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Selective Cerebral Volume Reduction in Rett
Syndrome: A Multiple-Approach MR Imaging
Study
BACKGROUND AND PURPOSE: Previous studies have examined volumetric abnormalities in Rett syn-

drome (RTT), using MR imaging and focusing on selective changes. However, these studies preceded
the identification of MECP2 as the gene mutated in most RTT cases. We studied regional brain volume
changes as noted by MR imaging in girls with RTT who had mutations in the MECP2 gene and more
or less severe clinical outcomes to further characterize the neuroanatomy of RTT and its correlations
with clinical severity.
MATERIALS AND METHODS: Complementary semiautomated Talairach- and voxel-based approaches

were used to study spoiled gradient-recalled acquisition sequence MR imaging scans from 23 girls
with MECP2 mutations/RTT, including a pair of discordant monozygotic twins and 25 age-matched
control girls. Both absolute and relative volumetric changes were examined to account for the
well-documented global reduction in brain volume seen in RTT.
RESULTS: Absolute volumetric reductions were observed throughout the brain in RTT. Selective/
relative decreases in parietal lobe gray matter, particularly in the dorsal parietal region, and mild, diffuse
reductions in cortical white matter were observed in the RTT group compared with control subjects.
In girls with RTT and a more severe phenotype, anterior frontal lobe volumes were relatively more
reduced. Twin comparisons revealed selective preservation of the occipital cortex.
CONCLUSION: Selective reductions of dorsal parietal gray matter and preservation of the occipital

cortex seem to be basic neuroanatomic features of RTT, whereas preferential reduction of the anterior
frontal lobe appears to be a correlate of clinical severity in this disorder. The most affected brain regions
include those that may underlie key functional deficits observed in RTT.

O

riginally described by Andreas Rett in 1966, Rett syndrome (RTT) is a neurodevelopmental disorder predominantly affecting girls1-4 that is caused by a mutation in
MECP2, a gene located on the long arm of the X chromosome
(Xq28), which encodes the transcriptional repressor methylCpG-binding protein 2.5-9 More than 200 pathogenic mutations have been identified,10 and evidence suggests that genotypic differences may account for clinical presentation.11,12
Before availability of genetic testing, the diagnosis of RTT was
based solely on a collection of clinical features organized into
age-related stages.13,14 Although girls meeting all of these clinical criteria are classified as having “classic” RTT, there are also
variants of the disorder marked by a less severe clinical presentation, including preserved speech or hand use, normal head
circumference, or delayed symptom onset.15 Given the evidence for an association between specific MECP2 mutations
and clinical severity,11,16-18 as well as for considerable phenotypic variability between and within genotypes,12,19 clinical seReceived July 20, 2007; accepted after revision September 6.
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verity-based examinations of neuroanatomy in RTT represent
an elucidative avenue of investigation.
Clinical, neuropathologic, and neuroimaging studies have
shown that there is an early and marked decrease in brain and
cerebral size in RTT.20 Morphologic correlates of these include
generalized reductions in neuronal soma size and dendritic
arborizations, primarily affecting the cerebral cortex.20 Early
neuroimaging studies21,22 confirmed the approximately 25%
reduction in total brain volume demonstrated in neuropathologic studies23 and also showed a preferential reduction of cortical volume, with relatively equal involvement of gray matter
(GM) and white matter (WM).21 Studies of regional cortical
involvement demonstrated reductions in the relative proportions of GM in the prefrontal, posterior frontal, and anterior
temporal regions, with relative preservation in the posterior
occipital region22 and uniform reductions in WM volume
throughout the brain.24 These analyses were based on proportions of specific tissue volumes to whole lobar volumes rather
than absolute tissue volumes. Blood flow studies also suggest
selective frontal lobe involvement.25,26 However, neuroimaging studies to date have relied on clinical phenotype-based
parameters for the classification of RTT, without confirmation of a mutation in MECP2. This presents the potential
problem of examining an etiologically inhomogeneous cohort, thereby complicating the delineation of a specific neuroanatomic phenotype.
In the present study, we sought to address the issue of preferential volumetric reductions in the RTT brain by using complementary atlas- (Talairach) and voxel-based MR imaging
morphometric approaches. In the former, we examined both
absolute and relative/selective changes in GM and WM vol-

