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Abstract

To understand scoliosis, related co-morbidities, and phenotype-genotype correlations in individuals
with Rett syndrome (RTT), the Rare Disease Clinical Research Network database for RTT was
probed. Clinical evaluations included a detailed history and physical examination, comprehensive
anthropometric measurements, and two quantitative measures of clinical status, Clinical Severity
Scale (CSS) and Motor-Behavioral Analysis (MBA). All data were exported to the Data Technology
Coordinating Center (DTCC) at the University of South Florida. Scoliosis assessment was based on
direct examination and curvature measurements by radiography (Cobb angle). Statistical analyses
included univariate and multiple logistic regression models, adjusting for age at enrollment or
mutation type. Scoliosis data were available from 554 classic RTT participants, mean age = 10 years
(0-57 yr). Scoliosis was noted in 292 (53%); mean age = 15 yr with scoliosis and 6 yr without. Using
multiple regression analysis, MBA severity score, later acquisition, loss, or absent walking, and
constipation were associated with scoliosis. Two common methyl-CpG-binding protein 2
(MECP2) mutations, R294X and R306C, had reduced risk for scoliosis. These findings corroborated
previous reports on scoliosis and extended understanding of co-morbidities, clinical severity, and
relative risk reduction for specific mutations. Clinical trial design should account for scoliosis and
related factors judiciously.

Rett syndrome (RTT), a neurodevelopmental disorder identified primarily in females, is
associated with a mutation in the methyl-CpG-binding protein 2 (MECP2) gene in 90-95%
(1). The NIH-funded Rare Disease Network for Rett syndrome is characterizing the clinical
spectrum and natural history of RTT preparatory to the initiation of clinical trials. The major
clinical issues associated with RTT include growth failure, scoliosis, gastrointestinal and
breathing dysfunction, and stereotypic hand movements with poor fine motor skills,
ambulation, and communication. Data for each clinical parameter is being analyzed. This report
is concerned with scoliosis. The RTT consortium consists of three primary RTT centers (Baylor
College of Medicine, Greenwood Genetic Center, and University of Alabama at Birmingham)
and five traveling research sites across the US. Each evaluation includes a comprehensive
assessment regarding clinical status and classification (classic vs. atypical RTT), presence, and
type of MECP2 mutations, and clinical severity. In advance of clinical trials, understanding
the co-morbidities such as scoliosis is critical.
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Scoliosis is recognized as a common accompaniment of RTT. Yet, prior studies generally
represent small sample sizes, parent completed questionnaires, and limited comparison by
specific MECP2 mutations. The most comprehensive survey to date derives from the
Australian Rett Syndrome Database (2). Scoliosis was present in 79% of 231 participants by
age 13 years and was positively related to aberrant development and lack of walking, but
unrelated to loss of hand skills or age of onset of hand stereotypes. Scoliosis developed later
in those with the common mutations R133C, R294X, and R306C, but significantly so for only
R294X. Others reported frequencies ranging from 58-87% (3-6). The Swedish study (3) also
noted a positive association between scoliosis and lack of walking. An earlier study from
Australia revealed a three-fold greater rate of surgery in individuals who never walked
(Leonard H 1996 Rett syndrome in Australia (thesis) University of Western Australia Perth,
Western Australia). In the UK study (5), scoliosis surgery was performed in the majority
between ages 11-20 years.

The purpose of the present study was to analyze the frequency of scoliosis among participants
enrolled from March 2006 to March 2009, utilizing data from 554 participants with classic
RTT. This large cohort could allow us to extend the findings of prior studies and examine other
clinical features and co-morbidities associated with RTT.

As part of the Rare Disease Clinical Research Network, the natural history study of Rett
syndrome (RTT) was organized in 2003. At present, more than 700 participants with RTT or
with a mutation in the methyl-CpG-binding protein 2 gene (MECP2) have been enrolled. From
this cohort, complete data are available for 689 participants, 586 of whom meet the consensus
criteria for classic RTT.

Each participant in this analysis was evaluated by members of the RTT consortium based at
the Baylor College of Medicine, the Greenwood Genetic Center, or the University of Alabama
at Birmingham utilizing a common set of data collection instruments and the current consensus
diagnostic criteria (7). Participants were classified as typical or atypical based on the
application of these criteria and were entered into the database as such. Evaluations occurred
twice annually through age twelve years or annually beginning at age thirteen years. A detailed
history and physical examination and a comprehensive set of anthropometric measurements
were obtained. In addition, two quantitative measures of clinical status, the Clinical Severity
Scale (CSS) and the Motor-Behavioral Analysis (MBA) were completed (1). All data were
then exported to the Data Technology Coordinating Center at the University of South Florida.
This data repository was utilized for the present analyses. With respect to the presence of
scoliosis, initial assessment was based on direct examination with the participant seated in the
vertical position and flexed forward at the waist to reveal the vertebral spines. In participants
less than age 4 years without evidence of scoliosis, this was the only assessment. After age 4
years, or when scoliosis was evident by direct examination, participants had radiographic
assessment by their orthopedists. The resulting Cobb angle was recorded in the database.

