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Objective To test whether variants in ADRB1 and CYP2C9 genes iden-
tify subgroups of individuals with differential response to treatment for
Marfan syndrome through analysis of data from a large, randomized trial.
Study design In a subset of 250 white, non-Hispanic participants with
Marfan syndrome in a prior randomized trial of atenolol vs losartan, the
common variants rs1801252 and rs1801253 in ADRB1 and rs1799853
and rs1057910 in CYP2C9 were analyzed. The primary outcome was
baseline-adjusted annual rate of change in the maximum aortic root
diameter z-score over 3 years, assessed using mixed effects models.
Results Among 122 atenolol-assigned participants, the 70 with
rs1801253 CC genotype had greater rate of improvement in aortic root
z-score compared with 52 participants with CG or GG genotypes
(Time � Genotype interaction P = .005, mean annual z-score
change � SE –0.20 � 0.03 vs �0.09 � 0.03). Among participants with
the CC genotype in both treatment arms, those assigned to atenolol
had greater rate of improvement compared with the 71 of the 121 as-
signed to losartan (interaction P = .002; �0.20 � 0.02 vs �0.07 � 0.02;
P < .001). There were no differences in atenolol response by rs1801252
genotype or in losartan response by CYP2C9 metabolizer status.
Conclusions In this exploratory study, ADRB1-rs1801253 was associ-
ated with atenolol response in children and young adults with Marfan syn-
drome. If these findings are confirmed in future studies, ADRB1
genotyping has the potential to guide therapy by identifying those who
are likely to have greater therapeutic response to atenolol than losartan.
(J Pediatr 2020;222:213-20).

M
arfan syndrome is an autosomal dominant connective tissue disorder
affecting approximately 1 in 5000 individuals.1,2 In most cases, path-
ogenic variants are identified in FBN1, the gene encoding fibrillin 1.

Multiple organs are affected; however, progressive aortic root dilation leading
to dissection or rupture is the leading cause of mortality. The angiotensin II
type 1-receptor blocker losartan is a potential alternative to beta-adrenergic re-
ceptor antagonists (beta-blockers) for preventing aortic root dilation. A random-
ized trial conducted by the Pediatric Heart Network (PHN) compared atenolol
with losartan in children and young adults with Marfan syndrome and found
no difference in the rate of aortic root dilation between the 2 treatment groups
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over the 3-year study.3 However, there was substantial vari-
ability in response within treatment groups.

Genetic variation in drug metabolism or response path-
ways may contribute to interindividual variability in drug
response. For atenolol, polymorphisms in the adrenergic
signaling system have been associated with drug response.4-6

The most widely studied are those in the beta 1 adrenergic
receptor gene (ADRB1), including 2 common nonsynony-
mous variants: rs1801252 encoding ADRB1-Ser49Gly and
rs1801253 encoding ADRB1-Arg389Gly. Both variants are
associated with clinical response to beta-blocker therapy,
although there are conflicting data on the effect size and the
direction of effect.7-19 Losartan is metabolized by cytochrome
P450 2C9 (encoded byCYP2C9), which also has common var-
iants reducing function (rs1799853 encoding CYP2C9*2 and
rs1057910 encoding CYP2C9*3). CYP2C9 variation has been
associated with losartan response, as have variants in other
genes in the angiotensin pathway, again with heterogeneity
of results.20-26 The impact of genetic variants on response to
atenolol or losartan therapy in Marfan syndrome has not
been established.

The objective of this study was to determine if variants in
ADRB1 orCYP2C9 identify subgroups of individuals with su-
perior response to either atenolol or losartan. We studied in-
dividuals from the PHN trial who chose to participate in this
pharmacogenetic ancillary study. The primary outcome from
the PHN trial was assessed, namely the baseline-adjusted rate
of change of aortic root z-score. Prespecified secondary out-
comes were the composite clinical outcome of aortic root
surgery, dissection, and/or death and, for the atenolol cohort,
heart rate and atenolol dose. Exploratory analyses of addi-
tional variants previously associated with atenolol or losartan
response were also performed.
Methods

This pharmacogenetic study was a planned ancillary study of
the National Heart, Lung, and Blood Institute-sponsored
PHN randomized atenolol vs losartan in Marfan syndrome
trial (NCT00429364). The study design and results for the
PHN trial have been previously reported.3,27 In brief, the
PHN trial included participants age 6 months to 25 years
with Marfan syndrome diagnosis per Ghent criteria and an
aortic root z-score of >3.0.28 Participants in the PHN trial
were randomized to treatment with either atenolol, with
the dose titrated to achieve a 20% decrease in heart rate
(maximum daily dose 250 mg), or 1.4 mg/kg of losartan
(maximum daily dose, 100 mg). Seventeen of 21 sites from
the PHN trial invited participants to also enroll in the phar-
macogenetic study. Written informed consent and assent for
the pharmacogenetic ancillary study were obtained from each
participant and/or their parent or guardian, as appropriate,
at or after the time of consent for the PHN trial. The PHN
trial and the ancillary pharmacogenetic study were approved
by the institutional review board or ethics committee at each
study site.
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The primary outcome for the PHN trial and the pharma-
cogenetic ancillary study was the baseline-adjusted annual
rate of change in the aortic root z-score, based on body sur-
face area, as measured by echocardiography at baseline and
6-, 12-, 24-, and 36-month follow-up visits.29 The prespeci-
fied composite secondary outcome was freedom from aortic
surgery, aortic root dissection, or death. Because the atenolol
dose was titrated to achieve a 20% heart rate decrease, the
mean heart rate from 24-hour ambulatory monitoring at
baseline and at 36 months and atenolol dose at 36 months
were secondary outcomes for the atenolol cohort.
DNA was extracted from either whole blood or a saliva