Table 1: Demographic and clinical characteristics of the study cohort

Variable
All RTT subjects
Affected MZ twin
More severe (gait criterion)
Less severe (gait criterion)
Control subjects

n
22
12
10
25

Age,
Mean ⫾ SD,
y
8.6 ⫾ 1.8
8.4
8.8 ⫾ 1.6
8.3 ⫾ 2.1
8.9 ⫾ 1.9

Head
Circumference,
Mean ⫾ SD,
cm
49.5 ⫾ 2.1
50.5
49.3 ⫾ 2.4
49.4 ⫾ 1.8

Clinical Severity Scores,
Mean ⫾ SD
Total
7.8 ⫾ 2.4
8
9.6 ⫾ 1.3*
5.9 ⫾ 1.5

Head
Growth
2.5 ⫾ 0.8
3
2.6 ⫾ 0.7
2.5 ⫾ 1.0

Seizures
1.2 ⫾ 1.0
1
1.4 ⫾ 1.0
1.0 ⫾ 1.1

Respiratory
Irregularities
1.7 ⫾ 0.8
2
1.8 ⫾ 0.8
1.6 ⫾ 0.8

Scoliosis
0.7 ⫾ 1.0
0
1.7 ⫾ 1.2*
0.1 ⫾ 0.3

Gait
Abnormalities
1.6 ⫾ 1.0
2
2.4 ⫾ 0.7*
0.7 ⫾ 0.7

Note:—RTT indicates Rett syndrome; MZ, monozygotic. Age represents age at time of MR imaging scan. The maximum total clinical severity score is 15. The ⬙more severe⬙ group included
the following mutations: R106W (n ⫽ 1), T158M (n ⫽ 3), R255X (n ⫽ 1), R270X (n ⫽ 2), R294X (n ⫽ 2), and C-terminal deletions (n ⫽ 3). The ⬙less severe⬙ group included the following
mutations: R133C (n ⫽ 1), R168X (n ⫽ 1), R255X (n ⫽ 1), R294X (n ⫽ 4), R306C (n ⫽ 2), and G451T/D151Y (n ⫽ 1 each).
* P ⬍ .05 when comparing more severe versus less severe gait.

umes of the brain, cerebrum, cortical lobes, and sublobar and
subcortical regions. The latter was used to provide unbiased
confirmation of Talairach-derived results. We also examined
the influence of clinical severity on neuroanatomic variation.
Based on previous reports, we hypothesized that application of
complementary MR imaging techniques would reveal the following: 1) selective reduction of frontal lobe volume in RTT,
with a preferential decrease in GM rather than WM; 2) greater
volumetric reductions in girls with more severe clinical outcomes compared with those with milder clinical presentation;
and 3) inverse correlations between regional brain volumes
and severity of clinical phenotype.
Methods

Clinical Severity Assessment
Girls with RTT were assessed by one of the authors (S.N.) on 5 parameters of clinical severity, as described previously18: head circum-

MR Imaging Acquisition
Anatomic MR imaging examinations were acquired for all of the subjects on a Signa 1.5T unit (General Electric, Milwaukee, Wis). The
imaging protocol included an initial axial T1-weighted scout to ensure proper head positioning, a set of 1.5-mm T1-weighted contiguous coronal MR images, and a spoiled gradient-recalled acquisition
sequence (SPGR) (scan parameters: TR, 35– 45 ms; TE, 5–7 ms; flip
angle, 45°; NEX, 1; matrix size, 256 ⫻ 128 mm; FOV, 20 –24 cm).
SPGR sequences were reconstructed into 3D images from these
data and resectioned in appropriate planes of interest for
analysis.
All of the children were also evaluated with routine brain MR
imaging scans, including sagittal T1 and axial spin-attenuation/T2weighted sequences for the purpose of clinical diagnosis. Various abnormalities, including prominent flow artifacts in the long TR images, mildly prominent ventricles, or increased signal intensity in
periatrial deep WM extending into the inferior parietal and occipital
regions, were observed in the RTT group. Only 1 clinically abnormal
scan was included in the control group; this girl had minimally prominent ventricles and a small pineal cyst, neither of which affected the
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A total of 23 girls with confirmed mutations in the MECP2 gene
(MECP2[⫹]), 22 fulfilling criteria for RTT, were included. The age
range was restricted to 5–12 years, because this is the period during
which mature cortical organization and size are attained.27 Twentyfive typically developing girls, used as control subjects, were individually age matched to the RTT girls within 5 months (except for 1 pair
of girls who were 7.8 months apart). Typical development in the control group was confirmed by normal full-scale intelligence quotient
scores on standardized tests28,29 and negative psychiatric diagnoses
on a standardized diagnostic interview administered to their mothers
(Diagnostic Interview for Children and Adolescents, Revised: Parents’ Version).30 In addition, all of the control subjects had a negative
history of neurologic impairment or neuropsychiatric conditions and
showed no clinical evidence of a genetic disorder. Among the
MECP2(⫹) girls, there was a previously described pair of monozygotic twins (zygosity confirmed by multiple DNA fingerprinting
probes)18 carrying a heterozygous 1160(del26) deletion but different
patterns of X chromosome inactivation in peripheral blood (skewed
99:1 versus random 40:60) and discordant clinical presentations. The
unaffected twin appeared neurobehaviorally normal, except for minor language delay, which later resolved. The affected twin was included in the MECP2(⫹) RTT group, whereas the unaffected twin
was not included in either the RTT or the control group. MR imaging
comparisons between twins were focused on informative regions, as
revealed by RTT versus controls and more severe versus less severe
RTT phenotype analyses. Further details on the subjects are provided
in Table 1.

