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Abstract

Background—Scoliosis is prominent in Rett syndrome (RTT). Following the prior report from
the US Natural History Study (NHS), the onset and progression of severe scoliosis ( 240° Cobb
angle) and surgery were examined regarding functional capabilities and specific genotypes,
addressing the hypothesis that abnormal muscle tone, poor oral feeding, puberty, and delays or
absence of sitting balance, ambulation, may be responsible for greater risk in RTT.

Methods—The multicenter RTT Natural History study (NHS) gathered longitudinal data for
classic RTT including mutation type, scoliosis, muscle tone, sitting, ambulation, hand function,
and feeding. Cox regression models were used to examine the association between scoliosis and
functional characteristics. All analyses utilized SAS 9.4; two-sided p-values of <0.05 were

considered significant.
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Results—913 females with classic RTT were included. Scoliosis frequency and severity
increased with age. Severe scoliosis was found in 251 participants (27%), 113 of whom developed
severe scoliosis during the follow-up assessments. 168 (18%) had surgical correction. Severe
MECP2 mutations (R106W, R168X, R255X, R270X, and large deletions) showed higher
proportion of scoliosis. Individuals developing severe scoliosis or requiring surgery were less
likely to sit, ambulate, or use their hands and were more likely to have begun puberty. Significant
differences were absent for epilepsy rates, sleep problems, or constipation.

Discussion—Scoliosis requires vigilance regarding the risk factors noted, particularly specific
mutations and the role of puberty and motor abilities. Bracing is recommended for moderate
curves and surgery for severe curves in accordance with published guidelines for scoliosis
management.
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Background

Rett syndrome (RTT; MIM: 312750) is a rare, X-linked dominant disorder associated with
mutations in the methyl-CpG-binding protein 2 (MECPZ2) gene, encoded at Xq28. The
disorder was first described 50 years ago by Andreas Rett! in Vienna, Austria, but only came
to world-wide attention as RTT with the paper of Hagberg et al.2 in 1983. Since that time,
much has been learned about this unique neurodevelopmental disorder. Occurring almost
exclusively in females, the disorder follows a typical pattern of apparently normal early
development followed by cognitive impairment, communication dysfunction, stereotypic
hand movements, and pervasive failure of growth. The last feature is first evident as
abnormal deceleration in the rate of head growth as early as 1.5 months of age followed by
abnormal deceleration in the rate of weight and linear growth?. In addition to epilepsy,
periodic breathing, and gastrointestinal dysfunction, progressive scoliosis has long been
recognized as a significant problem in RTT.

Worsening scoliosis was noted by Hagberg et al.2, and other reports occurred shortly
thereafter*8. In the next several years, a number of papers described scoliosis in 48—
94%°-14, In 2003, Kerr et al. reported that surgical correction provided improved overall
outcome in 42 of 50 (84%) individuals with classic RTT with specific benefits in
independent ambulation, sitting posture, and feeding!, findings supported by subsequent
studies'®17. In 2010, results from the US Natural History study revealed that scoliosis was
present in >85% of participants by age 16. Of this group, 13% had spinal instrumentation!8,
The report of Riise et al. confirmed the high frequency of scoliosis!®.

Although scoliosis is evident as early as age four years, what remains to be determined is
how scoliosis progresses over time, clinical characteristics of RTT related to the
development and progression of scoliosis, and specifically, how is this progression related to
pubertal development in RTT? We have recently shown that pubertal development in RTT
differs from typically developing females??. More than 25% may demonstrate premature
onset of puberty, the time between the onset of puberty and the onset of menarche is
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significantly longer than normal (3.9 years in RTT versus 3.0 years in typical females), and
the age of menarche is later in RTT (13.0 years) than in typical females (12.5 years). In
addition, while synchronous development of puberty occurs in 52%, similar to typical
females, in RTT 32% begin with adrenarche (pubic) and only 15% with thelarche (breast),
the opposite of the typical pattern.

