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ABSTRACT: This study used densitometry to investigate the areal
bone mineral density (aBMD) and bone mineral content (BMC) in an
Australian Rett syndrome cohort and to assess how factors such as
genotype, epilepsy, BMI, and mobility affect these parameters. The
influence of lean tissue mass (LTM) and bone area (BA) on total
body BMC (TBBMC) was also investigated. Participants, recruited
from the Australian Rett Syndrome Database (ARSD), had TBBMC
and lumbar spine (LS) and femoral neck (FN) aBMD measured using
Dual energy x-ray absorptiometry. Mean height standardized Z
scores and CIs for the bone outcomes were obtained from multiple
regression models. The mean height Z score for the FN aBMD was
low at �2.20, while the LS aBMD was �0.72. The TBBMC mean
height Z score was �0.62, although once adjusted for BA and LTM,
the mean was above zero, suggesting that low BMC can be explained
by narrow bones and decreased muscle mass, likely secondary to
decreased mobility. Multiple linear regression identified the
p.R168� and p.T158M mutations as the strongest predictors of low
aBMC and BMD for all bone outcomes. The strong relationship
between genotype, BMC, and aBMD is likely underpinned by the
strong relationship between LTM, mobility, and bone outcome mea-
sures. (Pediatr Res 69: 293–298, 2011)

Rett syndrome (RTT) is a progressive neurodevelopmental
disorder, with a diagnosis incidence of 1.09 per 10,000

females by the age of 12 y (1). RTT predominantly occurs in
females, who can be categorized as having either a typical
(classic) or an atypical (variant) form (2). Severity varies, but
the motor and cognitive disability is nevertheless severe (2). In
1999, mutations on the X-chromosome in the gene encoding
methyl-CpG binding protein 2 (MECP2) were identified as the
principal genetic cause of RTT (3,4). Although there are more
than 240 types of pathogenic nucleotide changes, eight common
missense and nonsense mutations have been identified (5).
In a population-based study, the fracture risk in RTT has

been found to be nearly four times the general population rate
(6). The presence of epilepsy almost doubled the risk of

fracture as did the use of two or more antiepileptic drugs (6).
In another investigation, valproate was shown specifically to
increase the fracture rate 3-fold (7).
Bone mass has been shown to be a strong predictor of

fracture risk in adults (8) and children (8,9). Radiographic and
ultrasound studies have demonstrated osteopenia and reduced
cortical thickness in RTT (10–12). In addition, using dual
energy x-ray absorptiometry (DXA), the areal bone mineral
density (aBMD) and bone mineral content (BMC) have been
shown to be reduced in studies involving 20 (13) and 50
females with RTT (14).
Multiple factors are thought to influence bone mass and frac-

ture risk. Eighty percent of peak bone mass may be determined
by genetic predisposition (15). It is feasible that the reduced bone
density seen in RTT may be directly associated with the type of
MECP2mutation. The ultrastructure and density of bone in mice
with and without theMecp2 protein have recently been examined
(16). Those without the functional protein showed growth retar-
dation, abnormal growth plates with irregularly shaped chondro-
cytes and decreased cortical, trabecular and calvarial bone (16).
Thus, lack ofMecp2may reduce bone density through osteoblas-
tic dysfunction (16).
Other critical factors for optimal bone acquisition are sufficient

weight bearing activity and adequate nutrition (15). Physical
activity is often limited in RTT with individuals having difficulty
in standing and walking, which declines further with age (17).
Feeding-related problems are also observed in RTT, with possi-
ble consequences for nutritional intake and growth (18,19).
Growth retardation is one of the supportive criteria for RTT (20)
and may occur independently of nutritional intake.
The main aims of this study were to determine bone mass and

density in a national RTT population and to investigate the
influence of genotype, epilepsy, BMI, and mobility on these
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measures. To aid in the interpretation of bone outcomes, the
influence of height Z score, bone area (BA), and lean tissue mass
(LTM) on BMC at the total body (TB) was also assessed.