PEDIATRICS

Subjects

ference, seizures, respiratory irregularities, scoliosis, and gait abnormalities. Each parameter was scored on a scale from 0 (absent/
normal) to 3 (severe). Table 1 summarizes the clinical characteristics
of the RTT cohort.
Although total severity scores (a composite of the above-mentioned 5 parameters) were fairly similar across subjects, we observed
pronounced variability in the specific severity profiles of subjects. As
described previously,12,16 mutations associated with greater severity
in one parameter (eg, R294X and head growth deceleration) frequently showed milder severity in other parameters (eg, R294X and
scoliosis), and subjects with the same mutation often presented with
different severity profiles. To assign meaningful labels of clinical severity to each subject, we focused on the only 2 markedly variable
clinical parameters in our cohort: gait abnormalities and scoliosis. In
both cases, mild or near-normal presentation (ie, normal walk or no
scoliosis; scores of 0 –1) was termed “less severe,” whereas more affected individuals (ie, scores of 2–3) received the label of “more severe.” These 2 parameters did not always yield concordant severity
labels; therefore, we examined each categoric scheme separately. Scoliosis severity scores were distributed almost categorically, whereas
gait abnormality scores were along a continuum that made them
more suitable for clinical-imaging correlational analyses. We have,
therefore, presented data and analyses in tables and figures according
only to the gait abnormality-based criteria but refer to both criteria in
the text.

Fig 1. Concordance of Talairach and voxel-based findings in
the posterior dorsal parietal lobe in RTT versus control
subjects. Talairach-derived data (top row) show preferential
bilateral reduction of GM in the posterior dorsal parietal lobe
(outlined; only left side shown), corresponding with Brodmann areas 5 and 7. Similarly, VBM-derived data (bottom
row) show bilateral GM volume reduction in the posterior
dorsal parietal region (outlined), roughly corresponding with
Brodmann area 7 (left hemisphere differences are depicted
here).

cerebral or cortical measurements included in the analyses. All of the
testing protocols were approved by the Johns Hopkins Medicine Institutional Review Board, and informed consent was obtained from
all of the parents or legal guardians.

lairach Atlas38 and the University of Texas at San Antonio’s Talairach
Daemon.39 Both atlases were used because of the possibility for small
registration discrepancies to lead to different WM voxel regional
assignments.

Talairach Data Processing and Analysis

Statistical Analysis

Using coronal SPGR sequences, raw images were transferred to
Macintosh workstations via network connections, and data importation and quantitation were conducted using BrainImage v2.x software.31 Images were then filtered using a Gaussian correction algorithm to minimize inhomogeneity, and nonbrain tissue was removed
using methods standardized in previous studies.21 The “skullstripped” data were resampled into cubic voxels for display in a triplanar view and to allow the placement of a Talairach parcellated grid
overlaying each set of images.32-34 Three datasets representing proportional pixel maps of GM, WM, and CSF were created by implementation of a multistep semiautomated tissue segmentation algorithm35 and introduced into Talairach space for quantitation of
region volumes. This approach has been shown to yield high levels of
sensitivity and specificity for all of the lobar and sublobar brain regions36 and has been validated for use in pediatric study groups, including RTT.33,36 All of the measurements were performed by research assistants who were blind to the subjects’ diagnoses.
Volumetric evaluations included the following CNS compartments:
brain, cerebrum (cerebral cortex plus subcortical structures, with the
exception of brain stem and cerebellum), brain stem, cerebellum,
cerebral cortex (only cortical lobar tissues), 4 cerebral lobes, and corresponding sublobar regions.

