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ABSTRACT

Rett syndrome is a neurodevelopmental disorder in which scoliosis is a common orthopedic complica-
tion. This explorative study aims to identify predictors for rapid progression of scoliosis in Rett syndrome
to enable variable selection for future prediction model development. A univariable logistic regression
model was used to identify variables that discriminate between individuals with and without rapid
progression of scoliosis (>10°Cobb angle/6 months) based on multi-center data. Predictors were identi-
fied using univariable logistic regression with OR (95% Cl) and AUC (95% Cl). Age at inclusion, Cobb angle
at baseline and epilepsy have the highest discriminative ability for rapid progression of scoliosis in Rett

syndrome.

Introduction

Rett syndrome (RTT) is an X-linked dominant neurodevelop-
mental disorder that evolves from a defect in the Methyl-CpG
binding protein 2 (MECP-2). '~ It predominantly affects
women with a prevalence of 1 in 10,000 births."*"® Rett syn-
drome is characterized by a regression of acquired skills after
a period of 6-18 months postpartum of seemingly normal
development.” Clinical symptoms include loss of expressive
language skills, development of hand stereotypes and impaired
gross motor skills. Multiple comorbidities are recognized in
Rett syndrome, of which scoliosis is the deformity most com-
monly urging to orthopedic care; it appears in 75% of indivi-
duals with Rett syndrome of which 50% develops scoliosis
before the age of 11 years.">®

It is usually assessed using posteroanterior (PA) and lateral
X-ray imaging of the cervical, thoracic and lumbar spine, and
is diagnosed when the Cobb angle, in the frontal plane, exceeds
10°. Scoliosis in Rett syndrome is thought to be of neuromus-
cular origin; it can occur early in a child’s life, is often pro-
gressive, and does not necessarily cease when skeletal
maturation has finished.*'® It could lead to secondary symp-
toms such as discomfort, deterioration of mobility and
a decrease in physical function.® Despite these major implica-
tions, the evidence base concerning factors that influence
progression is limited, consequently resulting in uncertainty
about treatment pathways and timing of interventions in
females with RTT for parents as well as clinicians."'

The management of scoliosis in children can roughly be
divided into conservative or operative management, depend-
ing on the severity of progression.” Surgery is indicated in case
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of severe scoliosis to regain spinal symmetry, improve mobi-
lity, improve sitting balance, decrease pain, and treat/prevent
progressive lung compression.>'! Orthotic treatment and phy-
siotherapy are part of the conservative management approach
of scoliosis. Bracing has been shown to be effective in reducing
the risk of curve progression in idiopathic scoliosis, especially
in young children with a low skeletal maturity.” Inconclusive
evidence exists concerning the effectiveness of conservative
management in the form of bracing for scoliosis in Rett syn-
drome. For physiotherapy however, evidence shows improved
mobility, flexibility of the spine, and increased comfort.
Nonetheless, neither bracing nor physiotherapy seems to be
able to reduce progression of scoliosis in RTT.*'?

Several predictors for the progression of scoliosis have been
identified in the literature. Prognosis of a more severe scoliosis
was found to be related to earlier onset of puberty, as the onset
of puberty in females with Rett syndrome is premature com-
pared to females that develop typically.'* Evidence suggests
that certain genotypes are associated with milder forms of
scoliosis (p.Argl33Cys and p.Arg306Cys) and some genotypes
are known to be associated with a higher risk of developing
severe scoliosis (p.Arg270X)."'"'? In addition, multiple stu-
dies showed that a higher level of walking ability is associated
with a lower severity of scoliosis."”>'" Age at regression (phase
two Rett syndrome) and Cobb angle in the frontal plane are
also mentioned as possible predictors in the current body of
evidence, in which an earlier age at regression could lead to
more severe scoliosis.”'>"'* Previous small case studies indi-
cate an average progression of scoliosis of 14 degrees per year,
although patient characteristics contributing to this
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progression in individuals with Rett syndrome are uncertain."
Since evidence about the management of scoliosis in indivi-
duals with Rett syndrome is mostly lacking, insight into factors
that predict rapid progression of scoliosis by means of
a clinical prediction model is crucial. Furthermore, insight in
these factors aids parents and clinicians to predict the chance
of progression of scoliosis specific to the individual with Rett
syndrome.'' However, a sufficiently large Dutch cohort with
extensively described patient characteristics that is needed to
create a prediction model is not available.'®

This study aims to explore factors with discriminative abil-
ity to identify progression of scoliosis in individuals with Rett
syndrome.

