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Marfan syndrome in children and adolescents:
predictive and prognostic value of aortic root
growth for screening for aortic complications

M Groenink, L Rozendaal, M S J NaeV, R C M Hennekam, A A M Hart,
E E van der Wall, B J M Mulder

Abstract
Objective—To assess and measure the
diagnostic and prognostic value of indi-
vidual aortic root growth in children and
adolescents with Marfan syndrome.
Design—From 1983 to 1996, 250 children
were screened for Marfan syndrome.
Serial echocardiographic aortic root
measurements of 123 children (57 Marfan,
66 control) were available for evaluation of
aortic root growth. Aortic root diameters
were correlated with body surface area.
Based on individual growth of the aortic
root a discrimination formula was derived
to distinguish Marfan patients from con-
trol subjects.
Results—Sensitivity and specificity of this
method, which were dependent on the
number of measurements, were 84% and
73%, respectively, for three serial meas-
urements. The discrimination score also
predicted a five year complication free
survival in all patients.
Conclusions—In children and adolescents
withMarfan syndrome, aortic root growth
diVers significantly from subjects in
whom Marfan syndrome was definitely
ruled out during screening. Measurement
of individual aortic root growth may serve
to establish diagnosis at an early stage and
is of prognostic value for occurrence of
aortic complications.
(Heart 1998;80:163–169)

Keywords: Marfan syndrome; aortic root growth;
echocardiography; children; adolescents

Marfan syndrome is an autosomal dominantly
inherited disorder of connective tissue associ-
ated with mutations in the fibrillin I gene,1 in
which ocular, skeletal, cardiovascular, integu-
mentary, pulmonary, and neurological features
may be present in a highly variable degree.2 3

Until recently, the diagnosis was based on ful-
filment of diagnostic criteria established in
Berlin in 1986.4 In 1995 these criteria were
revised in Gent.5 Prevalence has been esti-
mated to be 1 in 3000 to 5000,6 15–30% of
whom represent new mutations.3 4 7

Prognosis is mainly determined by progres-
sive aortic root dilatation, potentially leading to
aortic type A dissection and aortic rupture,
which are the major causes of death.2 3 Prophy-
lactic composite graft repair of the aortic root is
usually performed before the aortic root diam-
eter reaches 55 mm in adults, thereby raising

life expectancy from 40 years in 1972 to
approximately 60 years in 1993.8 Nevertheless,
60% of all mortality is still caused by aortic
complications9 and hence several studies with
respect to aortic complications have been
focused on the identification of specific risk
groups in the Marfan population.10 11

Whereas aortic root complications are rare in
childhood, early identification of the diagnosis
of Marfan syndrome and the identification of
patients at a high risk for aortic complications
are still important. Particularly in childhood,
clinical signs vary in onset and severity, and
long term follow up examinations may be nec-
essary before a definite diagnosis can be
established.12 Furthermore, treatment with â
adrenergic blocking agents, which are reported
to slow down the rate of aortic dilatation,13 14

should be started as soon as possible to delay or
even prevent critical dilatation requiring surgi-
cal intervention. Although the beneficial effects
of this treatment on the aortic root dilatation
rate have only been investigated in adults, one
could argue that the same protective mech-
anism occurs in children. Thus, since 1996 we
have increasingly prescribed â blocker treat-
ment for Marfan children in our institution.We
perform prophylactic surgery at an aortic root
diameter of 50 mm.
Screening in children relies mainly on aortic

root size. Aortic root diameter is measured by
echocardiography at the sinuses of Valsalva and
related to height,15 16 weight,16 17 and body sur-
face area,14 16 18–23 the latter being considered as
the most significant reference in children and
adolescents.19 21–27 With serial measurements of
the aortic root diameter, individual aortic root
growth curves can be constructed. Our aim in
this study was threefold: (1) to assess individual
growth of the aortic root diameter relative to
body surface area; (2) to predict at an early
stage a probable diagnosis of Marfan syndrome
by measuring individual aortic root growth;
and (3) to examine the prognostic importance
of aortic root growth on aortic complications in
children and adolescents with Marfan syn-
drome.