“Absolute” differences in Talairach-derived volumes were assessed by
both analyses of variance and Mann-Whitney U tests without covariates, whereas “relative” volumetric differences were assessed by analyses of covariance, including whole-brain tissue volume as a covariate. Although these data were distributed nonnormally, suggesting
nonparametric tests, the latter preclude controlling for the globally
reduced brain volume observed in RTT. Therefore, we also created
volumetric ratios by dividing compartmental, lobar, and sublobar
volumes by whole brain, cerebral, and cortical volumes to differentially examine potential relative/selective changes in smaller compartments. These ratios were analyzed by using nonparametric MannWhitney U tests. Analyses were conducted sequentially, beginning
with large compartments and subsequently examining smaller volumes. When necessary, analyses were Bonferroni corrected for multiple comparisons, with significance defined as a postcorrection P
value ⱕ.05 and trends defined as .05 ⱕ P ⬍ .1. As mentioned above,
GM and WM voxel intensities were analyzed by the SPM2, as in previous morphometric studies of a variety of neurologic disorders.40-42
The above-mentioned analyses were conducted in the following
comparative groups: MECP2(⫹) RTT subjects versus control subjects
and girls with less severe versus more severe clinical presentations,
using both the gait abnormality- and scoliosis-based severity criteria.
In addition, we used descriptive statistics to examine brain regions in
the pair of monozygotic twins with discordant clinical presentations.

Voxel-Based Morphometry Data Analysis
Processed images corresponding with GM, WM, and CSF pixel maps
were analyzed by using Statistical Parametric Mapping software
(SPM2).37 Before voxel-based morphometry (VBM), raw images
were spatially normalized to stereotactic space by using the T1weighted average brain template, and the resultant parameters were
applied to GM, WM, and CSF maps. Spatially transformed images
were subsequently resampled into 2-mm3 isometric voxels and
smoothed using a Gaussian kernel of 9 ⫻ 9 ⫻ 9 mm3. Between-group
statistical significance was based on a combination of voxel z-scores
and the spatial distribution of local maxima, after correcting for multiple comparisons across the whole brain volume using a family wise
error correction scheme. Voxel clusters that were significantly different between groups were assigned neuroanatomic correlates by using
2 Talairach atlases: the University of Minnesota’s Interactive Ta438
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Results
MECP2(ⴙ) RTT Subjects versus Control Subjects
As shown in On-line Table 1, significant reductions in whole
brain tissue, as well as in the absolute volumes of cerebral,
cortical, and subcortical tissue, were observed in girls with
confirmed MECP2 mutations. However, these regions showed
no relative volumetric reductions when controlling for whole
brain tissue volume. Significant absolute reductions in whole
brain GM and WM were observed, as well as absolute and
relative reductions in cerebral GM and WM (P ⬍ .1) and cortical WM (P ⬍ .04). These differences were noted bilaterally.
Significant absolute and relative volumetric reductions were

Fig 2. Concordance of Talairach and voxel-based findings in
the prefrontal GM in more severe versus less severe RTT
subjects. Girls with less severe clinical presentation, according to gait abnormality criterion, showed relative preservation of prefrontal GM volumes, corresponding roughly with
Brodmann areas 10/46. A, Top left depicts Talairach-derived
data, whereas bottom left shows VBM-derived data. B, Boxplots (percentiles) of Talairach-based prefrontal GM volumes
illustrate that girls with less severe clinical presentation
show volumes intermediate between control subjects and
those with more severe phenotype.