In order to address the questions raised, we examined factors that could be predictors of the
onset and progression of scoliosis such as muscle tone, sitting, ambulation, feeding,
genotype, and puberty. We hypothesized that those with abnormal muscle tone and delays or
absence of sitting balance, ambulation, puberty, and specific mutations as well as poor
feeding by mouth would be at greater risk for developing severe scoliosis and require
surgery for spinal stabilization.

Study population

Data Coding

The multicenter RTT Natural History study (RNHS) database was assessed. Individuals with
classic RTT were recruited from 2006 through 2015 and evaluated as described previously?!.
A RNHS neurologist or geneticist (D.G.G., J.L.N., A K.P,, S.A.S., and W.E.K.) confirmed

the diagnosis of classic RTT based upon the consensus diagnostic criteria22-23

. Only female
participants were included in this analysis. All participants had MECPZ2 testing by a
qualified laboratory, >95% of those with classic RTT having a mutation. To evaluate overall
severity of RTT, the clinical severity scale (CSS) and motor behavioral analysis (MBA),
were utilized?. Institutional review board approval was obtained for each participating
institution. Participants’ families granted informed assent. The RNHS is registered as

Clinical Trial NCT00296764.

Data were coded in order to provide specific ages for scoliosis. Information on scoliosis was
provided by the parents based on radiographic reports determining Cobb angle from prior
orthopedic assessments. If no prior assessment had occurred, the degree of curvature was
estimated by clinical inspection. If a curve were detected that exceeded 10°, orthopedic
assessment was requested and the resultant Cobb angle recorded in the database.
Developmental history was determined as previously reported?* and re-evaluated at each
visit along with standard medical assessments including growth and nutrition, neurological
history and assessment, and general examination including Tanner stages B2, PH2, and
menarche. Mutation data were recorded for all participants.

Statistical Analysis

Descriptive statistics were obtained for given characteristics. Categorization of MECP2
mutation based on phenotypic similarities>>-2® was as follows: mild mutations included
R133C, R294X, R306C, and 3’ truncations; moderate included T158M, Exonl, Insertion/
deletion, Splice site, and other mutations; and severe included R106W, R168X, R255X,
R270X, and large deletion. Mutation negative participants were excluded from mutation
analysis. To examine the association between MECPZ mutation and scoliosis in all subjects,
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a logistic regression model was used after adjusting for age at enrollment. ANOVA
(Analysis of variance) was used to compare the mean age between mutation groups. In order
to examine factors that could be predictors of the onset and progression of scoliosis
prospectively, we used a Cox regression model for severe scoliosis identified during the
follow-up. Time to event was age at the study visit for those who developed severe scoliosis
during the follow-up, and time of censoring was age at the last study visit for those who had
not yet developed. Age at enrollment was incorporated in the Cox regression analysis, in
order to take into account only those in the study at the age of consideration. Additionally,
having puberty during the follow up was analyzed as time dependent covariate by flagging
whether puberty was reported prior to the onset of severe scoliosis.

All analyses were performed using SAS, Version 9.4 (SAS Institute Inc. Cary, NC, USA).
All reported p-values are two-sided and p-value<0.05 was considered statistically
significant.