Materials and Methods
Study Design

A longitudinal analysis was performed based on prospectively
collected multi-center data. As this study precedes prediction
research, the TRIPOD statement was used as reporting
guideline.

In- and Exclusion Criteria

For this study, exclusively females with clinically or genetically
confirmed Rett syndrome and scoliosis between the age of 2—-
16 were selected. As only few cases of males with Rett syn-
drome have been described and the clinical presentation in
males is not yet fully understood, male participants were
excluded from this study. ' >° To measure scoliosis progres-
sion, at least two subsequent Cobb angle measurements are
required with 6 months or more in between. Therefore, parti-
cipants with less than two subsequent X-rays were excluded
from this study. Further exclusion criteria were as follows:
commencement of menarche prior to the first measurement
and previously performed scoliosis surgery.
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Data Collection

To acquire a sufficient sample size, data of the Dutch Rett
syndrome Association (NRSV) and of the Maastricht
University Medical Centre (MUMC+) Rett expertise center
were combined. Data from the NRSV consisted of written
questionnaires completed by members of the NRSV - par-
ents/caregivers of individuals with Rett syndrome - between
2008 and 2013. During this timeframe, parents and/or care-
givers were approached by the NRSV through written
request and were asked to fill out questionnaires and
include X-ray images after written consent. A response of
95 members and their respective children was obtained.
Only data from included children with two or more sequen-
tial X-ray images was used for the dataset which led to
a sample size of 27 participants. Furthermore, data from
the MUMC+ was obtained by researchers from medical
records and accompanying X-ray images of individuals
with Rett syndrome at the department of orthopedic med-
icine. All eligible participants were screened on the avail-
ability of sequential X-ray images which led to a sample size
of 50 participants.

Information about current age, age at RTT diagnosis, type of
mutation, age at (first) regression, level of walking ability, level
of sitting ability, epilepsy, respiratory problems, constipation,
low bone density, physiotherapy, bracing, and surgical correc-
tion were obtained from both data sources using the question-
naires or medical records, respectively (app 1). Sequential hip
and spine X-ray assessment was performed by professionals and
provided information about the Cobb angle (position X-ray,
type of curve, apex curve), kyphosis, subluxation of the hip,
Risser’s sign and leg length difference of the participants (app
1). The professional rater team included an orthopedic surgeon
and an experienced physical therapist trained in spine X-ray
readings by an orthopedic spine surgeon.

Subsequently, all collected data originating from the two
sources were combined into one dataset, resulting in 64 unique
participants (Figure 1).

50
MUMC+

Medical records

95
NRSV (VUmc)

Written questionnaires

68
No sequential X-rays

27

/

77

Combined data

64

Total dataset

Figure 1. Flow chart participant selection.

13
Duplicates




128 (&) J.E.WEEDAETAL.

