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Purpose: To derive an effective nomogram for predicting Marfan syndrome (MFS) in
children with congenital ectopia lentis (CEL) using regularly collected data.

Methods: Diagnostic standards (Ghent nosology) and genetic test were applied in
all patients with CEL to determine the presence or absence of MFS. Three potential
MFS predictors were tested and chosen to build a prediction model using logistic
regression. The predictive performance of the nomogram was validated internally
through time-dependent receiver operating characteristic curves, calibration curves,
and decision curve analysis.

Results: Eyes from 103 patients under 20 years old and with CEL were enrolled in this
study. Z score of body mass index (odds ratio [OR] = 0.659; 95% confidence interval
[CI], 0.453–0.958), corneal curvature radius (OR= 3.397; 95%CI, 1.829–6.307), and aortic
root diameter (OR = 2.342; 95% CI, 1.403–3.911) were identified as predictors of MFS.
The combination of the above predictors shows good predictive ability, as indicated by
area under the curve of 0.889 (95%CI, 0.826–0.953). The calibration curves showedgood
agreement between the prediction of the nomogram and the actual observations. In
addition, decision curve analysis showed that the nomogram was clinically useful and
had better discriminatory power in identifying patients with MFS. For better individual
prediction, an online MFS calculator was created.

Conclusions: The nomogramprovides accurate and individualized prediction of MFS in
children with CEL who cannot be identified with the Ghent criteria, enabling clinicians
to personalize treatment plans and improve MFS outcomes.

Translational Relevance: The prediction model may help clinicians identify MFS in its
early stages, which could reduce the likelihood of developing severe symptoms and
improve MFS outcomes.
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Introduction

Marfan syndrome (MFS) is a severe systemic
disease involving multiple organ systems including
ocular, cardiovascular, and skeletal. Fibrillin-1 (FBN1)
gene mutations are the primary cause of this condi-
tion.1 Shockingly, there is a 1.1% mortality rate in
children under 18 years oldwithMFSbecause of aortic
disease,2,3 and 26% of children withMFS will undergo
at least one heart surgery.4 Therefore early diagnosis
and treatment are needed to delay the progression of
clinical manifestations of MFS.

To date, the gold standard for the diagnosis of
MFS is the revised Ghent criteria,5 which was intro-
duced 12 years ago. Aortic root dilation, ectopia lentis,
high statues, arachnodactyly, and chest abnormali-
ties are the most common clinical findings noted by
physicians during physical examination and lead to
suspicion of MFS.6 Specifically, ectopia lentis was
occurring in approximately 60% of MFS patients.2
However, it is difficult to make a timely diagnosis
of MFS even with the current, revised Ghent nosol-
ogy, especially in children. Faivre et al.7 studied 320
childrenwithMFS and verified that themost of clinical
manifestations of MFS developed with age. Moreover,
ophthalmologists face significant challenges in distin-
guishing MFS from other conditions such as Weill–
Marchesani syndrome and primary lens dislocation,
because these conditions can present similar ocular
manifestations of MFS. Chandra et al.8 found that
46.3% of patients initially identified as having isolated
ectopia lentis were later diagnosed with MFS based
on the revised Ghent criteria after a 20-year obser-
vation period. This highlighted the inadequate appli-
cability for differential diagnosis of MFS in children
with ectopia lentis according to traditional criteria,
and emphasized the importance of genetic testing as a
diagnostic tool for MFS.9 Nonetheless, genetic testing
may introduce financial burdens to patients in develop-
ing countries or patients without means. Zhang et al.10
pointed out that children and families in China tend
not to accept outcomes of genetic testing because of
a cultural stigma or lack of education around genetic
diagnosis. The process of genetic testing can be associ-
ated with high costs and prolonged turnaround times.
This makes it difficult to use genetic testing in the
diagnosis of MFS. At present, several studies have
tried to address the accuracy in predicting MFS.11,12
Chen et al.11 found axial length (AL)/corneal refractive
power ratio could be a supplemental diagnostic predic-
tor in MFS, whereas Sheikhzadeh et al.12 suggested
seven clinical variables to predict MFS. However, most
studies in the field of screeningMFS have only focused

on adults or have only focused on ocular parameters to
identify MFS.