noted in GM of the parietal lobe (P ⬍ .05), predominantly in
the left (P ⬍ .03) but not the right (P ⬍ .16) hemisphere. We
also observed trend-level reductions in WM volumes in the
temporal lobe in the right hemisphere (P ⬍ .1). Subparietal
GM reductions were observed in the left inferior parietal lobule (P ⬍ .06) and bilateral posterior dorsal parietal region (P ⬍
.001; Fig 1 and On-line Table 2).
VBM showed only differences in GM comparing RTT and
control subjects. The areas of the most significant GM reduction in RTT subjects were the right cingulate and middle occipital gyri (Brodmann areas 32 and 19/39, respectively), bilateral posterior dorsal parietal lobe (Brodmann area 7), left
middle frontal gyrus (Brodmann area 10), and bilateral precentral and postcentral gyri (Brodmann areas 4/6 and 5/7, respectively; Fig 1).
Less Severe versus More Severe Clinical Presentation
Using the gait abnormality-based criteria, girls with more and
less severe clinical presentation did not differ significantly in
total brain tissue volume, though less severely affected girls
had significantly larger brain GM volumes, which were driven
by relative sparing of frontal and temporal GM. Although parietal GM volumes were slightly larger in less affected girls, GM
volumes in the occipital lobe were not significantly different
from those in girls with more severe clinical outcomes (Online Table 1). Within the frontal lobe, prefrontal GM volume
was relatively larger bilaterally in girls with milder clinical severity, whereas in the temporal lobe milder clinical severity
was associated with relative preservation of the anterior superior temporal gyrus GM (On-line Table 2 and Fig 2).
Using the scoliosis-based criteria, we observed smaller total
brain tissue volumes in girls with greater clinical severity,
which was driven by significant GM reductions in all 4 of the
cerebral lobes (though to a lesser extent occipitally). In correspondence with the Talairach-based findings, uncorrected
VBM results suggested greater preservation of anterior frontal
and temporal GM in less severely affected RTT subjects.
Analysis of Monozygotic Twins
Descriptive analyses of brain volumes in the monozygotic
twins relative to one another and to control subjects revealed
that the unaffected twin had total brain and lobar volumes
within the range seen in control subjects. By contrast, the affected twin showed reduced volumes, particularly with respect
to GM, in the whole brain and frontal, parietal, and temporal

lobes. However, both twins showed occipital GM volumes
analogous to those observed in control subjects (Fig 3).
Effect of Age on Imaging Parameters
We did not observe a significant relationship between age and
volume of any brain region in RTT or control subjects, nor did
we observe significant differences in age-brain relationships
between girls with RTT and control subjects. Only under the
scoliosis-based criteria were more severely affected girls significantly older than less affected RTT subjects. Nonetheless,
volumetric findings remained significant after the introduction of age as a covariate in parametric models.
Clinical-Imaging Correlations
Comparing regional volumes found to be different in the
aforementioned comparisons with measures of clinical severity, we observed that, in general, volumetric reductions were
associated with higher total clinical severity scores. When examining specific subparietal regions, we observed that posterior dorsal parietal GM volumes were negatively correlated
with total severity scores (P ⬍ .04), but not any specific clinical
measure, whereas inferior parietal lobule GM volumes were
negatively correlated with both total severity scores (P ⬍ .01)
and severity of gait abnormalities (P ⬍ .02). Within the frontal
lobe, both prefrontal and premotor GM volumes were negatively correlated with total (P ⬍ .01) and gait abnormality
(P ⬍ .01) severity scores.
Discussion
This study used complementary MR imaging approaches to
provide evidence for a selective volumetric reduction of parietal lobe GM in girls with RTT, beyond the known global
decrease in brain volume. Contrary to our initial hypotheses,
these reductions were localized consistently in the dorsal parietal region, regardless of mutation or clinical severity. Comparison of volumetric profiles of monozygotic twins discordant for the RTT phenotype emphasized relative occipital lobe
preservation in this disorder. Although relative reduction of
parietal GM may be understood as a basic neuroanatomic feature of RTT, greater reduction of the anterior frontal lobe
appears to be a correlate of severity in the RTT phenotype as
revealed by comparisons between more and less affected
groups. WM reductions were also present but were rather mild
and relatively diffuse. Also in line with our hypotheses, GM
volumes in parietal and frontal regions correlated negatively
AJNR Am J Neuroradiol 29:436 – 41 兩 Mar 2008 兩 www.ajnr.org
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Fig 3. Cerebral lobar GM volumes in monozygotic twins
discordant for the RTT phenotype. Note that the unaffected
twin showed frontal, parietal, and temporal GM volumes
within the normal control range (depicted as mean ⫹1 SD),
whereas the affected twin had smaller volumes in these
regions, with the exception of the occipital GM volume,
which was at nearly identical levels in both twins and only
slightly below the normal control range.