Outcome

The primary outcome of this study, rapid progression of sco-
liosis, was operationalized as the change in Cobb angle per time
unit (°/half a year). Cobb angle measurements in the frontal
plane of the scoliosis curve were performed at each available
sequential X-ray for every participant, to quantify the magni-
tude of the curve.”’ Multiple actions were undertaken to opti-
mize reliability of Cobb angle measurements in this study.*>**
All Cobb angle measurements of the sequential X-rays were
performed twice with standardization of the end vertebrae of
the curvature. In addition, the position of the participant was
recorded for every X-ray. For the NRSV data, two independent
blinded expert raters assessed all Cobb angles independently
whereas the Cobb angles rated by an expert in the MUMC+
data source were compared to the Cobb angles extracted from
the medical files. The mean value of the two independent
measurements reflects the “true” Cobb angle of the participant
per X-ray at a timepoint. A difference in Cobb angle was
suspected for measurements performed in supine positioning
relative to a seated or standing X-ray. To uniform the sequential
Cobb angle measurements in order to enable comparison
between the supine and standing X-ray images, a systematic
correction of 10° degrees was included for every measurement
assessed in supine position.”*** Subsequent Cobb angle mea-
surements were available between 3 months and 2 years, vary-
ing per participant. The median time between the initial and
subsequent spinal X-rays was 10 months (IQR: 6-16 months).
To obtain the progression of the scoliosis per half-year, the
difference in Cobb angle between sequential measurements
was calculated using change scores. In clinical practice, an
increase of >5° suggests a progression of the curve.”
However, diurnal variation, physical disabilities, walking/sit-
ting aids, positioning during X-ray, and energy capacity of
children with Rett Syndrome are likely to increase heteroge-
neity in X-ray images.”* To take these sources of measurement
error into account, the cutoff point for progression of the
scoliosis was set at >10°.>* Therefore, the binary outcome
variable progression of scoliosis was defined as a change
score exceeding a Cobb angle progression of 10° per half-year.

Predictor Variables

All potential predictors derived from the cohort were dis-
cussed in clinical expertise consensus meetings. This led to
a total of 19 candidates predictor variables that were collected
for all participants, of which four originated from the X-ray
images. First, the Cobb angle in the frontal plane (°) at the
initial visit to the specialist was recorded for every participant.
In addition, the apex of the curve was reported, divided in high
thoracic (T1-T6), low thoracic (T7-T12) and lumbar (L1-L5).
Second, the Cobb angle in the sagittal plane was recorded,
indicating presence of hyper kyphosis of the thoracic spine.
Presence of thoracic hyper kyphosis was defined as a curve that
exceeds 50° and dichotomized accordingly (yes/no). Next, the
position of the hip joint was dichotomized into presence or
absence of a (sub)luxation, defined as a central edge-angle
larger than 15°. All variables extracted from the X-rays were
assessed by the same expert raters that assessed the Cobb angle.

Further collection of candidate predictors originated from
questionnaires or medical files, based on their data source
being the NRSV or the MUMCH+, respectively. For predictors
that could fluctuate over time, initial measurement values were
leading. Predictors included the continuous variables age at
regression (months), age at diagnosis (years) and age at inclu-
sion (years). The dichotomous predictor menarche (yes/no) was
included due to its suggested relationship between severe sco-
liosis and puberty.'” Another predictor that is thought to be
associated with the progression of scoliosis is type of mutation
on the MECP2."'*?® This variable was categorized in two
groups based on similarities of the phenotype: severe mutations
of the MECP2 gene and mild mutations of the MECP2 gene."
Severe mutations included p.Argl06Trp, p.Thr158Met, p.
Argl68X, p.Arg255X, p.Arg270X or large deletions,"'>***
mild mutations included p.Arg306Cys, p.Argl33Cys, p.
Arg294X and C-terminal deletions."*” Previous evidence sug-
gests that independent walking is a protective factor for progres-
sion of scoliosis."'> Therefore, the level and quality of walking
was included as predictor based on a preliminary version of the
Dutch Rett Syndrome Gross Motor Scale (RSGMS-NL), as this
measurement instrument was not yet developed at the time of
data collection.”®*” The RSGMS-NL assesses gross motor abil-
ities in children with Rett syndrome based on the level of
assistance needed to perform the item. With the available data,
a construct of the RSGMS-NL items “level of walking ability”
and “level of sitting ability” were assessed using the dichoto-
mized score “no assistance required” and “assistance required.”