Methods
POPULATION

From 1983 until 1996, 250 children have been
referred to the multidisciplinary Marfan team
of the Academic Medical Centre of Amster-
dam. Indications for screening included family
history, excessive height, chest or spine anoma-
lies, hypermobile joints, and lens luxation.
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None of these subjects was referred for aortic
root enlargement. Of the 250 children, 71
eventually had a definite diagnosis of Marfan
syndrome according to the Berlin criteria4 and
in 104 the diagnosis Marfan syndrome could
definitely be excluded on clinical grounds at
some time during this 13 year period. A control
group excluded any child with aortic disease or
connective tissue disease. In 75 children the
diagnosis remained uncertain, which also
prevented inclusion in the study.
Of 175 children initially included, 52 were

ruled out for various reasons (table 1), leaving
123 children for final analysis (57 Marfan
patients and 66 controls). None of these 123
children had ever used â blocking agents
because up to 1996 no obvious advantage of
this treatment in children with Marfan syn-
drome was recognised in our institution. In the
Marfan group, four patients (7%) were diag-
nosed before the third year of age. Mean age at
definite diagnosis in the entire Marfan group
was 7 years (range 1 to 18 years). Follow up
was continued until the subjects reached 21
years of age. The baseline characteristics of the
study population, expressed as ranges and
means (SD), are shown in table 2.

ECHOCARDIOGRAPHY

Echocardiographic measurements of the aortic
root diameter of the patients and control
subjects were made by Mmode echocardiogra-
phy and cross sectional echocardiography. The
number of measurements per patient and con-
trol subject varied from two to 19 (mean (SD)
6.6 (3.9)) and from two to six (3.1 (1.2)),
respectively.We measured the aortic root at the
level of the sinuses of Valsalva with both meth-
ods.ThemeasurementsbyMmodeechocardio-

graphy were made according to the recommen-
dations of the American Society of
Echocardiography (ASE)28 and guided by cross
sectional mode. With cross sectional echocar-
diography the aortic root diameter was imaged
in long axis parasternal views.
We used all the measurements made by both

modes interchangeably, because in an earlier
study from our institution29 no clinically
relevant diVerence was found in assessing the
aortic root diameter by either of these two
echocardiographic methods.

INDIVIDUAL AORTIC ROOT GROWTH CURVES

To construct aortic root growth curves we first
calculated body surface area by the Dubois
formula.30 Aortic root diameters from each
individual were then correlated with body sur-
face area to yield aortic root growth curves.
Previous studies have shown that individual
growth curves related to body surface area can
be described by means of linear regression
analysis.19 26 27 31 DiVerences in individual aortic
root growth between patients and control sub-
jects were analysed by individual specific inter-
cepts and slopes from linear regression lines,
resulting in a discrimination formula to predict
Marfan syndrome (see statistical analysis
below). To examine the possible value of aortic
root growth in addition to absolute dilatation
for early diagnosis, we selected 26 Marfan
patients who had had at least three echocardio-
graphic measurements before dilatation of the
aortic root occurred. The discrimination for-
mula was used to identify aortic root involve-
ment in these 26 patients, based on the aortic
root growth before the aortic root became
dilated. We used the nomogram previously
reported by our group29 to examine whether
the aortic root was dilated. This was done to
rule out the eVects of diVerences in anthropo-
metric measurements and growth rate between
a population being screened for Marfan
syndrome and a standard population, which we
showed in a previous study.29

RISK STRATIFICATION

The discrimination formula was also tested to
predict increased risk for aortic complications
in the Marfan group. End points were defined
as cardiovascular death, aortic root surgery for
dissection or rupture of the ascending aorta,
and critical ascending aortic root dilatation
beyond 50 mm in children requiring prophy-
lactic repair of the aortic root. Aortic root
growth was not considered to be a standard
indication for prophylactic surgery in our insti-
tution. In Marfan patients we calculated the
complication rate from the second echocardio-
graphic measurement in relation to the dis-
crimination score.