METHODS

The Australian Rett Syndrome Database (ARSD) was established in 1993
and is a population-based register of RTT cases born in 1976 and subse-
quently (1). Individuals aged 4 y and more were eligible for participation in
this study. Ethics approvals were provided by Princess Margaret Hospital in
Western Australia and the major Australian hospitals involved. The family of
each eligible person was contacted by phone, invited to participate, and
informed consent obtained. Appointments were organized at the nearest
location for the family with the appropriate DXA equipment.

Densitometry. A scanning protocol was developed by an experienced
densitometrist based on standard manufacturer positioning for pediatric and
adult patients. Lumbar spine (LS) (L2-L4), left and right femoral neck (FN),
and TB scans were obtained. Height and weight were measured immediately
before the scan and used to determine the appropriate acquisition mode. The
width of the FN region of interest was set at 1.50 cm for participants with
weight �34 kg and 1.00 cm for participants with weight �34 kg, as this
procedure was used by Lu et al. (21) in the analysis of population controls.

Areal BMD was measured by DXA, using GE-LUNAR Prodigy Densito-
meters (GE Medical Systems–LUNAR, Madison, WI), and analyzed using
proprietary software version 10.50. Outcome measures were aBMD (grams
per square centimeters) at the LS and FN; BMC (grams) at the TB; BA
(square centimeters); and LTM (grams) (22). To better reflect the volumetric
density at the LS, bone mineral apparent density (BMAD) was also calculated
(g/cm3) (L1-L4) (22). Scans were performed in seven locations throughout
Australia, between August 2005 and February 2008.

All scans were sent electronically to the Telethon Institute for Child Health
Research (TICHR) in Perth, Western Australia, in de-identified format. Scans
were then reanalyzed in a standardized format, by one trained operator. For
patients with spinal rods, only FN scans were included. Scans with movement
artifact were also excluded. Normative Australian data for children and adults
(n �800) were used to calculate sex-matched height standardized Z scores for
aBMD, BMAD, and BMC (21). In our study, an aBMD or BMC height
standardized Z score �1 SD below zero was classed as low bone density for
height and Z scores �2 SD below zero was classed as very low bone density
for height (23).

Using the “Molgaard approach,” the TBBMC was further evaluated (24),
including analysis of Z scores for height for age (short or long bones), BA
adjusted for height (narrow or wide bones), and TBBMC adjusted for BA.
Because of the close relationship between muscle and bone, LTM adjusted for
height and TBBMC adjusted for LTM were also investigated (25).

ARSD questionnaires. Questionnaires are completed by caregivers and/or
clinicians for all participants on registration into the ARSD. Follow-up
questionnaires have been administered every 2 y, since 2000. Data were
obtained from the most recently completed questionnaire, on presence of
epilepsy, mobility level, fracture history, and pubertal stage. Mobility was
classified into three levels, of “walks unaided” (level 1) or “with a degree of
unsteadiness” (level 2), “walks with assistance” and “exhibits minimal move-
ment/wheelchair bound” (level 3). Pubertal stage was based on the five
Tanner stages of breast development and pubic hair. Mutation data were
categorized into 13 groups as follows: each of the eight most common
individual MECP2 gene point mutations, large deletions (LD), late carboxyl-
terminal truncation (CT) mutations, and finally the less commonMECP2 gene
mutations referred to as the “Other” group (p.R306H, p.S134C, p.P152R,
p.P255R, early truncating and exon one). Some participants did not have a
MECP2 mutation elicited or had not been tested. Age was expressed cate-
gorically, in four groups (4–8, �8–14.5, �14.5–20, and �20 y).

Statistical analysis. Height, weight, and BMI standardized Z scores were
calculated using the US Centers for Disease Control and Prevention online
data files (26). The Pearson �2 test and Fisher exact test were used to compare
age distribution, epilepsy diagnosis, and mutation type between the study
group and the remaining Australian RTT population. The effects of age,
epilepsy, BMI, mobility, and mutation type on the TBBMC, LS, and FN
aBMD height standardized Z scores were investigated using multivariate
linear regression. Tanner stage, previous fracture, and anticonvulsant use were
also investigated, using univariate regression models, but found not to be
associated with bone outcomes and therefore not included in subsequent
models. The mean height standardized Z scores and 95% CI for the bone
outcomes were obtained from the multiple regression models. All statistical
analyses were performed using the STATA software version 9 (STATA,
College Station, TX).