In this study, we intended to build a prediction
model by combining the clinical data in the ocular,
cardiovascular, and systemic systems together to differ-
entiate MFS from other diseases among patients with
congenital ectopia lentis (CEL). We hoped this predic-
tion model could be used precisely and conveniently
and thereby guide clinicians to optimize early diagnosis
strategies of MFS from CEL patients.

Methods

This study adhered to the tenets of the Declara-
tion of Helsinki, and the Medical Ethics Commit-
tee of Zhongshan Ophthalmic Center of Sun Yat-
Sen University approved this study. Informed consent
in written form was obtained from all adult partici-
pants and the participants’ guardians for those under
18 years old.

Participants

A total of 103 patients with bilateral CEL who
visited Zhongshan Ophthalmic Center fromDecember
2018 toOctober 2021were retrospectively reviewed. All
cases of CEL patients were genetically confirmed as
MFS or non-MFS.

All patients underwent a comprehensive systemic
examination, including ocular system, cardiovascular
system, and body mass index (BMI). Patients with
traumatic lens history, uveitis, keratoconus, corneal
disease, a history of ocular surgery, or use of contact
lenses in the two weeks before the examinations were
excluded from this study. Patients who were diagnosed
with MFS according to Ghent II Nosology5 and
with genetic confirmation of the disease (confirmed
heterozygous mutation FBN1) were eligible for the
study. In total, among the 103 patients with bilat-
eral CEL, 43 patients were identified as non-MFS
group followed by theGhent-2 diagnostic standard and
genetic test and included four patients with ADAMTS
gene mutation, one patient with CBS gene mutation,
and two patients with LTBP2 gene mutation. For
comparison, the non-MFS group was age- and sex-
matched with the MFS group (Table 1).

Ophthalmic Assessment

Board-certified ophthalmologists at the Zhong-
shan Ophthalmic Center examined the patients and
subsequently divided them into two groups based
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Table 1. Baseline Characteristics of Included Participants

MFS Non-MFS P Value

Subjects/eyes 60/60 43/43
Sex
Female 14 31
Male 27 31

Age (years) 9.11 ± 3.63 9.39 ± 3.67 0.706
AL (mm) 24.13 ± 1.82 24.59 ± 2.15 0.290
CCR (mm/mm) 8.27 ± 0.37 8.05 ± 0.38 0.023
AL/CCR (mm/D) 2.98 ± 0.26 3.00 ± 0.21 0.762
CCT (mm) 562 ± 49.72 545 ± 63.92 0.604
WTW (mm) 13.26 ± 5.69 12.18 ± 0.47 0.030
Height (cm) 130.48 ± 17.19 125.57 ± 17.11 0.204
Weight (kg) 23.83 ± 8.68 28.75 ± 12.11 0.033
BMI 14.52 ± 2.58 15.69 ± 2.25 0.041
AO 24.21 ± 4.60 20.51 ± 3.64 0.001

CCT, central corneal thickness.

on the Ghent-2 criteria, followed by genetic testing.
Medical and family histories were taken as well. All
patients underwent slit-lamp examination after pupil-
lary dilation to identify bilateral lens dislocation.
Biometry was performed before any ocular treatment
by using the IOLMaster 700 (Carl Zeiss Meditec,
Jena, Germany) and pentacam HR (Oculus, Wetzlar,
Germany). Biological parameters were collected,
including keratometry (K), AL, white-to-white corneal
diameter (WTW), and AL/corneal curvature radius
(AL/CCR).

The z scores of AL, WTW, and CCR were all
measured by using the following formula: Z-AL =
(measured AL − normative AL)/normative standard
deviation (SD); Z-WTW= (measuredWTW− norma-
tive WTW)/SD; Z-CCR = (measured CCR − norma-
tive CCR)/SD.13,14 The normative ocular parameters
were age and sex matched to normative peers’ data
published in the literature of Chinese population under
18 years old.15–17 Thus a change in z score of 0 would
indicate that a child has the same ocular growth and
development rate compared to the age and sexmatched
peers, whereas an increase of the absolute value of z
score would indicate that the value is above normal.