STATISTICAL ANALYSIS

Data on baseline characteristics and serial
echocardiographic measurements are presented
as range and mean (SD) unless otherwise
reported. The diVerences of the mean values
were compared with the Student’s t test. In all
123 children the individual aortic root growth
curve in relation to body surface area was exam-

Table 1 Numbers of children evaluable for analysis of 250
children referred for screening

Marfan Not Marfan Uncertain

71 104 75
Excluded from analysis 14* 38†
Study population 57 66
Echocardiographic measurements per subject
> 2 57 66
> 3 46 34
> 4 40 16

*12 patients with incomplete data and two patients above 21
years of age.
†32 control subjects with incomplete data, one control subject
above 21 years of age, two control subjects with coarctation of
the aorta, one control subject with aortic valve stenosis, one
control subject with Ehlers-Danlos type IV, and one control
subject with idiopathic aortic dilatation and atrial septal defect.

Table 2 Clinical characteristics

Patients (n = 57) Control subjects (n = 66)

p valuesRange Mean (SD) Range Mean (SD)

Male/female (%) 51/49 49/51
Age of first echo (years) 1.0 to 16.6 8.4 (4.6) 1.4 to 15.7 10.1 (3.5) < 0.05
Years of follow up 0.2 to 14.4 5.6 (3.2) 1.0 to 9.6 4.0 (2.0) < 0.01
Body surface area (m2)
First echo 0.36 to 1.93 1.17 (0.41) 0.51 to 1.96 1.26 (0.34) NS
Growth 0.05 to 1.11 0.48 (0.30) 0.06 to 1.04 0.36 (0.23) < 0.05

Diameter Ao (mm)
First echo 19 to 42 29 (5) 17 to 35 24 (4) < 0.0001
Growth −1.7 to 41 8 (7) −1 to 11.5 3 (3) < 0.0001

Values are shown as range and mean (SD) unless otherwise specified.
Ao, aortic root diameter at the sinuses of Valsalva; Growth, from first until most recent
measurement.
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ined and quantified using linear regression
analysis. The relation between aortic root diam-
eter and body surface area was analysed using a
random coeYcient linear growth model.32

“Proc.mixed” from SAS 6.11 for Windows was
used for the calculations. DiVerences in indi-
vidual aortic root growth between patients and
control subjects were analysed by individual-
specific intercepts and slopes, following quad-
ratic discriminant analysis.33 This statistical
model was modified to take into account diVer-
ences between subjects regarding the precision
of the intercepts and slopes caused by the diVer-
ent numbers of measurements per subjects and
the diVerences in body surface area values. The
analysis resulted in a discriminant score func-
tion, which includes the slope and intercept,
number of measurements, and mean and stand-
ard deviation of body surface area of a subject.
Further details are given in the appendix.
Depending on a chosen cut oV point an

optimal balance between the sensitivity and
specificity of the discrimination score can be
obtained. A cut oV point at −0.7 of the
discrimination score was chosen, indicating
that a score larger than −0.7 was predictive of
Marfan syndrome—that is, involvement of the
aortic root—while a score below −0.7 indicated
absence of aortic root disease. We examined
the sensitivity and specificity for subjects with
at least two, three, and four serial measure-
ments, respectively, at the cut oV point of −0.7.
The log rank test was used to test the diVer-

ences in complication rate between the patients
stratified according to the score. The
complication-free event rate was expressed in
percentages with one standard error (SE). To
obtain similar sample sizes, two approximate
groups were prespecified to define the catego-
ries in the plot: 29 patients with a discrimina-
tion score of less than 2, and 28 patients with a
score above 2.
All analyses including aortic growth rate and

risk stratification were made in SPSS 6.0. A p
value < 0.05 was considered significant.

Results
ANALYSIS OF GROWTH

In all 123 children the individual growth curves
were analysed in relation to body surface area.
The mean interval between measurements was
significantly shorter for the Marfan group than
for the controls (Marfan 1.3 (0.7) years v con-
trol 2.3 (0.9) years, p < 0.01)) but there were

no significant diVerences within the groups
between subjects with two, three, or more
measurements. The mean regression line of the
57 patients was steeper than in the 66 control
subjects and there was a significant discrimina-
tion between the two diVerent groups
(y = 13.4x + 14.5 and y = 9.3x + 12.1 respec-
tively, p < 0.001). The mean regression lines
for growth of the aortic root in relation to body
surface area are shown in fig 1.