RESULTS

In August 2005, there were 274 girls and women with RTT
aged 4 y and more living across Australia who were theoret-
ically eligible for this study. However, organizing a DXA scan
was only feasible in those who lived within reasonable prox-
imity to one of the major densitometer locations. Nearly half
of the group (n � 130) had scans arranged by the study team
or by their own clinician within the timeframe of the study.
Scans in 26 of 130 (20%) were performed on densitometers
other than Lunar and therefore could not be incorporated into
the study. Scans were received at the TICHR for 97 of the 104
and thus were available for analysis. For the remaining 144 of
the girls and women, arranging a scan was not possible
because of lack of contact, geographical location, or difficulty
for the child/family.
The mean age of the 97 females on whom a scan was

received was 15.0 y (SD � 7.1, range, 4–30.5 y). Fifty-three
participants had all bone outcomes assessed, including the TB,
LS, and left and right FN. TBBMC was assessed in 83
participants, and 73 (64 without spinal rods) had LS aBMD
measured. The LS BMAD was subsequently calculated for 62
individuals. Scans at the FN each totalled 73.
Comparisons of age, mutation type distribution, and the

percentage with epilepsy between the study group and the
remaining RTT population are shown in Table 1. When
compared with the remaining RTT population, the mean age
of the study group was higher (15.0 versus 10.1 y; p � 0.001)
and the proportion of individuals with epilepsy lower (75%
versus 84%; p � 0.063). Genetic testing had been performed
in 95 (98.0%) of study group participants and the distribution
of mutation types was similar to the remaining RTT popula-
tion (p � 0.363). Thus, the distribution of the most common

Table 1. Characteristics of the bone study group and the
Australian RTT population older than 4 y who did not participate

in the study

Bone study group
(n � 97)

Remainder of
RTT population
�4 y (n � 177)

Age* 15.00 � 7.16 10.09 � 7.10
Epilepsy†
No 24 (24.7) 28 (16.1)
Yes 73 (75.3) 146 (83.9)

Mutation‡
C-terminal 12 (12.4) 10 (5.9)
Large deletion 7 (7.2) 7 (4.1)
No mutation 20 (20.6) 37 (21.9)
Other 9 (9.3) 20 (11.8)
p.R106W 3 (3.1) 5 (3.0)
p.R133C 6 (6.2) 12 (7.16)
p.R168X 10 (10.3) 9 (5.3)
p.R255X 5 (5.2) 9 (5.3)
p.R270X 3 (3.1) 12 (7.1)
p.R294X 7 (7.2) 11 (6.5)
p.R306C 6 (6.2) 7 (4.1)
T158M 7 (7.2) 13 (7.7)
Not tested 2 (2.1) 14 (8.3)

Values are expressed as mean � SD or n (%).
* p � 0.001.
† p � 0.363.
‡ p � 0.0833.
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mutation types in the study group was an adequate represen-
tation of that seen within the Australian RTT population.
The mean height and weight were reduced in the study

group relative to the general normative population (21), with
the height range being 97–167 cm (mean age standardized Z
score � �1.10, SD � 2.42) and the weight range from 11 to
77 kg (mean age standardized Z score � �1.24, SD � 3.16).
The mean BMI Z score was �1.00 (SD � 2.59). Mobility
level and frequency of those with epilepsy in each mutation
group are shown in Table 2. Overall, 29 (32.2%) participants
could walk unaided, 15 (16.7%) could walk with assistance,
and 46 (51.1%) were wheelchair bound or had minimal move-
ment.
Twenty-six (31.7%) individuals had previously had one or

more fractures. Nineteen (73.1%) of the 26 had one or more
clinically significant fractures of the lower limb or vertebrae,
or two or more long-bone fractures in the upper limb, which
are consistent with the International Society for Clinical Den-
sitometry fracture criteria for osteoporosis in children and
adolescents (23).
The TBBMC mean height standardized Z score was �0.62