Echocardiography

Patients with bilateral CEL were examined with a
full ultrasound system (Philips EnVisor C-HD; Philips
Co, Best, The Netherlands) by a qualified cardiac
sonographer. The aortic root diameter was measured
and compared to current guidelines.18 Parasternal
long-axis view was used to weigh up the aortic

measurements in three dimensions, including aortic
annulus, sinotubular junction, and sinus of Valsalva.
The aortic root diameter was measured as the largest
diameter within the sinuses of Valsalva. Aortic Z-
score was calculated in a website (https://marfan.
org/dx/zscore-children/#formtop) by using the Colan
formula, which followed the recommendations of the
Marfan Foundation.

Body Mass Index

The heights and weights were measured by nurses
upon their first hospital visit. Participants were
instructed before measurement of height and weight
to only don light clothing. Measurements were taken
using a portable stadiometer (Model S100; Ayrton
Corp., Prior Lake, MN, USA) and a digital scale
(Model 500KL; Health-oMeter, McCook, IL, USA).
The BMI z score was calculated by BMI and trans-
formed into age and sex- corresponding z score accord-
ing to the World Health Organization’s BMI for age
growth charts.19 The z-BMI is a relative BMI after
adjusting for age and sex, compared with a reference
standard, and was used because children naturally gain
weight and height as they grow. Therefore it is neces-
sary to adjust the BMI and compare with the same age
and sex peers in the reference sample.

Statistical Analysis

Continuous variables were reported in mean ±
SD or median and interquartile ranges. Categorical
variables were reported in integer and proportions. The
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Kolmogorov-Smirnov test was applied for testing the
normality of clinical variables. The one-way analysis
of variance or Wilcoxon test was applied, as appro-
priate, to compare the continuous variables between
two groups. The χ2 test was applied for categorical
variables.

The outcome measures in the present study were
diagnosis of MFS (yes or no) in patients with CEL
under 20 years old. Accordingly, logistic regression
model was used for assessing the associations of
relevant variables. The variables to be included in the
multivariable logistic regression model were identified
using a backwards stepwise selection method based on
the Akaike information criterion. Variables with P <

0.05 in the univariable models were incorporated into
the multivariable logistic regression model. Selected
variables were included in the nomogram to predict the
diagnostic capability of MFS children by using statis-
tical software (rms in R version 4.1.2, R Foundation).
Calibration curves were used to verify the prediction
model accuracy. Awell-calibratedmodel shows that the
predictions lie on a 45° diagonal line. The concordance
index (C-index) and area under the receiver operating
characteristic curve (AUC) were used to measure the
predictive performance and discrimination ability of
the nomogram. Generally, a C-index≥ 0.70 represent a
good estimation. The decision curve analysis was used
to verify the clinical benefits and utility of the predic-
tion model. The final model was internally validated by
using 1000 bootstrap sampling procedure to calculate
a C-index that incorporated relative correction. Statis-
tical significance was reflected in P < 0.05. Statisti-
cal analyses were carried out with using Stata (version
16.0; Stata Corp, College Station, TX, USA) and R
statistical software (R version 4.1.2, R Foundation).

Results

Clinical Characteristics of Participants

One hundred three eyes of 103 patients diagnosed
with CEL were randomly selected in this study. Sixty
patients were diagnosed with MFS (MFS group) and
43 patients were diagnosed with non-MFS (non-MFS
group) by current Ghent-2 criteria and genetic screen-
ing. The mean age was 9.11 ± 3.63 years old in
MFS children compared with 9.39 ± 3.67 years old
in non-MFS children. Demographic factors and clini-
cal features of two groups are listed in Table 1. There
were no significant differences in the age, axial length,
central corneal thickness, and AL/CCR ratio between
the MFS and non-MFS groups (P = 0.706, P = 0.290,
P = 0.604, P = 0.762).

Children in the MFS group had a flatter corneal,
larger WTW compared with the non-Marfan group (P
= 0.023,P= 0.030) in ocular features, whereas children
in theMFS group had a lighter weight and smaller BMI
compared with the non-MFS group in clinical features
(P = 0.033, P = 0.041). According to echocardiogra-
phy, the MFS group children had a larger AO value
compared with the non-MFS group (P= 0.001). These
results are shown in Table 1.