DISCRIMINATION SCORE

At a cut oV point of −0.7 (fig 2), the diagnostic
accuracy for the subjects with at least two,
three, and four serial echocardiographic meas-
urements was examined. For subjects with at
least two serial measurements the observed
sensitivity and specificity were 81% and 69%
respectively; for subjects with at least three
serial measurements, 84% and 73% respec-
tively; and for subjects with at least four serial
measurements, 90% and 73% respectively.
Of the 46 patients with at least three serial

measurements, 26 showed no aortic root dila-
tation during the first three measurements.
Among these 26 patients, abnormal aortic root
growth was identified in 18 by means of the
discrimination formula (69%), suggesting
Marfan syndrome before aortic root dilata-
tion.

RISK STRATIFICATION

During 13 years’ follow up, 12 patients
developed complications in the cardiovascular
system (table 3). At five years’ follow up after
the second echocardiographic measurement,
the estimated probabilities of no complications
were 100% (SE = 0%) for a score < 2, and
85% (SE = 7%) for a score > 2. At 10 years’
follow up after the second echocardiographic
measurement these figures were 90%
(SE = 9%) for a score < 2, and 56%
(SE = 13%) for a score > 2, p = 0.069 (fig 3).
Table 4 shows data on the family history of

Marfan syndrome and aortic dissection of the
two diVerent risk groups (score > 2 and score
< 2). Patients with a score > 2 were younger
(9.4 (5.1) and 10.2 (4.6) years, respectively),
less often had a positive family history of Mar-

Figure 1 Regression lines of mean aortic root growth in
relation to body surface area (BSA) of the Marfan patients
(n = 57) and the control subjects (n = 66).
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fan syndrome (60% and 83%, respectively),
and more often had a positive family history of
aortic dissection (36% and 21%, respectively),
compared with patients with a score < 2.

Discussion
Marfan syndrome remains a diYcult nosologi-
cal entity requiring a multidisciplinary ap-
proach in specialised centres. Our study shows
that with a formula based on paired echo-
cardiographic and anthropometric data,
measurement of aortic root growth may estab-
lish the diagnosis at an early stage, and predict
aortic complications in children and adoles-
cents with Marfan syndrome.
An early diagnosis may be important but is

still often not easily made. In our population of
250 children who were initially referred for

screening, the diagnosis of Marfan syndrome
could not be established with absolute cer-
tainty in a substantial group (75 subjects) after
a follow up of several years (range 0 to 11;
mean 2 years). This indicates the diYculty in
establishing the diagnosis Marfan syndrome
using the standard diagnostic criteria. Hence
additional information that can provide a tool
for diagnosis at an earlier stage is of great
importance. For the purpose of the present
study we selected only those patients in whom
no doubt remained about the diagnosis of
Marfan syndrome. Subsequent studies will
have to be performed to evaluate the formula in
patients in whom the diagnosis remains
questionable.
The relation of aortic root growth to body

surface area has previously been analysed in 17
Marfan patients by Hirata et al34 and in 19 chil-
dren with Marfan syndrome by Vetter et al.26 In
these small groups of patients a positive corre-
lation was found between initial aortic root
dilatation and the rate of aortic growth. In 89
Marfan patients studied by Legget et al an aor-
tic diameter of 30% or more above normal was
found to be related to an increased risk of aor-
tic complications.11 Furthermore, in 62Marfan
patients studied by serial echocardiograms, an
annual change in aortic diameter of more than
5% appeared to be a risk factor for aortic
complications.11

Identification of a higher risk group during
follow up is important and may have implica-
tions for management and treatment. The
prevalence of serious cardiovascular complica-
tions in childhood is low (4.3% of 186 patients
as reported by El Habbal35). There is, however,
a risk of rupture or dissection of the
aorta around adolescence (approximately
20%).10 11 35 36