Multiple comorbidities are prevalent in females with Rett
syndrome. Constipation, low bone density, lung disorders and
epilepsy were included in the model. In addition, presence of
a gastro intestinal tube, vitamin-D use and a brace were
included as binary predictors (present/absent). The last vari-
able is binary and encompasses presence of a current phy-
siotherapy treatment, as this might influence curve
progression (present/absent).*'>

Statistical Analyses

Descriptive statistics of candidate predictors and other base-
line characteristics were described as mean and standard
deviation (SD) and range for continuous variables, and count
and proportion for categorical variables.

Univariable logistic regression was used to assess the discri-
minative ability of 19 individual variables. Results were expressed
as odds ratio (OR) with 95% confidence interval (CI), the
p-value, and the area under the receiver operating characteristic
curve (AUC). All data were analyzed using IBM SPSS version 27.

To obtain the estimated change in Cobb angle half a year
after the initial first visit to the specialist for all participants,
linear regression analyses were performed on a per person level
on all available measurements, enabling interpolation of the
Cobb angle to estimate the change score after 6 months.
Hereafter, progression of the scoliosis curve was assessed
based on the 6 months change scores. To prevent loss of
power accompanying complete-case analysis, a simple imputa-
tion strategy (stochastic regression imputation) was used to
impute missing values on candidate predictor variables.



Ethics Statement

Correspondence with the ethical committee of the general
hospital Maastricht/University of Maastricht at April 30,
2021 confirmed that the Medical Research Involving Human
Subjects Act (WMO) did not apply to this study (METC 2021-
2615). Approval by the committee was granted.

Results

The study population consisted of 64 females with Rett syn-
drome between the age of 2-16 years. Characteristics are
shown in Table 1. There were some values missing for low
bone density (7.9%), hip subluxation (7.9%), and kyphosis
(26.0%). Progression of scoliosis occurred in seven cases
(10.9% during half a year). There was much heterogeneity in
participants’ initial Cobb angle at baseline. The median time
between the initial and subsequent spinal X-rays was 10
months (IQR: 6-16 months).

The highest AUC (95% CI) values included: age at inclu-
sion 0.677 (0.471-0.882), Cobb angle at baseline 0.675
(0.439-0.912) and epilepsy 0.662 (0.422-0.821). Therefore,
these showed to have the highest discriminative ability and
thus are the strongest predictors for rapid progression of
scoliosis in Rett syndrome (Table 2). An exemplary ROC
curve of the predictor Cobb angle at baseline is shown in
Figure 2.

Discussion

In this exploratory study, we estimated what predictors could
be of influence on rapid progression of scoliosis. As the size of
the current database is not sufficiently large for associations
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that are clinically relevant, this study enables predictor selec-
tion for future prediction model development for identifica-
tion of rapid progression of scoliosis. Age at inclusion, Cobb
angle at baseline and epilepsy were shown to have the highest
discriminative ability for rapid progression of scoliosis in Rett
syndrome with AUC values of 0.677, 0.675, and 0.662,
respectively.

Clinical suspicion concerning progressive scoliosis in Rett
syndrome is accompanied by intensive monitoring, frequent
visits to the hospital, initiation of intensive conservative ther-
apy and ultimately surgical correction, which is burdensome
for both children and parents. However, clinicians as well as
parents are often left in the dark about the risk of development
of scoliosis after the initial visit to the specialist. This leads to
uncertainty about treatment pathways and timing of interven-
tions and leaves parents insecure. This study lays basis for
a tentative prediction model that could enable identification
of individuals with Rett syndrome with a high risk of rapid
scoliosis progression to initiate immediate treatment.
Furthermore, the model potentially decreases the need for
intensive monitoring and treatment of females that are at low
risk for scoliotic progression and eliminates uncertainty in
parents.

The latest guidelines on the development of prediction
models encourages inclusion of predictors not on statistical
significance but based on expert opinion and clinical rele-
vance ***'To take these guidelines into account for future
prediction model development, the predictors used in this
study are based on the current literature base and expert
opinion and are being routinely collected during Rett con-
sultation. In this study, data was collected from two sources,
enabling a good reflection of the patient population in the
Netherlands.

Table 1. Baseline characteristics and candidate predictors of the study cohort at inclusion.