specimen. Given multiple prior associations with atenolol
response, 2 variants in ADRB1 were the primary candidate
pharmacogenetic variants for atenolol: rs1801252 (c.145A>G
encoding p.Ser49Gly) and rs1801253 (c.1165C>G encoding
p.Arg389Gly). The potential combined effect of both variants
was assessed by comparing those with the AA/GG haplotype
with those with all other haplotypes. Additional variants asso-
ciated with beta-blocker response in AGT (rs699, rs4762, and
rs5051), LDLR (rs688), and PTPRD (rs12346562) were desig-
nated for exploratory analysis.30-32

For losartan, the primary candidate variants were in
CYP2C9. Two variants in this gene, rs1799853 and
rs1057910, encoding CYP2C9*2 and CYP2C9*3, respectively,
were used to determine the CYP2C9 metabolizer status. Indi-
viduals with noCYP2C9 variants (CYP2C9*1/*1) were defined
as normal metabolizers, those with 1 variant (CYP2C9*1/*2 or
*1/*3) were intermediate metabolizers, and those with 2 vari-
ants (CYP2C9*2/*2, *2/*3, or *3/*3) were poor metabolizers,
per current guidelines for other CYP2C9 substrates.33,34 Vari-
ants in the ACE, AGT, AGTR1, and the transforming growth
factor (TGF)b pathways (TGFB1, TGFBR1, and TGFBR2)
were designated for exploratory analysis in the losartan cohort,
because these genes code for proteins in the losartan target
pathway.
Variants listed in ADRB1, AGT, LDLR, and CYP2C9, and

genes in the TGFb pathway were assessed using target enrich-
ment (Agilent Technologies, Santa Clara, California) and
next generation sequencing on a MiSeq instrument (Illu-
mina, San Diego, California) performed at the University
of Antwerp as a part of an ongoing study of Marfan geno-
mics. Variants in PTPRD, ACE, and AGTR1 were genotyped
for the pharmacogenetic study using MassARRAY (Seque-
nom Inc, San Diego, California) in the Vanderbilt Technolo-
gies for Advanced Genomics core laboratory. Genotyping
results for each variant were confirmed to be in Hardy-
Weinberg equilibrium, to approximate known minor allele
frequencies, and be concordant across duplicates.

Statistical Analyses
The primary analyses were restricted to those who were white
and non-Hispanic by self-report, and used an intention-to-
treat approach, including all data from each randomized
participant. A secondary per-protocol analysis included
only echocardiographic data obtained during treatment
with study drug (ie, excluding data from after withdrawal
Van Driest et al



Figure 1. Study cohorts. This ancillary study included 161
(126 white, non-Hispanic) of the 303 participants of the main
randomized trial who were assigned to atenolol, and 162 (124
white, non-Hispanic) of the 305 participants assigned to los-
artan. For atenolol, the 161 enrolled included 13 Hispanic,
13 black, and 9 patients of other race/ethnicity who were
excluded from the primary analysis owing to small group size.
Similarly, the 162 patients enrolled in the Losartan group
included 19 Hispanic, 10 black, and 9 patients of other race/
ethnicity who were excluded from the primary analysis.

Table I. Demographics and clinical characteristics at
study baseline by assigned treatment

Characteristics Atenolol (n = 126) Losartan (n = 124)

Age at randomization, y
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from study drug). A secondary analysis including all individ-
uals (regardless of reported race/ethnicity) was performed
for significant associations. Adjustments were not made to
the significance levels of hypothesis tests for the number of
genetic variants studied or for secondary trial outcomes; a
nominal P value of .05 was considered statistically significant,
without correction for multiple comparisons.35

To assess whether a longitudinal change in the aortic root
z-score was associated with the candidate genetic variants or
treatment assignment, we used linearmixed effects regression
modeling of the aortic root z-score with parameterization
adjusting for baseline. The study plan included an assessment
of each variant predictor using an additive model (0 vs 1 vs 2
variant alleles with intrinsic ordering of effect), a categorical
model (0 vs 1 vs 2 variant alleles without intrinsic ordering of
effect), and a dichotomous model (0 vs either 1 or 2 variant
alleles). Owing to low numbers of individuals with 2 variant
alleles for many genotypes, the dichotomous model was used
for the primary analyses.