Z-Score Distribution

We found that when all the variables were trans-
formed to Z-score, stronger correlations with the
prediction model were obtained. Because there were
no statistical differences in the z-CCR, z-BMI, and
z-AO scores among different age groups (P = 0.548,
P = 0.745, P = 0.816) (Supplemental Fig. S1), the
age difference can be well adjusted by the Z score.
The distribution of CCR, BMI, and AO could be
well represented by the Z-score (Fig. 1). In the MFS
group, about 80% of MFS children had a smaller
BMI with z-BMI score <0, whereas half of non-MFS
children had a normal BMI (Fig. 1A). Overall, 70.8%
of MFS children had a flatter cornea (z-CCR≥1),
and 19.3% of patients had a prominent flatter cornea
(z-CCR>3) (Fig. 1B), which large AO (z-AO score ≥2)
was observed in 58% of MFS children (Fig. 1C).

The ocular, clinical, and cardiac features showing
obvious differences were selected as potential predic-
tion variables for the diagnostic model of MFS. Multi-
ple logistic regression (Table 2) shown that z-CCR
(odds ratio [OR] = 3.40, 95% confidence interval [CI],
1.83-6.31; P < 0.000), z-BMI (OR = 0.66, 95% CI,
0.45-0.96; P = 0.029), z-AO (OR = 2.34, 95% CI,
1.40-3.91; P = 0.001) were significantly associated with
development of MFS during childhood and adoles-
cence.

Nomogram andModel Performance

Three clinical variables (z-CCR, z-BMI and
z-AO) were included as independent predictors for
the nomogram (Table 2). Therefore a nomogram was
established by using independent clinical variables
to predict the MFS in childhood and adolescence
(Fig. 2A). Total score based on the sum of the
assigned number of points for each independent
predictor in the nomogram was associated with the
probability of diagnosis of MFS in childhood and
adolescence. For example, if a total score of a patient
is 110, their probability of MFS is 60%; therefore
more attention should be paid to its subsequent
development and follow-up. To make the predic-
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Figure 1. Analysis of z-score distribution of MFS and non-MFS patients. (A) Distribution of z-score of BMI in MFS and non-MFS patients.
(B) Distribution of z-score of CCR in MFS and non-MFS patients. (C) Distribution of z-score of AO in MFS and non-MFS patients. .

Table 2. Potential Associated Factors of Marfan Syndrome

Univariable Analysis Multivariable Analysis

Variables OR (95% CI) P Value OR (95% CI) P Value

Age (years) 0.98 (0.88–1.09) 0.703
Sex 0.53 (0.23–1.17) 0.114
z-BMI 0.53 (0.39–0.72) <0.001 0.66 (0.45–0.96) 0.029
z-CCR 3.10 (1.90–5.04) <0.001 3.40 (1.83–6.31) <0.001
z-AO 2.54 (1.70–3.79) <0.001 2.34 (1.40–3.91) 0.001
Weight 1.00 (0.97–1.03) 0.899
BMI 0.99 (0.85–1.15) 0.899
WTW 1.13 (0.80–1.59) 0.482

tive model more user-friendly and personalized for
each clinician, an online MFS diagnostic calculator
was further developed and is available online at the
website (https://ngkityee.shinyapps.io/DynNomapp/),
as screenshotted in Figure 2B.

The bootstrap method was used to internally
validate the resulting model. With an unadjusted
C-index of 0.913 (0.861-0.965) and a bootstrap-
corrected C-index of 0.902, the prediction model
demonstrated good levels of accuracy for diagnosing
MFS in CEL children. The calibration curves indicated
an excellent agreement between prediction nomogram
and observation (Fig. 3). The AUCs of the nomogram
was 0.889 (95%CI, 0.826–0.953), whichwas better than
each of the three predictors alone, including z-CCR
(AUC = 0.731; 95% CI, 0.640–0.833), z-BMI (AUC
= 0.740; 95% CI 0.636–0.845), z-AO (AUC = 0.754;
95% CI 0.654–0.855) (Fig. 4). This result suggested
that the nomogram had a better level of discrimina-
tion for diagnosing MFS in CEL children. Once good
discrimination and calibration were confirmed in the
predictionmodel, its clinical benefit was evaluated. The
decision curve analysis curves demonstrated that the
nomogram can serve as an effective clinical approach
and maximize the net clinical benefit (Fig. 5).