The US Natural History database was assessed as of January 31, 2016. At that time, 913
participants had been enrolled and 909 reported their scoliosis status at the baseline visit.
Mean age at enrollment was 10 years (standard deviation, SD=9, min=1 and max=66) and
mean follow-up time was 4 years (SD=3). Of this group, 138 reported severe scoliosis ( X0°
Cobb angle or surgery) at their baseline visit and 113 had progressed to severe scoliosis
during the follow-up assessments. The overall rate of severe scoliosis was 251/913 (27.5%),
and of the total, 168/913 (18%) reported surgical correction. At baseline, most participants
were younger than 13 years old (665/913; 72.8%), while most with severe scoliosis were age
>3 years (109/138; 79.0%). Of those 665 girls, severe scoliosis was identified at a follow-
up assessment in 103 (103/113; 91.2%), and only 19 of them (18%) were >age 13 years at
the visit. Table 1 shows the prevalence of scoliotic curves across all age groups. Among 4
year olds, 28% had measurable scoliosis; by age 13 and above, 2/9% had measurable
scoliosis. The proportion of severe scoliosis also increased with age from 13% (31/246) in 9
year olds to 38% (63/165) of 12 year olds and remained stable above 40% through age 19
years. Table 1 also shows that not all with a severe curve receive surgery at first awareness.
For example, at age 9, 32% of those with severe curves had surgical correction. However, at
age 12 years, 68% of those with severe curves reported surgical correction, remaining above
70% through age 19.

In terms of the actual age distribution for the 168 participants who had surgical correction,
the majority (86%) occurred between age 9 and 15, the median age was 12 years (min=5,
max=21). Only four individuals had surgery at age 19 or beyond. The proportion of severe
scoliosis based on mutation is displayed in the Figure 1. Categorized mutations based on
phenotypic similarity (mild, moderate and severe) showed an increasing trend of severe
scoliosis from mild to severe, while the proportion without scoliosis trended to decrease.

Table 2 shows the relationship between mutation type and curve severity. There was no
mean age difference at baseline between three mutation groups (p=0.45). A logistic
regression model was used to examine whether mutation type was associated with severe
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scoliosis in all subjects. After adjusting for age at enrollment, the proportion of severe
scoliosis was 2.4 times and 2.9 times higher in moderate and severe mutation carriers than
mild type carriers, respectively.

In order to examine factors associated with the onset and progression of scoliosis, we
excluded those 138 subjects who had already developed severe scoliosis at baseline visit
since those potential risk factors are mostly age dependent, as well as scoliosis. This cohort
included 113 subjects who developed severe scoliosis during the follow-up and 662 had not.
At baseline, while 76% of those 113 subjects had some level of scoliosis, 71% of those 662
subjects did not have any scoliosis. Hence, for further analysis, we adjusted for MECP2
mutation, scoliosis status and age at baseline. Table 3 shows the baseline model.

We examined neuromuscular, clinical characteristics, menarche and puberty at baseline. The
effect of each factor was examined by including that in the baseline model (Table 4). Being
able to sit and walk without aid were associated with decreasing the risk of severe scoliosis,
compared to those requiring aid for sitting or walking (54% and 68% reduction,
respectively). Breath-holding was also associated with decreasing 37% of risk of severe
scoliosis, compared to those not breath-holding. Conversely, those without purposeful hand
use was associated with increasing (80%) risk, compared to those without any problem in
using hands. Higher CSS score showed an association with increasing the risk. Also, 31% of
the girls had puberty at baseline, and of those, 20% developed severe scoliosis, showing an
association with almost three times higher risk of developing severe scoliosis compared to
those without puberty. Hence, we further divided those without puberty at baseline into
having puberty and not yet during the follow up.

A backward selection from the model including all significant factors in Table 4 included
three characteristics, in addition to the baseline model (Table 5): being able to walk without
aid and breath-holding (decreasing risk) and puberty (increasing risk). This implies that
breathing and puberty can be good predictors of the onset and progression of severe
scoliosis, in addition to MECP2 mutation, the status of scoliosis, age, and the ability to walk
at baseline.

Discussion

Scoliosis is a major concern in individuals with RTT. The prior report from the US Natural
History study!8 was based on cross-sectional data revealing a significant association with
greater clinical severity and loss or absence of independent ambulation. In the present study,
longitudinal assessment provided the opportunity to expand these analyses across time as
well as increasing the number of individuals under study from 554 to 913. Considering the
new onset of scoliosis and progression during the follow up period, we found that being
unable to sit and walk without support, hand clumsiness, lack of breath-holding, and onset of
puberty were associated with increasing the risk after adjusting for the severity of the
MECP2 mutation, the status of scoliosis, and age at baseline. In multivariate analysis, lack
of breath-holding and puberty remained as independent risk factors, as well as the inability
to walk independently. Absence of breath-holding as an indication of increased risk for
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severe scoliosis is a completely unanticipated finding. This will deserve increased attention
in future studies to ascertain if this is verifiable.