For the atenolol cohort, the baseline-adjusted annual rates
of change in aortic root z-score were compared in those
without vs with each of the candidate variants using a test
of the variant Allele � Time interaction effect. For the losar-
tan cohort, the primary outcome was compared across
groups by CYP2C9 metabolizer status (normal vs intermedi-
ate or poor), and exploratory variants in the TGFb pathway
were analyzed by collapsing across all variants (ie, 0 vs ³1
TGFb pathway variant). Significant variants from the pri-
mary analysis within the treatment groups were further eval-
uated for a differential treatment effect (atenolol vs losartan)
according to genotype by an interaction test (Genotype
group � Treatment � Time).

The secondary composite outcome was assessed using a
log-rank test, with event rates estimated using the Kaplan-
Meier method. Follow-up time was defined as years from
randomization to aortic root surgery date (no deaths or dis-
sections occurred) or censored at last contact date in the trial
for event-free patients. Associations between genotypes and
additional secondary outcomes for atenolol (heart rate and
atenolol dose) were assessed using Student t tests.
Mean � SD 12.0 � 6.5 11.6 � 6.2
Median (IQR) 11.5 (6.6-16.4) 10.8 (6.3-16.0)

Male sex 71 (56.3%) 82 (66.1%)
Presence of causal FBN1 variant* 41 (32.5%) 36 (29.0%)
Family history of Marfan syndrome 71 (56.3%) 74 (59.7%)
Maximum aortic root diameter

Mean � SD 3.4 � 0.7 3.4 � 0.7
Median (IQR) 3.5 (2.8-4.0) 3.5 (2.9-3.9)

Maximum aortic root
diameter z-score

Mean � SD 4.2 � 1.0 4.3 � 1.2
Median (IQR) 4.0 (3.5-4.7) 4.0 (3.4-5.0)

Max aortic root diameter
z-score ³4.5

38 (30.2%) 44 (35.5%)

Prior cardiac surgery 2 (1.6%) 4 (3.2%)
Other cardiovascular disorder 20 (15.9%) 16 (12.9%)
Prior beta-blocker 76 (60.3%) 75 (60.5%)
Endocrine disorder 5 (4.0%) 0 (0%)
Neurodevelopment disorder 25 (19.8%) 28 (22.6%)
Psychiatric disorder 7 (5.6%) 9 (7.3%)

P values comparing atenolol with losartan for each variable were >.05.
*No presence of causal FBN1 variant includes absent and unknown status.
Results

From January 2007 through February 2011, 303 patients were
randomly assigned to atenolol treatment in the PHN trial. Of
these, 161 participated in the pharmacogenetic ancillary study;
13 Hispanic patients, 13 black patients, and 9 patients of
other race/ethnicity were excluded from the primary analysis
owing to small group size, leading to a primary analysis of
126 white, non-Hispanic individuals (Figure 1). The median
age was 11.5 years, and 71 (56.3%) were male (Table I).
Demographic and baseline clinical variables were not
different in participants in the ancillary study vs PHN trial
participants who did not participate in the ancillary study. A
total of 600 echocardiograms were obtained in the atenolol-
assigned participants of the pharmacogenetic ancillary study.
Variants in ADRB1 and CYP2C9: Association with Response to A
The frequencies of rs1801252 and rs1801253 variants in the
atenolol-assigned cohort are shown in Table II (available at
www.jpeds.com). To determine whether there were
inherent differences in aortic root size, the maximum
tenolol and Losartan in Marfan Syndrome 215
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Table III. Demographics and clinical characteristics at study baseline by assigned treatment and ADRB1-rs1801253
genotype

Characteristics

Atenolol (n = 122)* Losartan (n = 121)†

CG or GG genotype (n = 52) CC genotype (n = 70) CG or GG genotype (n = 50) CC genotype (n = 71)

Age at randomization, y
Mean � SD 13.2 � 6.4 11.3 � 6.6 11.1 � 6.3 11.8 � 6.2
Median (IQR) 11.9 (8.1-18.7) 11.0 (5.3-14.9) 9.5 (5.9-16.1) 12.1 (6.9-15.4)

Male 28 (53.8%) 41 (58.6%) 33 (66.0%) 48 (67.6%)
Presence of causal FBN1 variant‡ 14 (26.9%) 25 (35.7%) 10 (20.0%) 25 (35.2%)
Family history of Marfan syndrome 28 (53.8%) 42 (60.0%) 29 (58.0%) 44 (62.0%)
Maximum aortic root diameter
Mean � SD 3.5 � 0.7 3.3 � 0.7 3.4 � 0.7 3.4 � 0.7
Median (IQR) 3.6 (3.0-4.0) 3.3 (2.8-3.9) 3.5 (2.8-3.9) 3.3 (2.9-4.0)

Maximum aortic root diameter z-score
Mean � SD 4.3 � 1.1 4.1 � 1.0 4.5 � 1.2 4.1 � 1.1
Median (IQR) 4.1 (3.6-4.7) 4.0 (3.5-4.7) 4.0 (3.5-5.4) 3.9 (3.3-4.8)

Max aortic root diameter z-score ³4.5 18 (34.6%) 19 (27.1%) 21 (42.0%) 20 (28.2%)