Missing values (%)

Total cohort (n = 64) no progression (n =57) progression (n=7)

Demographics

Age at inclusion (years) mean + SD 0
Age at diagnosis (years) mean + SD 7.9
Age at regression (months) mean + SD 31.6
Cobb angle frontal plane at baseline (degrees) mean + SD 0

Disease specific predictors

Kyphosis (% yes) 26.3
Type of mutation (%) 2.6
Mild mutation

Severe mutation

Apex of Cobb angle (%) 0
High thoracic

Low thoracic

Lumbar

Additional predictors

Subluxation (% yes) 7.9
Menarche (% yes) 53
Level of walking construct RSGMS-NL (% no assistance) 2.6
Level of sitting balance construct RSGMS-NL (% no assistance) 2.6
Brace (% yes) 0
Presence of physiotherapy (% yes) 23.7
G-tube (% yes) 23.7
Low bone density (% yes) 7.9
Constipation (% yes) 2.6
Lung disorders (% yes) 2.6
Epilepsy (% yes) 2.6
Vitamin D (% yes) 23.7

Count (%) Count (%)

6.11+3.17 593+3.16 7.57 +£3.10
2.92+2.08 2.89+2.13 3.16 £1.73
11.3+4.14 11.18 £4.22 12.36 +3.45
2429 +17.11 21.87 +15.07 44,02 +21.07
28.1 17 (29.82) 1(14.3)
344 19 (33.3) 3 (42.9)
484 28 (49.1) 3 (42.9)
7.8 4(7.0) 1(14.3)
65.6 40 (70.2) 2 (28.6)
234 11 (19.3) 4(57.1)
10.9 7 (100) 0(0)
6.25 4(7) 0(0)
29.7 18 (31.6) 1(14.3)
46.9 28 (49.1) 2 (28.6)
6.3 4(7) 0(0)
92.2 52(91.2) 7 (100)
375 21 (36.8) 3 (42.3)
484 27 (47.4) 4 (57.1)
734 41 (71.9) 6 (85.7)
28.1 17 (29.8) 1(14.3)
64.1 35 (61.4) 6 (85.7)
56.3 33 (61.4) 3 (42.3)

SD = standard deviation, RSGMS-NL = Dutch Rett syndrome gross motor scale.
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Table 2. Associations of predictor variables with progression of scoliosis.

OR (95%Cl) p-value AUC (95%Cl)
Demographics
Age at inclusion 1.152 (0.925-1.435) 0.206 0.677 (0.471-0.882)
Age at diagnosis 1.056 (0.756-1.476) 0.748 0.538 (0.278-0.797)
Age at regression 1.071 (0.887-1.293) 0.477 0.574 (0.372-0.775)
Cobb angle frontal plane at baseline (°) 1.030 (0.986-1.075) 0.185 0.675 (0.439-0.912)
Disease specific predictors
Kyphosis 0.329 (0.04-3.510) 0.403 0.578 (0.368-0.787)
Type of mutation 0.948 (0.335-2.686) 0.920 0.518 (0.298-0.737)
Apex of Cobb angle 2.882 (0.686-12.116) 0.149 0.657 (0.404-0.909)
Additional predictors
Subluxation * * *
Menarche * * *
Level of walking construct RSGMS-NL 0.361 (0.040-3.225) 0.362 0.586 (0.379-0.794)
Level of sitting balance construct RSGMS-NL 0.414 (0.074-2.314) 0315 0.603 (0.388-0.818)
Brace * * *
Presence of physiotherapy * * *
G-tube 1.286 (0.262-6.310) 0.757 0.530 (0.300-0.760)
Low bone density 1.481 (0.304-7.226) 0.627 0.549 (0.322-0.775)
Constipation 2.341 (2.61-21.014) 0.447 0.569 (0.357-0.781)
Lung disorders 0.329 (0.044-3.510) 0.403 0.578 (0.368-0.787)
Epilepsy 3.771 (0.425-33.468) 0.233 0.662 (0.422-0.821)
Vitamin D supplementation 0.545 (0.112-2.666) 0.454 0.575 (0.349-0.801)

*: too few events/cases to make a reliable estimation, RSGMS-NL = Dutch Rett syndrome gross motor scale.