Our Marfan population could be divided
into two groups with diVerent growth rates.
Patients with a higher growth rate—that is,
with a score > 2 and a higher risk of aortic
complications—were younger at initial evalua-
tion, less often had a positive family history of
Marfan syndrome, and more often had a fam-
ily history of aortic dissection than patients
with a score < 2. This is in line with previous
studies that showed that new mutations,
younger age at presentation, and a family his-
tory of severe aortic disease in Marfan patients
are important predictors of aortic
complications.7 10 33 34 There was a significant
discrimination in the occurrence of mitral
valve prolapse between the two groups
(p = 0.01). No other studies, however, showed
a correlation between the occurrence of mitral
valve prolapse and aortic complications in
Marfan syndrome. Therefore the significance
of this feature remains unclear. More accurate
measurements of aortic root diameter with
magnetic resonance imaging (MRI) may
improve the predictive power of aortic root
growth in Marfan syndrome.37 Further specifi-
cation of diagnostic criteria, for instance skel-
etal features and dural ectasia as proposed by
De Paepe et al,5 may also make diagnosis
easier. Until a fully reliable molecular based
approach that will identify patients at higher

Table 3 Discrimination score of 12 patients with aortic complications

Patient End point
Aortic root
diameter (mm)

BSA
(m2)

Age
(years)

Discrimination
score

1 Prophylactic repair 50.8 1.41 9.0 373.0
2 Prophylactic repair 83.0 2.02 19.0 343.5
3 Cardiovascular death 58.5 1.35 12.0 22.1
4 Aortic dissection type A ND ND 21.0 6.4
5 Aortic dissection type A 58.0 1.75 26.0 14.7
6 Prophylactic repair > 50.0 1.97 19.0 8.6
7 Prophylactic repair 50.5 1.95 21.0 −0.6
8 Prophylactic repair 53.5 1.85 18.5 −1.9
9 Cardiovascular death 25.0 0.49 1.5 2.7
10 Prophylactic repair > 50.0 1.88 18.5 36.1
11 Prophylactic repair 48.0 1.73 16.0 65.3
12 Prophylactic repair 55.0 1.86 26.0 11.0

BSA, body surface area; ND, no data available.

Table 4 Comparison of clinical findings in 57 patients with a discrimination score > 2
and < 2

Features
Score > 2
(n = 28)

Score < 2
(n = 29) p value

Mean (SD) age at second echo (years) 9.4 (5.1) 10.2 (4.6) 0.54
Mean (SD) follow up after second echo (years) 6.2 (3.4) 4.9 (2.9) 0.13
Male/female (%) 61/39 41/59 0.15
Aortic complications* (%) 36 7 0.07
Family history positive for Marfan syndrome (%) 60 83 0.06
Family history positive for aortic dissection (%) 36 21 0.13
Severe skeletal features (%) 29 52 0.07
Ectopia lentis (%) 54 45 0.51
Mitral valve prolapse (%) 96 72 0.01

*As defined end points (from Kaplan-Meier).

Figure 3 Complication rate for the patients in relation to the discrimination scores
distinguishing two groups of similar sample size. The numbers of patients in each group on
whom the calculations are based are given at the bottom. Patients with a discrimination
score < 2 (n = 29) filled squares; patients with a score > 2 (n = 28) empty circles.
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cardiovascular risk is widely available,
echocardiographic and MRI variables will be
the most important prognostic indicators.
Patients with Marfan syndrome and a dis-
crimination score > 2 should be followed
closely, because of the increased risk of serious
complications.
None of the study subjects used â blocking