*Four of 126 individuals in the atenolol treatment group failed genotyping for rs1801253.
†Three of 124 individuals in the losartan treatment group failed genotyping for rs1801253.
‡No presence of causal FBN1 variant includes absent and unknown status.
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aortic root diameter z-score at baseline was compared across
genotypes. No significant differences were found. There were
no differences in baseline characteristics by rs1801253 variant
(Table III). The primary outcome, namely, magnitude of the
baseline-adjusted annual rate of change in aortic root z-score,
was larger in those with rs1801253 CC genotypes than
in those with CG or GG genotypes (interaction P = .005).
The annual rate of change of aortic root z-score (� SE) was
�0.20 � 0.03 for those with rs1801253 CC genotype, and
�0.09 � 0.03 for those with CG or GG genotypes. Results
were similar when echocardiograms obtained after
withdrawal from atenolol study drug were excluded, with
additive and categorical genetic models, and using the
rs1801253 and rs1801252 variants together as a haplotype
(Table IV and Table V; available at www.jpeds.com).
There was no difference based on the rs1801252 variant
(Table IV and Table V). When the analysis cohort
included all individuals regardless of race/ethnicity
(n = 161), the association of rs1801253 and the combined
haplotype remained significant in the primary analysis
(interaction P = .04; Table VI [available at www.jpeds.com]).

With respect to the composite clinical outcome, there were
a total of 4 surgeries, no aortic dissections, and no deaths.
One of 70 individuals (1.4%) with the rs1801253 CC geno-
type and 3 of 52 individuals with CG or GG genotypes
(5.8%) underwent aortic surgery. Kaplan-Meier estimates
demonstrated that 3-year freedom from aortic root surgery
was 99% (95% CI, 90%-100%) for those with rs1801253
CC genotype, and 94% (95% CI, 83%-98%) for those with
CG or GG genotype (log-rank P = .19; Figure 2 [available
at www.jpeds.com]). There were no differences in the time
to composite clinical outcome for the rs1801252 variant.
There were no differences in the mean 24-hour heart rates
by rs1801253 or rs1801252 variant status at baseline or at
36 months (Table VII; available at www.jpeds.com). There
was no difference in atenolol dose at 36 months for either
variant (Table VIII; available at www.jpeds.com).
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To determine whether the rs1801253 variant identifies a
subgroup with differential response to atenolol vs losartan,
we examined the dichotomous allele variable as a formal
post hoc subgroup factor for the main trial result in a mixed
effects model with 3-way interaction. There was a significant
interaction between the rs1801253 allele and treatment group
(P = .002 for rs1801253 � Treatment � Time interaction),
indicating that the baseline-adjusted annual rate of change
in aortic root z-score by treatment (atenolol or losartan) de-
pends on the presence or absence of rs1801253 variants.
Among those with rs1801253 CC genotype, atenolol treat-
ment resulted in an annual rate of change of �0.20 � 0.02
vs �0.07 � 0.02 for losartan (P < .001; Figure 3).
In the PHN trial, 305 patients were assigned to losartan

treatment, of whom 162 participated in the pharmacogenetic
ancillary study. Excluded were 19 Hispanic, 10 Black, and 9
of other race/ethnicity, resulting in 124 white, non-Hispanic
individuals in the primary analysis (Figure 1). The median
age was 10.8 years, and 82 patients (66.1%) were male
(Table I). There were no differences in demographic or
clinical variables when compared with losartan-assigned
participants in the PHN trial who did not enroll in the
ancillary study. A total of 585 echocardiograms were
obtained in the losartan-assigned participants of the
pharmacogenetic ancillary study.
The frequencies of rs1057910 and rs1799853 variants in the

cohort assigned to losartan are shown in Table IX (available
at www.jpeds.com). There were 85 (70.2%) normal
metabolizers, 32 (26.4%) intermediate metabolizers, and 4
(3.3%) poor metabolizers. There was no difference in
baseline maximum aortic root diameter z-scores by
metabolizer status. There were also no differences in the
primary outcome by metabolizer status (Table X; available
at www.jpeds.com), nor in time to the composite outcome.
The frequency of variants in the exploratory candidate

genes for atenolol are shown in Table II. Only AGT-rs4762
was associated with the primary outcome (Table XI;
Van Driest et al

http://www.jpeds.com
http://www.jpeds.com
http://www.jpeds.com
http://www.jpeds.com
http://www.jpeds.com
http://www.jpeds.com
http://www.jpeds.com


