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Abstract
Smith-Lemli-Opitz syndrome (SLOS) is a rare multiple congenital anomaly neurodevelopmental
syndrome of impaired cholesterol synthesis. Growth restriction and developmental delay are very
common clinical manifestations of SLOS. The degree, etiology, and consequences of growth
restriction in SLOS remain an area of limited knowledge to the scientific community. There have
been no studies describing the growth parameters and providing reference growth charts for
individuals with SLOS. Our longitudinal data from 78 patients between the ages of 0.1 and 16
years with SLOS shows a growth restriction of about 2 standard deviations below the Centers for
Disease Control (CDC) norms for age. This study represents comprehensive anthropometric data
from the largest cohort available, and proposes growth charts for widespread use in the
management and study of individuals with SLOS.
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INTRODUCTION
Smith-Lemli-Opitz syndrome (SLOS) is a multiple congenital anomaly, autosomal recessive
neurodevelopmental disorder caused by mutations in 7-dehydrocholesterol reductase
(DHCR7) resulting in low levels of cholesterol and excess sterol precursors including 7-
dehydrocholesterol (7-DHC) [Irons et al., 1993; Tint et al., 1994; Wassif et al., 1998; Fitzky
et al., 1998; Waterham et al., 1998; Porter, 2000]. There is an estimated incidence of 1 in
10,000 to 60,000 live births, with a carrier frequency of about 0.8% to 2% [Tsukahara et al.,
1998; Nowaczyk et al., 2001; Battaile et al., 2001; Wright et al., 2003]. Cholesterol is a
biologic substrate for the formation of many important compounds such as myelin, cell
membranes, bile acids, and steroid hormones. The phenotypic spectrum is broad and
includes typical facial features (ptosis, small nose with anteverted nares, micrognathia),
acral dysgenesis (syndactyly, polydactyly), maxillofacial anomalies (cleft palate, bifid uvula,
sublingual cysts), neurodevelopmental disability (intellectual disability, autistic traits,
cerebral palsy, special sensory impairment, cataracts, hypotonia, microcephaly),
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gastrointestinal dysfunction (hepatic insufficiency, Hirschsprung disease, pancreatitis),
cardiac (atrial and ventricular septal defects, cyanotic heart disease) and genital-renal
malformations (ambiguous genitalia, hypospadias, renal malformations) [Ryan, et al., 1998;
Kelley and Hennekam, 2000; Porter, 2000; Porter, 2003].

The most common finding in the neonatal period is intolerance to standard oral feeding
resulting in growth failure, which has been attributed to poor sucking and swallowing, and
an apparent lack of feeding drive [Ryan, et al., 1998; Kelley and Hennekam, 2000]. Thus,
gastrostomy tube insertion and supportive care is often required for adequate caloric intake
during infancy. Growth parameters in individuals with SLOS are often lower than those of
their age-matched peers, but data have not been published in a robust and clinically useful
format. Furthermore, growth charts for individuals with SLOS have not yet been developed.
The establishment of references to detect deviation from the expected pattern is important
for maintenance of health for children of all ages.

Data used to develop these charts are derived from measurements taken during a
longitudinal study of the natural history of SLOS conducted at the National Institutes of
Health in Bethesda, Maryland. The cohort represents the largest and most comprehensive
anthropometric database of SLOS available to date. The goal of this project is to describe
growth parameters and create growth charts for SLOS that conform to the current Centers
for Disease Control (CDC) structure for typically developing individuals. This manuscript is
the first to provide growth curves for this disorder. The application of these charts will
support therapeutic research initiatives, and provide outcome measures relevant to the health
of individuals with SLOS.