(SD � 1.52). The LS mean height standardized Z score for
aBMD was �0.72 (SD � 2.01) and LS BMAD was �0.60
(SD � 1.68). The mean aBMD height standardized Z scores
for the left and right FN were very low, at �2.15 (SD � 1.84)

and �2.20 (SD � 1.68), respectively. Thirty-one (41.3%) of
the LS aBMD, 37 (44.6%) of the TBBMC, and 57 (78%) of
the right FN aBMD height standardized Z scores were �1 SD
below the population mean.
Table 3 shows the mean Z score for body composition

data for all participants by mutation group. The mean BA
adjusted for height was �1.02 (SD � 1.97), and mean LTM
adjusted for height was �1.10 (SD � 1.61). After adjusting
for either LTM (mean TBBMC � 0.32, SD � 1.78) or BA
(mean TBBMC � 0.28, SD � 1.48), the mean TBBMC Z
score was above zero.
Multivariate linear regression models for each bone out-

come (height standardized), included mutation type, age
group, epilepsy diagnosis, BMI, and mobility level. Table 4
shows the mean height standardized Z score and CI obtained
from the regression models for the LSaBMD, right FN, and
TBBMC by age group, epilepsy diagnosis, and mobility.
There were contrasting results between the effects of age on
the LS aBMD and FN. When compared with the 4–8 y old
group, the LS aBMD was higher in individuals in age groups
�14.5–20 and �20 y (mean Z scores �14–20 � 0.46 and
1.11, respectively; p � 0.009), whereas the FN aBMD was
substantially lower in those older than 20 y (mean Z score �
�3.07) compared with the younger age groups (mean Z scores
�14–20 � �1.31, �8–14.5 � �1.63, 4–8 � �1.00; p �

Table 2. Mobility level and epilepsy diagnosis by mutation group

Mutation

Mobility level
Epilepsy

Walks
unaided

Walks with
assistance

Does not walk/
wheelchair bound Yes No

Carboxyl-terminal truncation 4 (33) 3 (25) 5 (42) 9 (75) 3 (25)
Large deletion 0 (0) 1 (14) 6 (86) 6 (86) 1 (14)
No mutation 3 (15) 4 (20) 13 (65) 18 (90) 2 (10)
Other 1 (12) 4 (50) 3 (38) 7 (78) 2 (22)
p.R106W 0 (0) 0 (0) 3 (100) 2 (67) 1 (33)
p.R133C 2 (50) 1 (25) 1 (25) 5 (83) 1 (17)
p.R168X 1 (11) 3 (33) 5 (56) 7 (70) 3 (30)
p.R255X 0 (0) 1 (20) 4 (80) 3 (60) 2 (40)
p.R270X 0 (0) 1 (33) 2 (67) 3 (100) 0 (0)
p.R294X 4 (67) 2 (33) 0 (0) 5 (71) 2 (29)
p.R306C 3 (50) 2 (33) 1 (17) 2 (33) 4 (67)
p.T158M 0 (0) 2 (40) 3 (60) 4 (57) 3 (43)
TOTAL 18 (20) 24 (27) 46 (53) 71 (75) 24 (25)

Values are expressed as n (%).