Statistical analysis

Frequencies were reported for categorized outcomes and the means and standard deviations
were detailed with minimum and maximum values for continuously-measured outcomes. The
association between the prevalence of scoliosis and other clinical parameters was investigated
employing logistic regression models for Having Scoliosis (P), adjusting for age in years at
enrollment or mutation type. Each clinical parameter was first examined in a univariate model,
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and then a multiple regression model was set up by backward variable selection from the
univariate analysis results. We also investigated the association between the prevalence of
scoliosis and common mutation types from logistic regression models for P, adjusting for age
in years at the enrollment or significant clinical parameters included in the multiple models.

A p-value less than 0.05 was considered significant. SAS 9.1.3 (SAS institute, Cary, NC) was
used for all statistical analyses.

The protocol and consent form were approved by the Institutional Review Boards of the Baylor
College of Medicine, the Greenwood Genetic Center, and the University of Alabama at
Birmingham.

Complete data were available on 689 participants, of whom 586 (85%) were female with classic
RTT, 79 (11%) with atypical RTT and 24 (4%) without clinical features of RTT. A MECP2
mutation was identified in 555/586 (95%) in classic RTT, 53/79 (67%) in atypical RTT and
24/24 (100%) in participants without clinical features of RTT. For the entire cohort, scoliosis
was noted in 292/586 (50%) with classic RTT, 31/79 (39%) with atypical RTT and 5/24 (21%)
in participants without clinical features of RTT. Focusing on the 586 classic RTT participants,
we analyzed the prevalence of scoliosis with MECP2 mutation type and clinical parameters
collected at enrollment. As shown in Table 1, 546/586 (93%) participants with classic RTT
had a detectable MECP2 mutation including 348 (59%) with one of the eight most common
mutations (R106W, R133C, T158M, R168X, R255X, R270X, R294X and R306C), 37 (6.3%)
with 3’ frameshift deletions, 50 (8.5%) with large deletions, and 111 (19%) with other
mutations. In addition, 554/586 (95%) participants reported whether or not they had scoliosis
at enrollment; 292/554 (53%) were confirmed to have scoliosis.

The mean age for classic RTT participants was 10 years ranging from <1 to 57 years; 38%
were under 5 years and 28% were greater than 13 years; this older age group comprised 45%
of participants with scoliosis and only 9% of those without scoliosis. The mean age was 15
years for those with scoliosis and 6 years for those lacking scoliosis participants, producing a
significant between-group age difference (p <0.0001 using two sample t-test). In as much as
nearly 40% of the cohort were < age 5 years; this frequency distribution is not surprising. For
those participants age 16 years or older, 85% reported scoliosis.

We examined overall clinical severity scores on both the CSS and MBA, BMI z-scores using
CDC standardization, absent or lost ability to sit or walk, hand use, seizures, bone fractures,
constipation, peripheral vasoconstriction, age at regression, and head growth and compared
these with the presence or absence of scoliosis. As age or mutation type could confound the
relationship between scoliosis and each clinical parameter, two models, one adjusting for age
alone, the other adjusting for both age and mutation type were used to investigate the
association. As shown in Table 2, the increased prevalence of scoliosis was significantly
associated with higher overall clinical severity scores on both the CSS and MBA, delayed
acquisition, loss, or absence of sitting and walking, occurrence of seizures, constipation,
peripheral vasoconstriction, and poor head growth after adjusting for age and mutation type.
In our cohort, no participant with scoliosis reported acquired and maintained hand use, while
6% of those without scoliosis had preservation of acquired and conserved hand use. Including
all significant clinical parameters in the model, we constructed the multiple logistic regression
model with backward variable selection. In this model, severity score on MBA, later
acquisition, loss, or absence of walking, and occurrence of constipation retained the positive
association with scoliosis (Table 3).
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Examination of specific mutations showed that R133C, R294X and R306C are significantly
associated with decreased risk of having scoliosis compared with all other mutations after
adjusting for age (Table 4), but only for R294X and R306C after additionally adjusting for the
three significant clinical parameters: MBA, walking, and constipation. However, note that
R133C has lower frequency than R306C (4% vs. 7%) but higher prevalence of scoliosis (32%
vs. 29%) in this sample. Among participants with one of the eight common mutation types, we
further examined the effect of decreasing risk of scoliosis in R294X. Participants with T158M,
R168X, R255X, and R270X had significantly higher risk of developing scoliosis than those
with R294X in both models (Table 5).