Figure 3. Predicted baseline-adjusted change inmaximum aortic root z-score over time for atenolol and losartan assignment by
ADRB1-rs1801253 genotype. The model-predicted aortic root z-score is plotted on the y-axis and time since randomization on
the x-axis. The atenolol group is shown in red and the losartan group in blue.Shading indicates 95%pointwise confidence bands.
TheGenotype� Treatment� Time interactionP = .002. (Left) Individuals with CCgenotype forADRB1-rs1801253 (slope =�0.20
� 0.02 for atenolol and�0.07� 0.02 for losartan; P < .001 for difference in slope). (Right) Individuals with the CG or GG genotype
for ADRB1-rs1801253 (P = .41 for difference in slope).
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available at www.jpeds.com). Individuals with GG genotype
had annual aortic root z-score change of �0.18 � 0.02 vs
�0.08 � 0.04 for those with AG or AA genotype
(interaction P = .01). Further analysis revealed no difference
in atenolol vs losartan treatment effect (P = .23 for
rs4762 � Treatment � Time interaction). The frequencies
of variants identified in the exploratory candidate genes for
losartan are shown in Table IX. When the presence vs
absence of each of the candidate variants in ACE, AGT, and
AGTR1 was tested for association to the primary outcome,
no significant result was identified (Table XII; available at
www.jpeds.com). Likewise, there was no difference in the
primary outcome for individuals with 0 vs 1 or more
variants in the TGFb pathway (Table XII).

Discussion

There is currently a therapeutic dilemma for the treatment of
aortopathy in Marfan syndrome. In the 3-year PHN trial
comparing atenolol with losartan for the prevention of aortic
root dilation, no differences in therapeutic response or adverse
events were found between the treatment groups. In this study,
we performed prespecified exploratory analyses of the response
Variants in ADRB1 and CYP2C9: Association with Response to A
to atenolol based on ADRB1 variants and response to losartan
based on CYP2C9 variants using data from the PHN random-
ized trial. We found no differences in losartan response based
on CYP2C9 metabolic function. In contrast, atenolol-assigned
individuals with the ADRB1-rs1801253 CC genotype (encoding
Arg/Arg at position 389) had greater improvement in the aortic
root z-score than thosewho hadCGorGGgenotypes (encoding
Arg/Gly or Gly/Gly at position 389). This difference motivated
us to look for an interaction between rs1801253 genotype and
response to atenolol vs losartan. Although there are no differ-
ences between outcomes for atenolol and losartan for those
with rs1801253 CG or GG genotypes in our cohort, for those
with the CC genotype, we observed greater improvement in
aortic root z-score for atenolol than losartan, indicating a better
treatment response.
Although prior studies have associated rs1801253 CC with

greater heart rate decrease with beta-blockade, we found no
significant differences in heart rate by genotype or in the final
atenolol dose (which had been titrated to achieve 20% reduc-
tion in heart rate).8 In the PHN trial, the rate of change in the
aortic root z-score was not related to atenolol dose, and the
relationship between aortic root z-score and heart rate was
not investigated.3 Considering the greater improvement in
tenolol and Losartan in Marfan Syndrome 217
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aortic root z-score in those with the CC genotype, it is
possible that heart rate alone may not be an accurate indica-
tor of beta-blocker effect when the goal is prevention of
progressive aortic dilatation, and atenolol may be exerting
an effect that is independent of heart rate. However, owing
to the limitations of our study, this remains conjecture and
requires further investigation.

Prior mouse data supported the potential for angiotensin
II type 1-receptor blocker therapy to be superior to beta-
blockade, but both the PHN trial and an additional random-
ized trial by Forteza et al with 140 pediatric and adult patients
with Marfan syndrome found no difference with respect to
aortic root dilation over 3 years of follow-up.36,37 Long-
term follow-up (>5 years) of 128 of the 140 participants in
the trial conducted by Forteza et al also indicated no differ-
ence in aortopathy between treatment groups, and the au-
thors suggest that losartan might be a useful alternative to
beta-blockers for patients with Marfan syndrome.38 The
addition of angiotensin II receptor blocker to current therapy
(often including beta-blockers) has also been investigated,
with initial results indicating benefit of adding losartan.39,40

However, more recent studies have not shown a difference
between losartan with beta-blockade vs beta-blockade
alone.41-43 Given the apparent equipoise between losartan
and atenolol with respect to therapeutic outcomes and
adverse events, the identification of a biomarker to guide
clinical management may improve outcomes for these pa-
tients. In our study, the difference between atenolol and los-
artan response among those with ADRB1-rs1801253 CC
genotype was statistically significant and greater than the
treatment effect observed for those with ADRB1-rs1801253
CG or GG genotypes. These findings suggest that this sub-
group of patients with Marfan syndrome may receive greater
benefit from treatment with atenolol than with losartan and
raises the possibility that clinical testing for ADRB1 variants,
available through commercial laboratories, could assist in
determining optimal medical therapy.

The functional impact of the rs1801253 variant on ADRB1
function has been assessed; the C>Gmissense variant leads to
a single amino acid substitution (Arg389Gly) that decreases
receptor G-protein coupling.44 Individuals with the CC ge-
notype, encoding 2 copies of the more functional Arg389
protein, are expected to have a more robust response to
beta-blockade. A blunted response is expected in those whose
genetic variation has already reduced beta-adrenoreceptor
activity. This has been observed, as the rs1801253 CC geno-
type is associated with increased response to beta-blockers
in healthy individuals and those with essential hypertension
and heart failure.7-9,11-18 However, negative studies have
also been published, particularly in heart failure.18,45-49 There
are also reports of increased response to rate control in atrial
fibrillation patients with the CG or GG genotype, rather than
the CC genotype.18,19 These variable findings highlight the
need to assess the impact of pharmacogenetic variants in
the specific patient population of interest.