Discussion

By identifying and analyzing the clinical risk factors
of MFS patients, we can differentiate between the
diagnosis of MFS with non-MFS in CEL patients.
The prediction model demonstrates that, in combi-
nation with z-CCR, z-BMI, and z-AO, there may be
a promising approach for the differentiation of MFS
with high sensitivity (92.7%) and specificity (75.8%).
Furthermore, this novel nomogram revealed a formula
to calculate individual risk probability. This may help
clinicians to screen for the disease based on baseline
parameters to make individualized management strate-
gies in a timely manner.

In this study, we found that CEL children with
MFS generally had flatter corneas, which refers to
a larger z-CCR, and the z-CCR was identified as a
significant risk factor of MFS children. The associa-
tion between cornea parameters andMFS patients was
analyzed in previous studies.20–22 Heur et al.23 found
that when compared to the normal patient, patients
with MFS had smaller keratometry (K) values, and
the K values could be served as a clinical diagnostic
hallmark for MFS. However, longer AL often accom-
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Figure 2. Nomogram for diagnostic probability inMFS using clinical factors. (A) This nomogramwas based on three independent prognos-
tic factors: z-BMI, z-CCR and z-AO. Point values can be identified from the points scale at the top of the nomogram. The sum of the point
values for all existing prognostic factors results in the total points. Total points across the labelled scale can be read and correlated to the
bottom scale, which provides the diagnostic probability of MFS. (B) Online dynamic nomogram for diagnostic probability in MFS accessible
at the website https://ngkityee.shinyapps.io/DynNomapp/.

panies lower corneal power, even in healthy subjects,24
which maintains equilibrium with the cornea’s hyper-
opic effect. In addition, when the confounding factor
of axial length is eliminated, Luebke et al.25 reported
that the K value of MFS remains small and could serve
as a screening tool for MFS suspects when compared

with healthy controls. The above findings are consistent
with the present results that show patients with MFS
have flatter corneas, and this can aid in distinguish-
ing MFS from other diseases among CEL patients.
Yet only one ocular parameter is used as the screen-
ing tool, which is not comprehensive and has not been
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Figure 3. The calibration plot that compares the predicted and
actual diagnostic probabilities. This shows good agreement with
regards to the prediction of diagnosis of MFS between the risk
estimation by nomogram confirmation.

Figure 4. The ROC for predicting MFS with different predictor
combinations showing AUC for the nomogram score (red line =
predictionmodelwith threepredictors combined: AUC=0.889; 95%
CI, 0.826–0.953; green line = z-CCR: AUC 0.731, 95% CI, 0.640–0.833;
blue line = z-BMI: AUC = 0.740, 95% CI, 0.636–0.845, black line =
z-AO: AUC = 0.754; 95% CI, 0.654–0.855). ROC, receiver operating
characteristic curves.

Figure 5. Decision curve analyses (DCA) for the nomogram. The x
axis determines the threshold probability. The y axis determines the
net benefit. The red line represents the MFS diagnostic nomogram.
The gray line represents the assumption that all patients have MFS.
The black line represents the assumption that patients without MFS.
The decision curve indicated that the nomogram could obtain the
maximum benefit in predicting MFS.

further evaluated and confirmed, especially in children.
Because long AL and ectopia lentis can resulted by
either FBN1 or ADAMTSL4 mutations.26 It is impor-
tant to compare the differences betweenMFS and non-
MFS. In this study, we compared the ocular param-
eters of CEL patients with MFS and without MFS
in children, which suggested that children with flatter
corneas had a relatively high sensitivity.