ROC Curve

Sensitivity

0.0 02 04 06 08 1.0
1 - Specificity
Diagonal segments are produced by ties

Figure 2. ROC curve predictor “Cobb angle at baseline”.

Some challenges were present in this study. Due to the
explorative nature and small sample size of the study cohort
(n=64) the statistical analysis was restricted to univariable
analyses. From a statistical point of view the sample size of
this study is limited, which renders statistical testing rather
meaningless. The low statistical power may have caused clin-
ical meaningful associations to go undetected. In this field
however, given the rarity of the syndrome, a sample size of
64 participants is large. In addition, we were limited to the
variables that were included in the combined dataset. By

choosing a pragmatic approach, optimal use of all available
data was enabled. The focus of this study was on assessing the
discriminative ability of the predictors for future model devel-
opment, therefore using univariable analyses exclusively was
a suiting pragmatic solution that enabled the use of all available
data.

Second, Cobb angle measurements in this study population
were prone to a decreased interrater and intra-rater reliability
due to physical disabilities, walking/sitting aids, variability in
positioning and energy capacity. Therefore, we aimed to stan-
dardize the measurements and corrected for positioning to
optimize the reliability of the Cobb angle measurements.

This study generates recommendations for future predic-
tion model development research. In individuals with Rett
syndrome one should routinely collect data concerning the
age at inclusion, Cobb angle at baseline and epilepsy. A large
part of the participants in both data sources lacked sequential
X-ray images or included solely one X-ray. To optimize sample
size in future studies, all hospitals in the Netherlands should be
contacted to find all sequential X-ray images of the study
population.

To optimize Cobb angle measurement in the future, X-ray
positioning in individuals with Rett syndrome should be stan-
dardized. All X-rays should be performed using the same
positioning considering the influence on the measured Cobb
angle. Lastly, all females should undergo a total of three X-rays
at their initial visit in the first year to monitor progression of
scoliosis in a standardized and detailed manner. This enables
creation of a more precise prediction model that could predict
progression at one year after the initial visit to the specialist,
without the risk on confounding on indication.

Conclusion

We explored the discriminative ability of 19 predictors to identify
rapid progression of scoliosis in individuals with Rett syndrome



aged 2-16 that should be collected for future prediction model
development based on Dutch multi-center data. Age at inclusion,
Cobb angle at baseline and epilepsy were shown to have the
highest discriminative ability for rapid progression of scoliosis
in Rett syndrome. Future research should focus on the develop-
ment of a reliable and valid prediction model using the latest
guidelines which encourage inclusion of predictors not on statis-
tical significance but based on expert opinion and clinical rele-
vance and should include the strongest predictors that were
explored in this study.”
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Appendix 1: Variable Collection from the Two Data Sources
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NRSV (n=27)

MUMC+ (n = 50)

Questionnaires — parents/caregivers

X-rays — assessment by professionals
DICOM viewer OsiriX lite

Patient files

X-rays — assessment by professionals DICOM viewer Zillion

Age at inclusion
Age at diagnosis
Age at regression

Type of mutation Level/quality of

walking

Level of sitting balance

Epilepsy

Lung problems
Low bone density
Physiotherapy
Brace

Surgical correction

Cobb angle
Position X-ray
Curve scoliosis
Apex curve

Presence hyper kyphosis
Subluxation of the hip

Rissers’ sign
Leg difference

Age at inclusion

Age at diagnosis
Age at regression
Type of mutation

Level/quality of
walking

Level of sitting balance

Epilepsy

Lung problems
Low bone density
Physiotherapy
Brace

Surgical correction

Cobb angle
Position X-ray
Curve scoliosis
Apex curve

Presence hyper kyphosis
Subluxation of the hip

Rissers’ sign
Leg difference

NRSV = Nederlandse Rett Syndroom Verenging, MUMC+ = Maastricht Universitair Medisch Centrum
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