Our findings, indicating that a genetic biomarker identifies
a subset of patients for whom atenolol may be more effective
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than losartan, exemplify the clinical potential of
pharmacogenomics. This study also illustrates many of the
challenges in building evidence for precision medicine ap-
proaches in children. We are limited in the conclusions we
can draw from our data owing to the small sample size,
despite recruiting participants from 17 clinical sites. Marfan
syndrome is a rare disease, precluding recruitment of large
cohorts. Ideally, our findings would be replicated in an inde-
pendent data set before clinical implementation. Assembly of
a replication cohort of appropriate size will require coordina-
tion across ongoing or future Marfan studies and/or multiple
biobanks to identify atenolol-exposed individuals with docu-
mentation of comparable end points. Also, the rarity of
definitive clinical end points such as death and aortic dissec-
tion necessitate use of a surrogate outcome. Thus, our data
provide evidence of a difference in efficacy of these 2 drugs
based on the rs1801253 genotype, but do not prove a survival
difference between groups or that clinically guided therapy
will provide clinical benefit.
This study has several additional limitations. As a substudy

of the PHN trial, this study was subject to the same cohort
selection as the trial (eg, requirement for an aortic root
z-score of >3 at the time of study enrollment; study drug
dosing with titration of atenolol but not losartan to achieve
heart rate reduction). Approximately one-half of those who
participated in the PHN trial chose to enroll in this ancillary
study; we found no differences in demographic and clinical
characteristics between those who did vs did not participate
in the ancillary study, but there may be unmeasured selection
bias. Despite beginning with a large trial cohort, our sample
size for analysis of each variant is small, particularly for var-
iants with low frequency, limiting power and precluding an
analysis of heterozygotes vs homozygotes. Our analyses do
not include correction for multiple comparisons. Owing to
this small sample size, we focused on variants with the
most robust associations to the drugs of interest. Additional
variants may play an important role in response to atenolol
or losartan in patients with Marfan syndrome. For the
ADRB1-rs1801253 variant, we did perform stratified analyses
that confirmed the association among white, non-Hispanic
participants. However, we do not have an adequate sample
size to analyze other subsets of individuals by race or
ancestry, where distinct genetic variants may be important
predictors of response to atenolol and/or losartan.
The rs1801253 variant may identify a subgroup of patients

in whom atenolol therapy is superior to losartan. If differ-
ences in drug response by genotype are replicated and
demonstrated to be clinically meaningful, ADRB1 testing
may identify those who are likely to have greater therapeutic
response to atenolol than to losartan. n
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A Comprehensive Assessment of Gestational Age in the Newborn is Born

Dubowitz LM, Dubowitz V, Goldberg C. Clinical assessment of gestational age in the newborn infant. J Pediatr 1970;77:1-10.

In 1970, L. M. Dubowitz, V. Dubowitz, and C. Goldberg studied neurologic and external characteristics previously
described in the clinical assessment of gestational age. They found a wide overlap in the gestational age at which an

individual neurologic sign might be present or absent, resulting in difficulty predicting gestation objectively. A
combination of neurologic signs and external characteristics identified in newborn infants for the clinical assessment
of gestational age was described. Neurologic assessments were selected based on being easily definable and reproduc-
ible by multiple observers. These assessments were also the ones least influenced by the state of the newborn. A scoring
system for all criteria, including both neurologic and external characteristics, was then developed. This Dubowitz
scoring system resulted in a more objective and reliable method of assessing gestational age than that based on the
presence or absence of individual criteria as described previously.

This high-impact study paved the way for a comprehensive and cohesive examination of newborns throughout
pediatric medicine. Over the past 50 years, there have been further developments in newborn gestational age
assessment tools, most notably the Ballard Maturational Assessment (BMA) described by Ballard et al in 1979.1 In addi-
tion, there has been vast improvement in ultrasound dating of the fetus in developed countries. The BMA is a simplified
version of the Dubowitz scoring system for clinical determination of fetal maturation of newborn infants in the range of
26-44 weeks.1 This was expanded in 1991 to the New Ballard Score (NBS) to include extremely preterm infants born at
<26 weeks gestational age.2 The BMA ismost reliable between 30 and 42 hours of life, whereas the NBS is most optimal at
<12 hours of life.1,2 At this time, the most accurate gestational age estimation is achieved by prenatal dating using the last
menstrual period and early prenatal ultrasound, as well as postnatal physical examination and neurologic assessment.

Stephanie M. Marshall, MD
Division of Neonatology

Ann & Robert H. Lurie Children’s Hospital
Chicago, Illinois
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Table II. Frequency of genetic variants for participants
assigned to atenolol

Variants
No minor
alleles

1 minor
allele

2 minor
alleles Unknown

Primary variants
rs1801252

(ADRB1)
98 (77.8) 25 (19.8) 3 (2.4) 0

rs1801253
(ADRB1)

70 (57.4) 41 (33.6) 11 (9.0) 4

Exploratory variants
rs699 (AGT) 41 (33.3) 53 (43.1) 29 (23.6) 3
rs4762 (AGT) 90 (73.2) 28 (22.8) 5 (4.1) 3
rs5051 (AGT) 42 (33.6) 53 (42.4) 30 (24.0) 1
rs688 (LDLR) 44 (35.8) 57 (46.3) 22 (17.9) 3
rs12346562

(PTPRD)
58 (47.2) 53 (43.1) 12 (9.8) 3

Values are number (%).