MATERIALS AND METHODS
This study was approved by the Institutional Review Board (IRB) of the Eunice Kennedy
Shriver National Institute of Child Health and Human Development in Bethesda, Maryland
and the Kennedy Krieger Institute in Baltimore, Maryland. This study satisfied the ethical
requirements of the Hamilton Health Sciences/Faculty of Health at McMaster University
Research Ethics Board. Over the course of 13 years (1998–2011) a National Institutes of
Health (NIH) longitudinal natural history study of individuals with SLOS has established a
robust database of anthropometric measures. Of the 78 patients included in this report, 72
patients were seen at the NIH and 6 were seen at the McMaster University Medical Centre
in Ontario, Canada. The ethnic distribution of the SLOS cohort was 74 Caucasian (94.9%), 2
Hispanic (2.6%), 1 Asian (1.3%), and 1 African American (1.3%). Data for weight, height,
BMI, and HC were collected for subjects at each visit separated by a mean of 11 months.
Each measurement was counted as one data point. Data related to weight was obtained using
SR Instruments, Inc. model SR555 and Scale-Tronic, Inc. model 5002 scales for children,
and Scaletronix models 4800 and 4802 for infants. Height was collected using SECA
Stadiometer model 242 and Holtain Ltd. (U.K.) Stadiometer model NE210. The formula
used to calculate body mass index is as follows: BMI = weight in kilograms/height in
meters-squared. Occipito-frontal circumference (OFC) of the head was measured using a
non-stretchable plastic measurement tape. All diagnoses of SLOS were made by clinical and
biochemical or molecular means, and confirmed by a clinical geneticist (F.D.P. and M.N.) at
the time of initial medical evaluation. Informed consent for diagnostic and anthropometric
measures was obtained for all the individuals at the time of enrollment in the study.

Data were initially prepared using the statistical package Stata, and then exported to the
package R for growth curve estimation [StataCorp, 2009; R Development Core Team,
2010]. We constructed growth curves for weight, height, BMI, and OFC from birth to 3
years, and birth to 16 years, each with 5th, 50th, and 95th centiles for age. Data from male
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and female individuals was combined because the total number of patients in the sample is
small, resulting in limited data points. Normative data for growth parameters were obtained
from tables published online by the 2000 CDC/NCHS growth curves [Kuczmarski et al.,
2000; Kuczmarski et al., 2002]. The CDC data demonstrate no significant differences in
growth rates due to race or ethnicity for nutritionally healthy typically developing children.
The SLOS curves created were plotted on cross-sectional charts for normal growth based on
data from the CDC. Normative data for BMI was limited to ages 2 to 16 years, and from
birth to 3 years for OFC. Weight and height normative data were available from birth to 16
years. Therefore, comparisons were not performed beyond the scope of CDC published age
groups for respective growth parameters.

In order to estimate the smoothed percentile curve for each of the four anthropomorphic
measures, empirical percentiles were computed across the age range under study. A one
month window (one month around each time point of interest) for the period of birth to 36
months, and a 3 month window for the period of 36 months to 192 months (16 years), was
used for each estimate [Stasinopoulos, 2005]. The differing window choices were applied
based on the relatively high density of data points in the former time frame compared to the
latter time frame. The resulting percentile estimates were then smoothed across the age
range using cubic penalized smoothing lines with the package gamlss in R statistical
computing [Stasinopoulos et al., 2008; R Development Core Team, 2010]. Reference data
for weight, height, BMI, and head circumference for average stature children from birth
through 16 years was plotted along with the smoothed curve estimates for SLOS children
using the statistical package R [R Development Core Team, 2010].

RESULTS
A total of 78 individuals (43 males, 35 females) were included in the anthropometry
database representing a total of 1,854 observations. Sample size data and demographic
characteristics of the SLOS population are presented in Table I. Each subject had a similar
number of observations for each growth parameter included in the database. The total
number of data for analysis of weight was 493, height 477, BMI 477, and OFC 407. The
number of subjects (n) and measurements were n=43 and 139 measurements for weight,
n=43 and 136 measurements for height, n=43 and 136 measurements for BMI, and n=55 and
224 measurements for OFC. Both subjectively and statistically there was no difference in
the average weight, height, BMI and OFC between male and female individuals with SLOS
in the period of 0-16 years. Further investigation showed no qualitative differences in the
average differences adjusted for age, or differing age trajectories for males and females.