We found that CEL children withMFSwere thinner
than children without MFS. MFS is often associated
with a tall body stature.27 Tall body stature is gener-
ally defined as a height above the 97th percentile or
greater than 2 SD above the average height for age and
gender in a defined population.28 This feature can be
one of the predictor of MFS. Stheneur et al.29 reported
that height could be a simple discriminating factor
between MFS children and non-MFS children when
the height >3.3 SD above the mean. On the contrary,
we discovered that the height of MFS children was not
statistically different from non-MFS children. Monteil
et al.30 postulated that height in MFS children was
not a distinguishing trait, suggesting that children
who grow faster in the non-MFS syndrome group
could be attributed to being referred for suspected
Marfan syndrome. Our study had more male partic-
ipants in the non-MFS syndrome group, which may
cause a referral bias from pediatricians and family
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doctors, erroneously failing to refer female children
whose characteristicsmay correspond toMFS. Second,
the height was not corrected by age and sex factors,
which may be attributed to the statistical insignifi-
cance. Furthermore, we use BMI (kg/m2) as a combi-
nation of weight and height, after adjusting the age
and sex in terms of z-BMI. The study demonstrated
that smaller BMI z scores in the MFS group compared
with the non-MFS group significantly, indicating that
BMI can be used to distinguish between the two
groups.

Last, this study found the AO value of MFS
children was larger than the non-MFS children among
the CEL patients, and the z-AO is one of the predic-
tors of MFS. This result was consistent with previ-
ous studies. It is well known that aortic root dilation
is a major cardiac abnormality of MFS and is one
of the most important diagnostic criteria. Because the
diameter of the aortic root depends on the age, gender,
and body surface area (BSA) of the patient. As a
result, to determine whether the aortic root is dilated, a
dedicated Z-score calculator should be used. An aortic
root Z-score ≥ 3 is enough for a diagnosis of MFS if
the patient is younger than 20 years of age.5 Interest-
ingly, our study found that only 9/62 patients who were
diagnosed with MFS and the aortic root Z-score ≥ 3.
As a result, we have to combine the other predictors
to construct a strong prediction model to distinguish
MFS in CEL children.

So far, our model is built on the previous models,
which has been refined and optimized. There were few
options for a diagnostic predictive model capable of
integrating multiple MFS risk factors. Sheikhzadeh et
al.12 proposed a risk score for MFS patients based on
score points of existed signs such as ectopia lentis,
wrist and thumb sign, family history of MFS, previous
thoracic aortic surgery, skin striae, previous pneumoth-
orax, and pectus excavatum. Chen et al.11 reported an
ocular diagnostic model based on the value of the axial
length/total corneal refractive power ratio. In this study,
we found that body stature, cardiac parameter, and
ocular parameter(z-BMI, z-AO, z-CCR) contributed
to the predictive factors. Our model has several advan-
tages that should be considered. First of all, both of
the existing models described above were developed
in MFS adult patients with more severe clinical or
developed manifestations, including previous history
of relevant surgeries, whereas our study focused on
MFS children with CEL, who require more atten-
tion in terms of treatment selection and prognosis.
Second, we identified and adjusted three important
and comprehensive predictors (z-BMI, z-AO, z-CCR)
that were able to provide early, easy-to-obtain, and
accurate prediction of MFS among CEL patients.

Third, we were able to rule out the confounding factors
of age, and sex on MFS children because almost all
MFS symptoms were progressive and age dependent.
Our study must take into account certain limitations.
First, the patient cohort was enrolled from a single
ophthalmic center. Second, external validation is still
needed in future longitudinal studies. Third, because of
the fact that our study population primarily consisted
of MFSpatients under 18 years old, the applicability of
the Ghent criteria may not be directly applicable to this
subgroup. However, the development of this model still
holds a certain level of necessity. Nonetheless, there are
limitations to the generalizability of our model toMFS
patients without CEL. Consequently, further studies
with larger sample size and a longitudinal study would
be required to validate our diagnostic predictive model
and reach further conclusions.

In conclusion, we developed an optimized and
individualized nomogram to provide accurate and
early-stage diagnosis data for MFS children among
CEL patients, a cohort of patients who require special-
ized clinical attention when it comes to their treatment
strategies. This model has potential to assist in early
intervention in an individual patient with progression
of the disease. This tool may aid clinicians individual-
ize management strategies of CEL patients with MFS.
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