Table IV. Estimated annual rate of change in aortic
root z-score in participants assigned to atenolol by
ADRB1 variant status

Genotypes No. (%)

All echos

Excluding echos after
withdrawal from

study drug

Rate of
change (SE) P value

Rate of
change (SE) P value

rs1801253 .69 .61
AA 98 (77.8) �0.16 (0.02) �0.16 (0.02)
AG or GG 28 (22.2) �0.18 (0.04) �0.18 (0.04)

rs1801253* .005 .007
CC 70 (57.4) �0.20 (0.03) �0.20 (0.03)
CG or GG 52 (42.6) �0.09 (0.03) �0.09 (0.03)

Haplotype† .003 .005
AA/CC 48 (38.7) �0.23 (0.03) �0.23 (0.03)
All others 76 (61.3) �0.12 (0.02) �0.12 (0.02)

P value from test of the variant allele-by-time interaction effect.
*Four of 126 individuals failed genotyping for rs1801253.
†Haplotypes for 2 of 126 individuals could not be resolved as AA/CC vs other owing to failed
genotyping.

Table V. Estimated annual rate of change in aortic root
z-score in participants assigned to atenolol by ADRB1
variant status using additive and categorical models

Genotypes No. (%)

Additive model Categorical model

Rate of
change (SE) P value

Rate of
Change (SE) P value

rs1801252 .96 .34
AA 98 (77.8) �0.16 (0.02) �0.16 (0.02)
AG 25 (19.8) �0.16 (0.03) �0.20 (0.04)
GG 3 (2.4) �0.16 (0.07) �0.02 (0.12)

rs1801253* .012 .02
CC 70 (57.4) �0.19 (0.02) �0.20 (0.03)
CG 41 (33.6) �0.12 (0.02) �0.09 (0.03)
GG 11 (9.0) �0.05 (0.04) �0.10 (0.06)

P value from test of the variant allele-by-time interaction effect.
*Four of 126 individuals failed genotyping for rs1801253.

Table VI. Estimated annual rate of change in aortic
root z-score in participants assigned to atenolol by
ADRB1 variant status including all individuals,
regardless of race/ethnicity*

Genotypes No. (%)

Primary analysis

Excluding echos after
withdrawal from

study drug

Rate of
change (SE) P value

Rate of
change (SE) P value

rs1801252 .30 .40
AA 121 (75.2) �0.17 (0.02) �0.17 (0.02)
AG or GG 40 (24.8) �0.13 (0.03) �0.13 (0.03)

rs1801253† .04 .06
CC 87 (55.8) �0.19 (0.02) �0.18 (0.02)
CG or GG 69 (44.2) �0.12 (0.03) �0.12 (0.03)

Haplotype‡ .008 .02
AA/CC 58 (36.5) �0.21 (0.03) �0.21 (0.03)
All others 101 (63.5) �0.12 (0.02) �0.12 (0.02)

P value from test of the variant allele-by-time interaction effect.
*Of 161 individuals, self-reported race included White (n = 139), Black (n = 13), American In-
dian (n = 2), Native Hawaiian/Pacific Islander (n = 1), more than 1 race (n = 1), and other
(n = 5); 13 self-reported as Hispanic.
†Five of 161 individuals failed genotyping for rs1801253.
‡Haplotypes for 2 or 126 individuals could not be resolved as AA/CC vs other owing to failed
genotyping.
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Table VII. Mean 24-hour heart rate at baseline and 36 months in participants assigned to atenolol by ADRB1 variant
status

Genotypes No. (%)
Baseline mean 24-hour
heart rate, mean ± SD P value

36-month mean 24-hour
heart rate, mean ± SD P value

rs1801252 .50 .98
AA 98 (77.8) 87.4 � 13.0 72.1 � 10.1
AG or GG 28 (22.2) 85.5 � 14.2 72.0 � 11.6

rs1801253* .11 .29
CC 70 (57.4) 88.5 � 14.0 70.8 � 8.7
CG or GG 52 (42.6) 84.6 � 12.0 73.0 � 11.6

P value from t test.
*Four of 126 individuals failed genotyping for rs1801253.