Growth Parameters
Our longitudinal data from 78 patients between the ages of 0.1 and 16 years with SLOS and
1,854 observations shows growth retardation of about 2 standard deviations below the
Centers for Disease Control (CDC) norms for age. The mean weight of SLOS boys was 18.6
kg (n=245, SD=13.7) and mean weight of SLOS girls was 16.6 kg (n=248, SD=10.0) with
no statistical difference between gender groups (p=0.41). Compared to typically developing
individuals, the mean weight in SLOS falls about 2 standard deviations below the curve for
agematched boys and girls (Fig 1). The mean height of SLOS boys was 104.2 cm (n=239,
SD=28.2) and mean height of SLOS girls was 99.7 cm (n=238, SD=26.4) with no statistical
difference between gender groups (p=0.44). Compared to typically developing individuals,
the mean height in SLOS falls about 2 standard deviations below the curve for age-matched
boys and girls (Fig 2). The mean BMI of SLOS boys was 15.0 kg/m2 (n=239, SD=2.7) and
mean BMI of SLOS girls was 14.8 kg/m2 (n=238, SD=2.3) with no statistical difference
between gender groups (p=0.71). Compared to typically developing individuals, the mean
BMI in SLOS is about 2 standard deviations below the curve for age matched boys and girls
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(Fig 3). The mean OFC of SLOS boys was 46.8 cm (n=205, SD=4.8) and mean OFC of
SLOS girls was 45.4 cm (n=202, SD=4.2) with no statistical difference between gender
groups (p=0.15). Compared to typically developing individuals, the mean OFC in SLOS
falls about 2 standard deviations below the curve for agematched boys and girls (Fig 4).
Smith-Lemli-Opitz syndrome standard curves for growth parameters of weight, height, BMI
and OFC are presented in Supplementary Data 1 through 8 (see Supporting Information
online).

DISCUSSION
The charts presented in this manuscript are novel and proposed as tools to improve the care
of individuals with SLOS, especially in areas of growth and nutrition. The large sampling of
this rare disease provides a valuable representation of longitudinal data in North America,
and spans the spectrum of disease severity. Our data show that overall growth in SLOS is
retarded by about 2 standard deviations below the typically developing age-matched
population in the United States of America. The shape of the SLOS growth curve appears
relatively linear with advancing age, as opposed to the normal population which shows
exponential growth early in childhood followed by a plateau in growth with advancing age.
This abnormal growth pattern has not been described in SLOS and requires further study.

The pathoetiology of growth failure in SLOS has not been extensively studied. Possible
etiologies include central nervous system dysfunction, hormonal or neurosteroid regulation,
toxic metabolic effects, and peripheral organ involvement. Currently, there is no effective
treatment to improve developmental progress and growth failure in SLOS. The majority of
published studies report early accelerated growth and some improvements in development
with administration of dietary supplemental cholesterol [Elias et al., 1997; Irons et al., 1997;
Nwokoro and Mulvihill, 1997]. Other studies show that dietary cholesterol supplementation
does not hold significant treatment benefit for growth or developmental progress [Starck et
al., 2002; Sikora et al., 2004]. Studies on treatment with simvastatin report variable results
for improved growth and development [Jira et al., 2000; Haas et al., 2007]. Although dietary
supplemental cholesterol is widely used among patients, the benefits of the present
therapeutic options remain inconclusive. While there has been progress in the elucidation of
possible pathophysiologic mechanisms responsible for the broad phenotypic spectrum
observed in SLOS, there exists a paucity of biomarkers for measurement of disease
outcome. Markers of disease severity and outcome are increasingly important as targeted
therapeutics for this genetic disorder appear to be a promising area of scientific research.
Growth curves will serve as a fundamental physiologic outcome measure for future and
retrospective studies of therapeutic efficacy.