Table 3. Mean body composition measures (SD) by mutation group

Mutation Height Z score BA/height LTM/height TBBMC/LTM TBBMC/BA

Carboxyl-terminal truncation �0.88 (2.58) �0.58 (2.05) �1.13 (1.65) 1.16 (1.98) 0.67 (1.78)
Large deletion 0.64 (2.89) �2.21 (1.30) �1.40 (1.15) �0.40 (1.94) 0.69 (1.56)
No mutation �1.14 (1.80) �1.28 (1.81) �1.34 (1.51) 0.07 (1.24) 0.03 (1.21)
Other �1.66 (2.53) �0.71 (1.53) �1.28 (1.14) �0.04 (1.55) �1.10 (1.01)
p.R106W �1.87 (2.05) �2.89 (2.05) �1.90 (1.43) 0.27 (0.67) 2.21 (1.03)
p.R133C �1.67 (3.34) 0.65 (1.53) �0.45 (1.18) 2.16 (1.44) 0.72 (1.19)
p.R168X �2.17 (2.40) �1.78 (2.85) �0.87 (2.49) �0.84 (1.85) 0.37 (1.29)
p.R255X �0.80 (2.26) �1.91 (1.09) �0.87 (0.75) �0.66 (0.79) 1.06 (1.74)
p.R270X �3.55 (1.41) �0.06 (1.16) �0.18 (0.47) 0.38 (0.41) 1.02 (3.11)
p.R294X �1.09 (1.58) 0.60 (1.16) �0.14 (2.25) 0.58 (1.40) �0.30 (0.86)
p.R306C 1.19 (2.73) �0.33 (1.97) �0.16 (1.40) �0.11 (1.26) 0.00 (0.50)
p.T158M �1.00 (2.38) �1.94 (1.53) �2.52 (1.48) 1.47 (3.02) 0.32 (1.68)
TOTAL �1.10 (2.43) �1.02 (1.97) �1.10 (1.62) 0.32 (1.78) 0.28 (1.48)
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0.026). Although the mean height standardized Z scores for
the three bone outcomes were lower for those with epilepsy,
only the FN Z scores were significantly different (mean Z
scores � �1.00 without and �2.32 with epilepsy; p � 0.005).
The aBMD and BMC mean height standardized Z scores were
lower in the “walks with assistance” and “exhibits minimal
movement/wheelchair bound” mobility groups.

Figures 1–3 show the adjusted mean height standardized Z
scores and CI for the TBBMC, LSaBMD, and right FN by
mutation group, from the multivariate regression models. The
p.R168� (mean � �1.20) and p.T158M (mean � �1.54)
mutation groups had significantly lower height adjusted
TBBMC than the CT reference group (mean � 0.26). The
negative impact of the presence of these mutations can also be
seen for LS aBMD height standardized Z score (p.R168�
mean � �2.85, p.T158M mean � �3.47, CT mean �
�1.40). The mean height standardized Z score for both the
p.R168� and p.T158M mutation groups was also low at the
FN but not appreciably different to the CT group.

DISCUSSION

This study showed that individuals with RTT have low
aBMD and BMC, particularly at the FN. BA was also reduced
for height. The mean aBMD height standardized Z score at the
FN decreased with age and presence of epilepsy. Those with
less mobility also had lower mean values for all bone out-
comes. Regression models showed that the strongest predic-
tors for low aBMD and BMC were the p.R168� and p.T158M
mutation types. Body composition analysis showed that
height, weight, BMI, and LTM adjusted for height were lower
than that expected for age. However, when TBBMC was

Figure 1. Mean height standardized Z score and CI for TBBMC in each
mutation group.

Figure 2. Mean height standardized Z score and CI for LS aBMD in each
mutation group.

Figure 3. Mean height standardized Z score and CI for right femoral neck
aBMD in each mutation group.

Table 4. Mean height standardized Z score and CI for each bone outcome by age group, epilepsy diagnosis, and mobility level

LS aBMD Right FN aBMD TBBMC

Age group (y)
4–8 �1.40 (�3.14, 0.33) �1.00 (�3.09, 1.10) 0.26 (�1.10, 1.62)
�8–14.5 �1.21 (�2.73, 0.31) �1.63 (�3.23, �0.04) �0.39 (�1.57, 0.79)
�14.5–20 0.46 (�1.24, 2.15) �1.31 (�3.11, 0.47) 0.19 (�1.10, 1.49)
�20–31 1.11 (�0.84, 3.06) �3.07 (�5.02, �1.12) 0.08 (�1.27, 1.44)