agents before or during our study. Whether the
use of these drugs would have invalidated the
discrimination score can only partly be an-
swered by making assumptions on theoretical
grounds, as no research in this specific
direction has yet been performed. Aortic
dilatation in Marfan syndrome will occur when
degenerative changes take place in the aortic
tunica media, with defragmentation of elastic
tissue and mucoid pooling. These alterations in
the tunica media resemble degenerative
changes in the elderly,38 39 and gradual aortic
dilatation (with the risk of aortic dissection or
rupture) also takes place when people grow
older. Thus media changes in the Marfan aorta
could be regarded as accelerated aging. We do
not know to what extent this is the case in chil-
dren with Marfan syndrome. When tests of
elasticity are performed in vivo (by measuring
distensibility), the aorta is found to be less
elastic in Marfan patients and in the elderly,
independent of aortic size.40 41 However, in the
few studies that have been performed to test
the eVect of â blocking agents on aortic elastic-
ity in children with Marfan syndrome, no
significant diVerence in aortic distensibility
between those with and without â blocker
treatment was shown.42 If we assume that
aortic dilatation will follow decreased aortic
elastic function, no eVect of â blocking agents
on aortic root growth in children is to be
expected, and the value of the discrimination
formula will be unaVected. Knowing, on the
other hand, that â blocking agents can reduce
aortic dilatation in adult Marfan patients and
that Marfan syndrome is characterised by a
great variability in clinical features, there might
be a subgroup of children with Marfan
syndrome in whom â blocker treatment results
in decreased aortic growth rate. This would, of
course, have an eVect on the validity of the dis-
crimination formula.

STUDY LIMITATIONS

The number of patients with aortic complica-
tions may have been too small to assess the true
prognostic value, as can be seen from the large
standard errors. There is, however, a clear
trend with respect to the occurrence of aortic
complications and the family history. Further-
more, rapid growth of the aortic root could
incidentally have played a role in the decision
to perform prophylactic surgery.
One could argue that there was no absolute

certainty of excluding Marfan syndrome on
clinical grounds during a screening period.
Moreover, there is a possibility that Marfan
patients were diagnosed after the 21st year of
age and wrongly classified as controls in our
study. As Lipscomb et al have recently shown,43

the variance in evolving Marfan phenotype
causes diagnostic problems in childhood.Most

patients in their study were, however, diag-
nosed before their 15th year and it seems
reasonable to assume that there will be very few
patients in whom the signs are not present after
the 21st year (when growth ceases to be an
important disturbing factor). As stated, pa-
tients in whom any doubt remained were
excluded from analysis. If, however, any
patients were wrongly left in the control group,
the true diVerence between the two groups
could only be more clear than we showed in the
current study.
As can be seen from table 2, follow up was

significantly shorter in the control group than
in the Marfan group, which could involve a
possible source of error. A subject classified as
a control might, when followed for a longer
period, develop aortic dilatation. Mean age at
the end of follow up, however, was the same (14
years) in both groups (table 2) and most
patients will be diagnosed before that age.
Moreover, as the mean interval between meas-
urements was larger for the control subjects,
one could argue that aortic root growth rate
was investigated more reliably in the controls,
which would counterbalance the shorter period
of follow up.
In our study, the sensitivity and specificity of

the diagnosis of Marfan syndrome, based on
aortic root growth, are favourably reflected in
the population from which the calculation
variables were taken. The cut oV point was
chosen to achieve an optimal balance between
sensitivity and specificity in the test population,
which was also the study population. It is thus
to be expected that the discriminating power
will be somewhat lower when our score
function is applied to an independent dataset,
but to what extent it is diYcult to estimate
owing to the rather complex statistical meth-
ods. Our discrimination formula may still need
to be tested in a diVerent Marfan population to
find true sensitivity and specificity values.
Another limitation of the study is the

relatively complex nature of the discrimination
formula, which necessitates the use of compu-
terised assistance in daily clinical practice. On
the other hand, the importance of early and
accurate diagnosis might justify such an
additional eVort. In our hands, the proper
score and subsequent diagnosis could be
established within five minutes using a hand
held calculator.

CONCLUSIONS

We conclude that the individual growth rate of
the aortic root of Marfan patients is signifi-
cantly greater than in controls without Marfan
syndrome. Quantification of individual aortic
root growth using a newly developed formula
may serve to establish the diagnosis at an early
stage and is of prognostic value with respect
to the occurrence of aortic complications
in children and adolescents with Marfan
syndrome.
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Appendix
BASIC METHOD

The individual aortic root growth curves
related to body surface area are described as
linear regression lines:

AoDij = ai + bi * BSAij + eij
where AoDij is the aortic root diameter of
subject i at evaluation day j, BSAij is the body
surface area of subject i at evaluation day j, ai is
the intercept of the regression line of subject i,
bi is the slope of the regression line of subject i,
and eij is the deviation of point j for subject i
from the subject specific regression line given
by ai and bi.
One can plot the observed bi values versus ai

values for both Marfan patients and control
subjects. If it is possible to discriminate
between Marfan patients and control subjects
on the basis of the aortic root growth curves,
one may expect to find two clusters of points in
such a plot—one for the patients and one for
the control subjects. Hence one can try to find
a line that optimally separates the two clusters.
The prediction would be that a subject is a
Marfan patient (or control subject) if his (ai,bi)
point lies on the same side of the line as the
Marfan (or control subject) cluster.
Similarly, the dividing line can be described

by the equation e = c * ai + d * bi, where e is the
cut oV point, and c and d are coeYcients. For
each subject one can calculate a discrimination
score and predict that the subject will be a
Marfan patient if the result is larger than e or a
control subject if the result is lower than e. One
way to find such a dividing line is by means of
quadratic discriminant analysis.31 In that
method, the coeYcients c, d, and e are
calculated from the means, standard devia-
tions, and correlations of the ai and bi values
within each group. However, all points are
assumed to have the same precision. This is not
the case in the present study design, because
diVerent subjects have diVerent numbers of
points at diVerent values of body surface area,
resulting in diVerent precisions of the ai and bi
values. Two sources of variation have to be
taken into account: (1) variations of points
around the regression line within subjects, and
(2) variations of the regression lines (ai and bi)
between subjects. With regard to the latter, it
was assumed that this variation within each
group (Marfan patients and control subjects)
can be described by a bivariate normal
distribution, one for each group.
Within a subject, the aortic root diameters—

given the body surface area values—are as-
sumed to be independently normally distrib-
uted, with a standard deviation only depending
on the group. The eVect of this within subject
variation on the standard deviations and the
correlation of the observed ai and bi values can
be calculated by standard methods, as can the
combined eVect of the within subject and
between subject variation. The result is a
modified Fisher discriminant score function,
that is a log likelihood ratio based on a bivari-
ate normal distribution using the same basic
formula as in Fisher’s discriminant analysis,
but substituting adapted values for the stand-

ard deviations and correlations. The necessary
parameters are derived from the data using
restricted maximum likelihood (REML) esti-
mation in a random coeYcient linear growth
curve model,36 using a diVerent model for each
group. Calculations were performed using the
SAS 6.11 procedure “Proc Mixed.”

FORMULAS FOR THE DISCRIMINATION SCORE

The following symbols are used:
N, number of (aortic root diameter v body

surface area) points for a subject
m, mean value of body surface area for a sub-

ject
s, SD of body surface area for a subject
a, intercept of the regression line for a subject
b, slope of the regression line for a subject
g, group (Marfan patients or control subjects)

ág, mean intercept for group g âg, mean
slope for group g óá,g, population SD of
intercept in group g óâ,g, population SD of
slope in group g óáâ,g, population covariance
of intercept and slope in group g óåg, SD of
point from regression line in group g

1n(x), natural log of x.
The estimates showed in table 5 are derived
from the data using REML estimation in a
random coeYcient linear growth curve model.
The following formulas can then be used to
calculate the discrimination score for each sub-
ject:
(1) V11 = 1/N + m2/(N−1)s2

(2) V12 = −m/(N−1)s
2

(3) V22 = 1/(N−1)s
2

(4) Z11,g = óá,g
2 + óå,g

2
* V11

(5) Z12,g = óáâ,g + óå,g
2
* V12

(6) Z22,g = óâ,g
2 + óå,g

2
* V22

(7) Dg = Z11,g * Z22,g − Z12,g
2

(8) W11,g = Z22,g /Dg

(9) W12,g = −Z12,g/Dg

(10) W22,g = Z11,g/Dg

(11) Cg = −1/2 * [(a−ág)
2 W11,g + 2(a−ág)(b−âg)

W12,g + (b−âg)
2 W22,g + ln(Dg)]

(12) Discrimination score =
CMarfan patients − Ccontrol subjects
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