The statistical modeling techniques in this manuscript are also novel and have been applied
to the study of achondroplasia [Hoover-Fong et al., 2007]. A limitation of our study includes
the relatively small number of patients available for analyses when compared to the CDC
database. With even smaller numbers for each gender, separate curves for males and females
with SLOS were difficult to report. There was a paucity of data available for SLOS patients
beyond the age of 16 years, leaving descriptions of growth in SLOS adults an area of future
study. However, growth measurements are typically performed by the health practitioner
between the ages presented in this manuscript, making the charts relevant for clinical use.
While an increase in number of patients may have resulted in smoother growth curves, the
cohort in this manuscript represents the largest database of patients with this rare disorder.
Therefore, these robust results have a good potential to significantly improve clinical
practice. Additional limitations of this study include supplemental nutrition in a large
portion of patients at time of measurement resulting in what may be interpreted as imprecise
measurement of the natural growth history, i.e. in the absence of nutritional therapy.
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Because supplemental nutrition was the standard of care for patients diagnosed with growth
failure, this potential confounding factor could not be avoided.

With exception to the extremes of growth, there is limited evidence to suggest that failure to
attain optimal growth, in mild to moderate degrees, leads to damaging consequences for the
individual. Therefore, further studies should be performed to define optimal growth and
development in SLOS. It is widely believed that children should be given the opportunity to
reach their full growth potential when community resources are available. In the case of
genetic syndromes with poor somatic growth as a feature, many patients are subjected to
ongoing dietary manipulation and supplementation to “optimize” growth. In most cases, the
primary goals of nutritional therapy are to ensure the individual reaches growth curve
parameters of normal children. These attempts often result in familial stress around
mealtime and feelings of guilt if unsuccessful in meeting expectations for ideal weight gain.
Occasionally, obesity with no or minimal linear and head growth is the result of
inappropriate supplementation. It is hoped that with the publication of growth charts for
SLOS these complications will be avoided. Detection of growth failure may assist the health
practitioner in establishing goals for evaluation, therapeutic intervention and management of
the patient. With the publication of growth parameters for SLOS, prospective studies
analyzing the influence of growth on neurodevelopmental and systemic consequences will
be greatly facilitated.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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TABLE 1

Sample & demographic data of SLOS subjects for whom growth curves were derived.

Males Females Combined

Weight

     Number of subjects 43 35 78

     Total number of measurements 245 248 493

Height

     Number of subjects 43 35 78

     Total number of measurements 239 238 477

Body Mass Index (BMI)

     Number of subjects 43 35 78

     Total number of measurements 239 238 477

Head Circumference (HC/OFC)

     Number of subjects 42 35 77

     Total number of measurements 205 202 407

Age, years (mean, SD) 6.2 (SD=4.2) 6.3 (SD=4.2) 6.2 (SD=4.2)

SLOS severity scale score (mean, SD) 14.5 (SD=11.1) 23.1(SD=12.9) 18.5 (SD=12.8)

Cholesterol, total serum (mg/dL) (mean, SD) at the
time of growth measurement

103.6
(SD=40.4)

82.4
(SD=39.2)

92.5
(SD=41.6)

7-Dehydrocholesterol, serum (mg/dL) (mean, SD) at
the time of growth measurement

6.4 (SD=5.2) 10.6 (SD=7.1) 8.5 (SD=6.6)

Number of observations receiving gastric/jejunal-tube
feeding, and no supplemental cholesterol (%)

5/245 (2%) 6/248 (2.4%) 11/493 (2.2%)

Number of observations receiving gastric/jejunal-tube
feeding, plus supplemental cholesterol (%)

60/245 (24%) 142/248 (57%) 199/493 (41%)

Number of observations receiving supplemental oral
cholesterol (%)

160/245 (66%) 87/248 (35%) 246/493 (50%)

Number of observations without supplemental oral
cholesterol(%)

20/245 (8.2%) 13/248 (5.3%) 33/493 (6.7%)

Note: SLOS severity scale scores are categorized as mild (0–12), moderate (13–25), and severe (26–45). Normal ranges for 7-DHC: Birth to 10
years, 0.5 – 1.5 mg/dL; 10 years to adult, 0.7 – 1.9 mg/dL. Normal ranges for total cholesterol in children were derived from NHANES data:
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