Epilepsy
No �1.40 (�3.14, 0.33) �1.00 (�3.09, 1.10) 0.26 (�1.10, 1.62)
Yes �1.73 (�3.37, �0.09) �2.32 (�2.64, �2.00) �0.01 (�1.31, 1.30)

Mobility
Unaided �0.30 (�1.75, 1.14) 0.01 (�1.98, 2.00) 0.63 (�0.61, 1.87)
Assistance �0.59 (�2.11, 0.92) �1.95 (�3.07, 0.81) �1.71 (�0.28, 2.04)
Wheelchair �1.40 (�3.14, 0.33) �1.00 (�3.09, 1.10) 0.26 (�1.10, 1.62)

The reference groups used in the models were the “CT” mutation group, the “walks unaided” mobility group, and the “no epilepsy” group.
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adjusted for either LTM or BA, results approximated the
population norm.
A major strength of the study was that the participants were

a close representation of the population-based Australian RTT
cohort, thus supporting the generalization of findings to all
individuals with RTT. Comprehensive data were available on
each participant, increasing the number of factors that could
be included in the analysis. A detailed universal scanning
protocol was developed and adopted by all centers. All scans
were reanalyzed by the same operator, thus maintaining con-
sistency in highlighting regions of interest. Internal calibra-
tions were performed within each scan location and each
center used the same type of densitometer. Results were
calibrated against Australian normative data.
To accommodate the decreased stature seen in RTT (18,19),

calculation of height standardized Z scores and BMAD were
made. Using the “Molgaard approach” (24) and another sim-
ilar (25) approach, a more in depth interpretation of TBBMC
was made, by adjusting the bone outcome for LTM and BA.
Thus, we examined bone mineralization taking into account
the effects of short stature, narrow bones and reduced muscle
mass.
Although DXA is the commonly used method for evaluat-

ing pediatric bone mass and density, its bone outcomes are
strongly influenced by bone size and are thus highly growth
dependent (22). LTM, as measured by DXA, is a major
predictor of BMC and accords with other methods of measur-
ing muscle mass (25). As muscle action delivers the largest
loads and bone strains (27), participants with low muscle mass
for height should have a proportionately low BMC.
Performing this analysis on the study group, with a mean

TBBMC height standardized Z score of �0.62, bones were
short (as indicated by a low mean height Z score of �1.10),
narrow (low mean BA adjusted for height Z score of �1.02),
but with normal mineralization for bone area (normal mean
TBBMC adjusted for BA of 0.28). Notably, there was low
LTM for height (mean Z score � �1.10) indicating low
muscle mass; however, when bone mineralization was ad-
justed for muscle mass, the result was normal (TBBMC
adjusted for LTM of 0.32). These findings indicate only a
slightly reduced bone mineralization, due largely to low BA
(narrow bones) and low muscle mass (low muscle pull) on
slightly short bones. It is interesting that the mutations asso-
ciated with the lowest height adjusted BMC/aBMD (at all
sites) had the lowest bone length (R168� height Z score �
�2.17), narrowest bones (BA height adjusted z scores �1.78
and �1.94 for R168� and T158M, respectively), and lowest
muscle mass (LTM/ height adjusted Z score � �2.52 for
T158M). It is illustrative that individuals with these two
mutations, with the greatest clinical severity, including lower
mobility and a high prevalence of epilepsy (28), have the most
severe bone mineral phenotype.
Downs et al. (6) previously found fracture rate in this RTT

population to be four times that of the general population and
those with the p.R168� and p.R270� mutations at particu-
larly increased risk. Unexpectedly in this study, which unlike
the fracture study is by its nature limited to live cases, the
p.R270� mutation was not a strong predictor of bone outcome

measures. The three participants with this mutation, aged
between 18 and 30 y, may represent a survivor bias and may
be functionally more able than typically seen with this muta-
tion (28). Downs et al. (6) found the most common fracture
site to be the femur, which correlates with the findings in this
study, where the FN region (and the legs, data not shown) had
the lowest aBMD values. While the difficulties associated with
FN positioning are acknowledged, a likely clinical explanation
for the very low FN measurements may be that more than half
of the participants were predominantly wheelchair bound.
However, as scans for participants with spinal rods could only
be analyzed at the FN, FN results may be more representative
of the total RTT population, with LS and TB results biased
toward those with less severe phenotypes, with less scoliosis
and more mobility.
The reduced height and BA for age found in this study