with measures of clinical severity, most notably gait abnormalities and overall clinical severity.
Our results confirm previous findings of reduced brain volume in RTT, namely global brain hypoplasia,43,44 preferential
involvement of GM,22,24 and no evidence for progressive reduction of brain tissue.22,24 However, in contrast to earlier
reports implicating predominant involvement of prefrontal,
posterior frontal, and anterior temporal regions,22,24 our data
suggest that reductions in parietal GM are the primary neuroanatomic feature of RTT, with preferential decreases in anterior frontal cortex as a secondary marker of increasing clinical
severity. This discordance may be explained by 3 main possibilities. First, the present study focused on girls with confirmed MECP2 mutations, whereas earlier studies tended to
include only girls with the “classic” RTT phenotype, regardless
of their mutation status, which may have biased their samples
to subjects with more severe clinical presentations and greater
frontal and temporal involvement. Second, contrary to the
measurement protocols used in previous studies, we used the
pediatric adaptation of the Talairach semiautomated system, a
protocol that has been validated for patients with RTT and
other neurodevelopmental disorders.33,36 Third, whereas
most neuroimaging studies have used a single analytical approach, here we applied complementary unbiased and directed methods. The present study also included a comparison
between monozygotic twins discordant for the RTT phenotype, which confirmed our previous study demonstrating
greater cortical involvement in the affected twin24 and the relative sparing of the occipital cortex in RTT reported in several
neuroanatomic and neuroimaging studies.22-24,45,46 Neurobiologically, the preferential volumetric reductions in dorsal
parietal GM found in this study support the hypothesis of early
dendritic growth arrest in RTT,20,27,47-49 because the most affected cortical regions are among the first to develop.27,48 On
the other hand, the mild and diffuse reductions in cortical
WM are most likely related to axonal pathology (ie, decreased
axonal diameter and/or branching) and not to myelination
abnormalities, because no changes in T2 signal intensity or
440
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other related parameters have been observed or reported in the literature.50,51
From a functional standpoint, parietal
GM reductions, particularly in the dorsal
parietal region and inferior parietal lobule, correspond with known deficits in
RTT and generally accord with the imaging-clinical correlations observed in the
present study. Although considerable emphasis has been placed on the association
between frontal dysfunction and cognitive and motor deficits, parietal reductions are consistent with deficits in sequential movements and tactile information processing
(including pain) that typify RTT.14,15 The role of the posterior
dorsal parietal cortex in the regulation of ocular and limb
movement via connections with the premotor cortex is relatively well established,52,53 and the adjacent inferior parietal
lobule is implicated in tactile processing and sensorimotor integration,54 including hand proprioception for functional object use.55 Selective anterior frontal reductions in girls with
more severe phenotypes may underlie greater cognitive and
motor involvement in these individuals.
The time course of these abnormalities remains to be determined. Although most girls with RTT do not show major
neurology delay or impairment during the first year of life,
several studies have demonstrated abnormal movements and
other neurobehavioral differences56,57 and deceleration of
head growth in a significant proportion of RTT patients during the second half of the first year.20 Therefore, future MR
imaging studies should focus on younger subjects, possibly
within the first year of life, to determine whether selective parietal abnormalities are present at this stage, even before reductions in head circumference become severe.3,13,14 Careful
manual delineation of the posterior dorsal parietal lobe, along
with complementary analyses of cortical thickness and gyration, may clarify the nature of changes in this region. MR
spectroscopy studies, which have already provided some evidence for metabolic impairment in the parietal and frontal
lobes in RTT,58 also may shed some light on the cellular substrates of the neuroanatomic abnormalities reported here. It
also may be elucidative to re-examine animal models of RTT
to determine using similar methods whether selective cortical
changes are present, though the difficulties of correlating murine and human neuroanatomy and issues of partial versus
complete lack of Mecp2 expression in the mouse remain
problematic.59 Lastly, the data presented here open the possibility of establishing neuroanatomic profiles for each
MECP2 mutation, though large cohorts will undoubtedly
be required.

Conclusion
This study provides evidence that, despite the predicted generalized and pronounced cortical GM involvement in RTT,
there is a distinctive pattern affecting the dorsal parietal region, as demonstrated by 2 complementary MR imaging approaches. Beyond this, greater anterior frontal involvement is
related to greater clinical severity, in accordance with our initial hypotheses. With further delineation of selective neuroanatomic deficits, MR imaging morphometry may eventually
complement existing clinical classification of RTT and determine regions of vulnerability that respond to definitive
treatments.
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