic root diameters in
children using two-dimensional echocardiography. Am J Cardiol
105:888-894

Vetter U, Mayerhofer R, Lang D, von Bernuth G, Ranke MB,
Schmaltz AA (1990) The Marfan syndrome—analysis of growth
and cardiovascular manifestation. Eur J Pediatr 149:452-456
Nollen GJ, Groenink M, Tijssen JG, Van Der Wall EE, Mulder
BJ (2004) Aortic stiffness and diameter predict progressive aor-
tic dilatation in patients with Marfan syndrome. Eur Heart J
25:1146-1152

Legget ME, Unger TA, O’Sullivan CK, Zwink TR, Bennett RL,
Byers PH, Otto CM (1996) Aortic root complications in Marfan’s
syndrome: identification of a lower risk group. Heart 75:389-395
Groenink M, Rozendaal L, Naeff MS, Hennekam RC, Hart AA,
van der Wall EE, Mulder BJ (1998) Marfan syndrome in children
and adolescents: predictive and prognostic value of aortic root
growth for screening for aortic complications. Heart 80:163-169

Affiliations

13.

14.

15.

16.

17.

19.

Davies RR, Goldstein LJ, Coady MA, Tittle SL, Rizzo JA, Kopf
GS, Elefteriades JA (2002) Yearly rupture or dissection rates for
thoracic aortic aneurysms: simple prediction based on size. Ann
Thorac Surg 73:17-27

Davies RR, Gallo A, Coady MA, Tellides G, Botta DM, Burke B,
Coe MP, Kopf GS, Elefteriades JA (2006) Novel measurement of
relative aortic size predicts rupture of thoracic aortic aneurysms.
Ann Thorac Surg 81:169-177

Lazarevic AM, Nakatani S, Okita Y, Marinkovic J, Takeda Y,
Hirooka K, Matsuo H, Kitamura S, Yamagishi M, Miyatake K
(2006) Determinants of rapid progression of aortic root dilatation
and complications in Marfan syndrome. Int J Cardiol 106:177-182
Lacro RV, Dietz HC, Wruck LM, Bradley TJ, Colan SD, Devereux
RB, Klein GL, Li JS, Minich LL, Paridon SM, Pearson GD, Printz
BF, Pyeritz RE, Radojewski E, Roman MJ, Saul JP, Stylianou MP,
Mahony L, for the Pediatric Heart Network Investigators (2007)
Rationale and design of a randomized clinical trial of beta-blocker
therapy (atenolol) versus angiotensin II receptor blocker therapy
(losartan) in individuals with Marfan syndrome. Am Heart J
154:624-631

Lacro RV, Dietz HC, Sleeper LA, Yetman AJ, Bradley TJ, Colan
SD, Pearson GD, Tierney ESS, Levine JC, Atz AM, Benson W,
Braverman AC, Chen S, De Backer J, Gelb BD, Grossfeld PD,
Klein GL, Lai WW, Liou A, Loeys BL, Markham LW, Olson AK,
Paridon SM, Pemberton VL, Pierpont ME, Pyeritz RE, Rado-
jewski E, Roman MJ, Sharkey AM, Stylianou MP, Wechsler SB,
Young LT, Mahony L, for the Pediatric Heart Network (2014)
Atenolol versus losartan in children and young adults with Mar-
fan’s syndrome. N Engl J Med 371:2061-2071

. De Paepe A, Devereux RB, Dietz HC, Hennekam RC, Pyeritz RE

(1996) Revised diagnostic criteria for the Marfan syndrome. Am
J Med Genet 62:417-426

Selamet Tierney ES, Levine JC, Chen S, Bradley TJ, Pearson GD,
Colan SD, Sleeper LA, Campbell MJ, Cohen MS, De Backer J,
Guey LT, Heydarian H, Lai WW, Lewin MB, Marcus E, Mart
CR, Pignatelli R, Printz BF, Sharkey AM, Shirali G, Srivastava
S, Lacro RV, for the Pediatric Heart Network (2013) Echocardio-
graphic methods, quality review and measurement accuracy in a
randomized multicenter clinical trial of Marfan syndrome. J Am
Soc Echocardiogr 26:657-666

Arvind Hoskoppal® - Shaji Menon' - Felicia Trachtenberg? - Kristin M. Burns? - Julie De Backer* - Bruce D. Gelb® -
Marie Gleason® - Jeanne James’ - Wyman W. Lai® - Aimee Liou® - Lynn Mahony'® - Aaron K. Olson" .

Reed E. Pyeritz'? - Angela M. Sharkey'® - Mario Stylianou? - Stephanie Burns Wechsler'* - Luciana Young'® -

Jami C. Levine'® . Elif Seda Selamet Tierney'® - Ronald V. Lacro'® - Timothy J. Bradley'” on behalf of Pediatric Heart
Network Investigators

University of Utah, Salt Lake City, UT, USA
New England Research Institutes Inc., Watertown, MA, USA

National Heart, Lung, and Blood Institute, Bethesda, MD,
USA

Ghent University Hospital, Ghent, Belgium

Icahn School of Medicine at Mount Sinai, New York, NY,
USA

Children’s Hospital of Philadelphia, University
of Pennsylvania, Philadelphia, PA, USA

@ Springer

Cincinnati Children’s Hospital Medical Center, University
of Cincinnati, Cincinnati, OH, USA

Columbia University, New York, NY, USA

Texas Children’s Hospital, Baylor College of Medicine,
Houston, TX, USA

Southwestern Medical Center, University of Texas, Dallas,
TX, USA

University of Washington, Seattle, WA, USA



Pediatric Cardiology

12 The Perelman School of Medicine, University 16 Boston Children’s Hospital, Harvard Medical School,
of Pennsylvania, Philadelphia, PA, USA Boston, MA, USA
13 Washington University, St. Louis, MO, USA 17" The Hospital for Sick Children, University of Toronto,

Duke University Medical Center, Duke University, Durham, Toronto, ON, Canada

NC, USA

Ann and Robert H. Lurie Children’s Hospital of Chicago,
Chicago, IL, USA

@ Springer



	Predictors of Rapid Aortic Root Dilation and Referral for Aortic Surgery in Marfan Syndrome
	Abstract
	Introduction
	Methods
	Study Design
	Participants
	Predictors
	Outcomes

	Statistical Analysis
	Rate of Aortic DilationYear and Rapid Aortic Root Dilation
	Referral for Aortic Root Surgery
	Multivariable Modeling Procedures


	Results
	Discussion
	Acknowledgements 
	References