The onset of scoliosis in RTT was seen as early as age 1 year increasing dramatically over
the first decade. By age 13 years, about 80% of this population had measurable scoliosis, yet
only 70% of those had undergone surgical correction. The importance of phenotype-
genotype correlations is critical for the occurrence of scoliosis and the need for surgical
correction. Participants with mutations associated with greater clinical severity had much
greater likelihood of surgery and those with lower clinical severity had a reduced likelihood
of surgery. In addition, the occurrence of any scoliosis appears to be greater in individuals
with greater clinical severity; those with lower clinical severity, particularly R133C, R294X,
and R306C, had a much reduced occurrence of scoliosis (<15%). As demonstrated
previously by Neul et al.2 and Bebbington et al.28 and more recently by Cuddapah et al.20,
the degree of clinical severity shows a striking correlation with the common mutation types
in keeping with that noted for the likelihood of requiring surgical intervention for severe
scoliosis. The first cross-sectional report on scoliosis surgery indicated that 13% had spinal
instrumentation. This longitudinal analysis revealed an increase to 18.5% indicating the
significant importance of careful follow-up over time. This finding deserves close attention
to determine whether it is related to longitudinal assessments, as in the present study, or
whether this indicates a greater sensitivity on the part of parents and physicians to intervene
with corrective surgery.

With all these factors in mind, the authors urge steadfast attention to scoliosis changes over
time in this population. Although bracing has not been shown to be useful in modifying
curvature progression in this population due to absence of any comparative clinical
assessment, bracing has been shown to retard the progression of scoliosis in individuals with
static encephalopathy2?-30. As such, when curves reach 25°, we recommend implementation
of bracing in hopes of retarding or minimizing further progression. However, once the curve
reaches 40° or more, we strongly promote surgical intervention. As before, parents have
been uniformly pleased with the overall results and most individuals who were ambulatory
prior to surgery retained this capability. In addition, we recommend close adherence to the
guidelines for scoliosis management which provide both evidence- and consensus-based
approaches to scoliosis in those with RTT3!,

In conclusion, the role of puberty, and not simply increasing age, and the specific mutation
seem to be important factors in the occurrence and progression of scoliosis. These become
important considerations for long-term management and will require increased vigilance
both by family and those providing care.
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Figure 1.
Scoliosis by MECP2 mutation

Scoliosis frequency is displayed by relevant mutations. The data are presented as those
participants with “No scoliosis” (4p---4), “Scoliosis <40°” (ll---H), and “Scoliosis 0°”
(A---A).
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Categorized mutation type Age ;/[tezl:lrzlslrll)lent: SSCI;):;SK_I; 2130((:7:;. SC;)(E)(;iS(i)SSi::‘ONO (O‘;; ;IO Odds ratio (95% CI), p-value
Mild 10.4+8.8 39 (16) 199 (31) 1

Moderate 9.7+8.3 87 (36) 208 (32) 2.40 (1.54,3.73), p=0.050
Severe 9.549.5 117 (48) 235 (37) 2.93(1.91,4.51), p=0.0001

*
There were 28 subjects without a MECPZ2 mutation; 8 in Scoliosis 20° or Surgery and 20 in Scoliosis <40° or No scoliosis
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Baseline Cox regression model

Table 3

Severe scoliosis

Factor Hazard ratio (95% CI), p-value
N(%) or Mean +SD
None 27 (5) 1
Scoliosis at baseline 1 to <20° Cobb angle 47 (26) 6.68 (3.97, 11,23), p<0.0001
20 to <40° Cobb angle 39 (41) 20.3 (11.3, 36.5), p<0.0001
Mild 21 (10) 1
Mutation Moderate 34 (14) 1.31 (0.76, 2.27), p=0.34
Severe 54 (19) 1.84 (1.10, 3.08), p=0.021
Age at baseline 8+4 0.73 (0.66, 0.81), p<0.0001

Pediatr Neurol. Author manuscript; available in PMC 2018 May 01.