Scoliosis surgery was performed in 70/554 (13%) participants reporting whether or not they
had scoliosis and was less likely to have been done in individuals with R133C, R294X, and
R306C mutations. The mean age (+ standard deviation) at surgery was 12 years (+3 years),
and the median was also 12 years (range 5-22 years). Individuals requiring surgery were much
less likely to have acquired walking or to have retained previously acquired walking, namely,
65/71 (92%) compared to 6/71 (8%) who had acquired walking prior to surgery and retained
walking afterwards.

Discussion

Scoliosisiscommon in RTT and increases in frequency with age through puberty. In the present
study, 85% of participants who were 16 years of age or greater had some degree of scoliosis.
As such, scoliosis represents a significant comorbidity that should be monitored carefully,
especially during the formative years and during adolescence when idiopathic scoliosis may
also worsen.

The present report corroborates previous findings on scoliosis frequency from Europe and
Australia (3—6) and extends our understanding of interactions with specific co-morbidities and
overall clinical severity. Predictors of scoliosis include the type and location of the specific
MECP2 mutation, overall clinical severity, and absent or delayed development of motor skills.
The recent report from Australia (2) did not detect an association between loss of hand skills
and scoliosis frequency. Based on univariate analysis of our data, a positive association with
scoliosis frequency was noted not only for hand use, but also for other motor skills including
sitting and walking, seizures, bone fractures, head growth, age at regression, peripheral
vasoconstriction, and constipation. Refinement of this analysis using logistic regression with
backward variable selection retained a significant association only for the total MBA score,
delayed, lost, or absent walking, and the presence of constipation.

While the association between poor walking skills and scoliosis seems predictable, the lack of
correlation with age at regression and poor head growth is surprising. These are two of the
consensus criteria for the diagnosis of RTT (7). Age at regression is a subjective determination
based on parent perception. However, head circumference determinations are quantitative and
should lack observer bias. The positive association with constipation likely reflects the
increased frequency of motor impairments, particularly with respect to walking, but also with
respect to clinical severity noted with the MBA. The MBA is a composite score that assesses
motor skills at all levels including physical examination, behavioral and social assessment, and
oromotor and respiratory parameters. As such, it represents a more comprehensive overall
assessment than the more restricted CSS. In addition, the MBA does not consider age at
regression and head growth, two elements of the CSS that are not associated with scoliosis in
this study.

The relative risk reduction for scoliosis in individuals with the R294X and R306C mutations
also extends the findings from the Australian database study that noted significance for the
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R294X mutation only. The present results are likely to reflect our significantly larger pool of
participants with these mutations that number several-fold more than in the Australian study
(2). It is possible that R133C will also achieve significance as more individuals with this
mutation are enrolled. Presently, this group is comprised of slightly more than 50% of the
R294X and R306C groups.

The present study is strengthened by the large sample size and the distribution of participants
by mutation type that is representative of mutation frequencies in RettBase
(www.mecp2.chw.edu.au) and the North American database (8). However, the analyzed data
are cross-sectional. Upon completion of the longitudinal phase of this study, analysis of
prospectively collected data should provide an important complement to the current report.

Guidelines for the current management of scoliosis have been published recently (9).
Substantive evidence is lacking regarding the efficacy of preventive measures for scoliosis.
Nonetheless, the implementation of intervention strategies that could retard scoliosis
progression is essential. These include effective positioning to provide optimal truncal support
while upright and may include bracing and proper seating arrangements. A systematic study
of such strategies should be considered.

The overall goal of the Rare Disease Clinical Research Network is to develop robust natural
history information that will provide a credible baseline for impending clinical treatment trials.
The development of fundamental therapeutic strategies for RTT is being pursued actively in
the laboratory. As these therapeutic interventions are translated to individuals with RTT,
clinical trial design should account for the presence of scoliosis and related factors judiciously.
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Table 3

Significant clinical parameters from multiple logistic regression model for P (having scoliosis) = 1 adjusting for
age and mutation type (backward variable selection)

Clinical parameter OR (95% CI) p
Motor-behavioral assessment 1.05(1.03,1.07) <0.0001
Walking Acquired <18 mo/apraxic gait Ref

Acquired >18 mo or lost or never  2.29 (1.24,4.22)  0.0079
Constipation  No Ref
Yes 2.08 (1.15,3.76) 0.0153
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