suggests that girls with RTT have bones both shorter and more
narrow than expected. Reduced height, weight, and BMI have
already been well documented in RTT (18,19). Reassuringly,
evidence of a low calcium intake in females with RTT has not
been identified, either in an Australian (n � 84) (11) or US
study (n � 10) (29). However, another study did identify
reduced serum 25 hydroxyvitamin D levels (12). It may well
be beneficial to monitor vitamin D levels in RTT and supple-
ment as necessary. On the other hand, biochemical analysis of
serum calcium, phosphate, alkaline phosphatase, and PTH
levels in RTT were not shown to differ from controls in a
sample of 82 individuals (12). These normal biochemical
findings suggest that vitamin D deficiency, if present, is not
severe.
However, the major explanation for the reduced BA and

BMD observed in this study is the decreased LTM. The major
physiological loads placed on bone originate from the pull of
muscles, as they contract (30). This in turn causes remodelling
of the bone to alter (in particular) the bone geometry, thus
increasing the strength of bone, such that it is appropriate to
the loads placed upon it (30). As LTM largely represents
skeletal muscle mass, a surrogate of muscle action, any re-
duction in LTM will influence bone size and geometry (31).
Reduced LTM in this cohort was not surprising, as the ma-
jority (80%) of participants were unable to walk indepen-
dently or were wheelchair bound. LTM has been found to be
a strong predictor of BMD and BMC in adults and in normally
developing children and adolescents (25,31). The dual find-
ings in this study, that TBBMC was normalized after adjust-
ment for BA and LTM and that those who were less mobile
had lower aBMD and BMC values together, support the
contention that mobility is a major factor in the osteopenia of
RTT.
In this study, aBMD at the FN decreased with age and all

bone outcomes were lower in those diagnosed with epilepsy.
Our findings are in agreement with a recent US study per-
formed in 50 females with RTT, aged between 2 and 38 y
(14). This US study also found that previous anticonvulsant
use, previous fractures, and the presence of scoliosis all had
negative associations with LS, FN, and TB bone measure-
ments (14). In our study, these factors were not significant
predictors of aBMD or BMC. On the other hand, the US study
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was unable to demonstrate any relationship between genotype
and bone density, potentially because of the small sample size,
which only allowed mutation categorization into five broad
groups (14). Our study included access to a larger cohort of
individuals, allowing more refined categorisation of muta-
tions. Furthermore, our study also investigated the impact of
BA and LTM on TBBMC measurements.
Necessary limitations to our study included reduction in the

sample size by exclusion of scans where spinal rods were
present or from movement artifact. Furthermore, height may
have been underestimated in those (more severely affected)
individuals with scoliosis, leading to an overestimation of
their aBMD or BMC height standardized Z scores.
In conclusion, individuals with RTT have low aBMD,

BMC, BA, and LTM measures, which is only partially ac-
counted for by their decreased height. Bone outcome measures
were particularly low at the FN, the most common site of
fracture, and decreased at this site with age. Those with the
more severe p.R168� and p.T158M mutations were at great-
est risk of low bone density. Wheelchair bound individuals
and those with epilepsy had lower bone outcome measures.
Although we identified a strong relationship between geno-
type and BMC and aBMD, there was also a clear relationship
between LTM, mobility, and bone outcome measures. Thus,
maintaining mobility, particularly in those with high-risk mu-
tations, has potential as an environmental modification to
optimize bone health. In future research, use of a 3D technol-
ogy, such as high resolution Peripheral Quantitative Com-
puted Tomography, could give additional insights into com-
partmental mineralization, microstructure, and geometry and
their interaction with muscle. It is our recommendation that
guidelines for the management of bone health in individuals
with RTT should be developed and implemented, early in life.
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