Page 12



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Killian et al.

Table 4
Baseline characteristics and the onset of severe scoliosis: Univariate Cox regression analysis using the baseline
model
Severe Scoliosis
Factor Hazard ratio (95% CI), p-value
N(%) or Mean £SD
Hypertonic 36 (17) 1.15(0.48,2.71), p=0.76
Hypotonic 52 (17) 1.45 (0.63,3.34), p=0.39
Muscle hypertonia
Mixed or Variable 17 (15) 1.76 (0.68, 4.56), p=24
Normal 8 (6) 1
Yes 16 (21) 0.99 (0.54,1.83), p=0.98
Contractures
No 97 (14) 1
Able to sit without aid 77 (11%) 0.46 (0.29, 0.71), p=0.0005
Sitting Ability
With support and aid 34 (35%) 1
Yes 26 (6) 0.32 (0.20, 0.52), p<0.0001
Walks without aid
No 87 (24) 1
Yes 77 (15) 0.63 (0.41, 0.97), p=0.034
Holds breath
No 36 (13) 1
Yes 87 (16) 0.69 (0.44, 1.10), p=0.12
Periodic breathing
No 26 (12) 1
Uses utensils/cup, may be
17 (12) 1.26 (0.61, 2.59), p=0.53
adaptive
Hand clumsiness
Finger feeds only 16 (11) 1.91 (0.94, 3.89), p=0.08
No purposeful hand use 64 (22) 1.80 (1.02, 3.19), p=0.044
Plays with toys or activates switches purposefully 16 (9) 1
Occasional choking/gagging 25(13) 1.27 (0.72, 2.22), p=0.41
>30 minutes to feed 32 (15) 1.13 (0.66, 1.91), p=0.66
Feeding difficulties Oral and gastrostomy feeding 15 (24) 1.43 (0.73, 2.78), p=0.30
Gastrostomy only 12 (29) 0.97 (0.47, 2.03), p=0.94
None 29 (11) 1
Yes 57 (13) 1.15 (0.78, 1.69), p=0.49
Any sleep problems
No 56 (17) 1
Yes 97 (16) 1.25 (0.71, 2.20), p=0.45
Constipation
No 16 (9) 1
Yes 10 (7) 0.50 (0.16, 1.50), p=0.21
menarche
No 103 (16) 1
Yes 47 (20) 2.98 (1.61, 5.52), p=0.0005
Puberty
No 66 (12) 1
Total CSS 25+6 1.06 (1.03, 1.10), p=0.0004
Total MBA 52+11 1.01 (0.99, 1.03), p=0.17
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Table 5

Multiple Cox regression model for the onset of severe scoliosis

Factor

Hazard ratio (95% CI), p-value

Scoliosis at baseline

None

1

1 to <20° Cobb angle

4.94 (2.87, 8,52), p<0.0001

20 to <40° Cobb angle

14.5 (7.87, 26.8), p<0.0001

Mild 1
Mutation Moderate 1.39 (0.79, 2.44), p=0.26
Severe 1.53(0.90, 2.61), p=0.12
Age at baseline 0.66 (0.58, 0.76), p<0.0001
Yes 0.32 (0.20, 0.52), p<0.0001
Walks without aid
No 1
Yes 0.57 (0.37, 0.86), p=0.008
Holds breath
No 1
During follow-up 3.56 (1.44, 8.84), p=0.006
Puberty At baseline 8.28 (2.90, 23.7), p<0.0001
No 1
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