Table VIII. Atenolol dose at 36 months by ADRB1
variant status

Genotypes No. (%)*
Atenolol dose (mg/kg/d),

mean ± SD P value

rs1801252 .48
AA 90 (78.3) 1.59 � 0.87
AG or GG 25 (21.7) 1.73 � 0.89

rs1801253† .91
CC 63 (56.8) 1.59 � 0.83
CG or GG 48 (43.2) 1.61 � 0.89

P value from t test.
*Eleven participants withdrew or discontinued the study drug.
†Four of 115 individuals failed genotyping for rs1801253.
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Table X. Estimated annual rate of change in aortic root
z-score in participants assigned to losartan by CYP2C9
metabolizer status

CYP2C9 metabolizer
Phenotypes* No. (%)

Primary analysis

Excluding echos
after withdrawal of

study drug

Rate of
change (SE)

P
value

Rate of
change (SE)

P
value

Normal 85 (70.2) �0.09 (0.02) .50 �0.10 (0.02) .57
Intermediate or Poor 36 (29.8) �0.12 (0.03) �0.12 (0.03)

P value from test of the variant allele-by-time interaction effect.
*Three of 124 individuals failed genotyping for rs1057910 and rs1799853, precluding determi-
nation of CYP2C9 metabolizer phenotype.

Table IX. Frequency of genetic variants for
participants assigned to losartan

Variants
No minor
alleles

1 minor
allele

2 minor
alleles Unknown

CYP2C9
rs1057910 108 (89.3) 12 (9.9) 1 (0.8) 3
rs1799853 95 (78.5) 26 (21.5) 0 3
Metabolizer status 85 (70.2) 32 (26.4) 4 (3.3) 3

Angiotensin pathway
rs699 (AGT) 43 (35.5) 59 (48.8) 19 (15.7) 3
rs4762 (AGT) 89 (73.6) 29 (24.0) 3 (2.5) 3
rs5051 (AGT) 48 (40.0) 57 (47.5) 15 (12.5) 4
rs5186 (AGTR1) 54 (44.3) 54 (44.3) 14 (11.5) 2
rs4340 (ACE) 40 (32.8) 67 (54.9) 15 (12.3) 2

TGFb Pathway 97 (80.2) 24 (19.8) 0 3
rs1800472 (TGFb1) 111 (91.7) 10 (8.3) 0 3
rs1800471 (TGFb1) 102 (88.7) 11 (9.6) 2 (1.7) 9
rs56014374

(TGFbR1)
121 (100) 0 0 3

rs61732532
(TGFbR2)

119 (98.3) 2 (1.7) 0 3

rs113474008
(TGFbR2)

120 (99.2) 1 (0.8) 0 3

rs35719192
(TGFbR2)

121 (100) 0 0 3

rs35766612
(TGFbR2)

121 (100) 0 0 3

rs104893809
(TGFbR2)

121 (100) 0 0 3

Values are number (%).
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Table XI. Annual rate of change in aortic root z-score in participants assigned to atenolol by exploratory variant status

Genes Variants No. (%) Rate of change (SE) P value

Angiotensin (AGT) rs699 .63
AA 41 (33.3) �0.17 (0.03)
AG or GG 82 (66.7) �0.15 (0.02)

rs4762 .01
GG 90 (73.2) �0.18 (0.02)
AG or AA 33 (26.8) �0.08 (0.04)

rs5051 .65
CC 42 (33.6) �0.17 (0.03)
CT or TT 83 (66.4) �0.16 (0.02)

Low-density lipoprotein receptor (LDLR) rs688 .77
CC 44 (35.8) �0.15 (0.03)
CT or TT 79 (64.2) �0.16 (0.02)

Protein tyrosine phosphatase, receptor
type D (PTPRD)

rs12346562 .95
CC 58 (47.2) �0.16 (0.03)
AC or AA 65 (52.8) �0.16 (0.03)

P value is from test of the variant allele-by-time interaction effect.

Table XII. Annual rate of change in aortic root z-score
in participants assigned to losartan by exploratory
variant status

Genes Variant No. (%) Rate of change (SE) P value

Angiotensin
(AGT)

rs699 .28
AA 43 (31.0) �0.12 (0.03)
AG or GG 78 (69.0) �0.08 (0.02)
rs4762 .27
GG 89 (73.6) �0.11 (0.02)
AG or AA 32 (26.4) �0.07 (0.03)
rs5051 .53
CC 48 (40.0) �0.11 (0.03)
CT or TT 72 (60.0) �0.09 (0.02)

Angiotensin II
receptor
type 1
(AGTR1)

rs5186 .09
AA 54 (44.3) �0.07 (0.02)
AC or CC 68 (55.7) �0.13 (0.02)

Angiotensin
Converting
enzyme
(ACE)

rs4340 .17
Del/Del 40 (32.8) �0.13 (0.03)
Del/Ins or Ins/Ins 82 (67.2) �0.08 (0.02)

TGFb pathway
(TGFB1,
TGFBR1,
TGFBR2)

8 Known Variants .47
0 Variants 97 (80.2) �0.09 (0.02)
³1 Variant 24 (19.8) �0.12 (0.04)

P value from test of the variant allele-by-time interaction effect.
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Figure 2. Freedom from composite clinical outcome by rs1801253 genotype. The y-axis depicts the proportion of individuals
free from the composite clinical outcome, defined as aortic surgery, dissection, or death. No aortic dissections or deaths
occurred. The x-axis depicts time. The blue line indicates outcomes for individuals with the CC genotype at rs1801253, and the
green line indicates those with either CG or GG genotype.
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