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Abstract
Rett syndrome (RTT) is a neurodevelopmental disability characterized by mutations in the X-
linked methyl-CpG-binding protein 2 (MeCP2) located at the Xq28 region. The severity is
modified in part by X chromosomal inactivation resulting in wide clinical variability. We
hypothesized that the ability to perform the activities of daily living (ADL) is correlated with the
density of vesicular acetylcholine transporters in the striata of women with RTT. The density of
the vesicular acetylcholine transporters in the living human brain can be estimated by single-
photon emission-computed tomography (SPECT) after the administration of (−)-5-
[123I]iodobenzovesamicol ([123I]IBVM).

Twenty-four (24) hours following the intravenous injection of approximately 333 MBq (9 mCi)
[123I]IBVM, four women with RTT and nine healthy adult volunteer control participants
underwent SPECT brain scans for sixty (60) minutes. The Vesicular Acetylcholine Transporter
Binding Site Index (VATBSI) (Kuhl et al., 1994), a measurement of the density of vesicular
acetylcholine transporters, was estimated in the striatum and the reference structure, the
cerebellum.

The women with RTT were assessed for certain activities of daily living (ADL). Although striatal
VATSBI was not significantly lower in RTT (5.2 ± 0.9) than in healthy adults (5.7 ± 1.6), RTT
striatal VATSBI and ADL scores were linearly associated (ADL = 0.89*VATSBI + 4.5; R2=0.93;
p<0.01), suggesting a correlation between the ability to perform ADL and the density of vesicular
acetylcholine transporters in the striata of women with RTT. [123I]IBVM is a promising tool to
characterize the pathophysiological mechanisms of RTT and other neurodevelopmental
disabilities.

Keywords
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INTRODUCTION
Rett syndrome (RTT) (Online Mendelian Inheritance in Man (OMIM) 312750) (Hagberg et
al., 1983; Rett, 1966) is a developmental disability characterized by mutations in the X-
linked methyl-CpG-binding protein 2 (MeCP2) gene [Online Mendelian Inheritance in Man
(OMIM) 300005] located at Xq28 (Amir et al., 1999; Sirianni et al., 1998). RTT afflicts 1 in
10,000, to 1 in 20,000 girls (Percy et al., 2007). The disorder is characterized by the
deceleration of head growth in infancy, intellectual disabilities, loss of acquired skills in
particular the use of the hands, occurrence of stereotyped movements, and progressive
rigidity (Naidu, 1997a,b; Naidu et al., 2003). Dysfunction of the MeCP2 gene impedes
neuronal maturation, synaptic elaboration, and pruning in childhood (Armstrong, 2001,
2002, 2005; Johnston et al., 2001) which has also been demonstrated in olfactory receptor
neurons of girls with RTT (Ronnett et al., 2003). The clinical severity is modified by X
chromosome inactivation (XCI) (Bebbington et al., 2008; Hoffbuhr et al., 2001, 2002; Wan
et al., 1999; Zoghbi, 2003), and is considered to be skewed when more than 80% of cells
reflect a single allele. Nonrandom cases of XCI are often associated with milder or more
severe symptoms of RTT (Amir et al., 2000; Amir and Zoghbi, 2000; Hoffbuhr et al., 2002).
Although some note that particular mutations of the MeCP2 gene express specific clinical
manifestations (Bebbington et al., 2008, 2010; Neul et al., 2008), the basis for variation in
clinical severity even within the same mutation is unknown. To understand the basis for the
clinical variability (Naidu et al., 2003), we studied the cholinergic system which has been
reportedly defective in RTT (Wenk and Hauss-Wegrzyniak, 1999).
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Neuroimaging studies demonstrate several differences from controls in RTT. In contrast to
healthy normal control subjects, magnetic resonance imaging (MRI) demonstrates (A)
decreased volumes of white matter and gray matter of the parietal lobe particularly the
dorsal parietal region of girls with RTT and (B) reduced anterior frontal lobe volume in
patients with severe symptoms of RTT (Carter et al., 2008). Unlike age-matched healthy
normal controls, girls with RTT aged 1 to 14 years demonstrate age-associated (A)
increments in the concentrations of myoinositol (mI) and the ratio of mI to creatinine (Cr),
and (B) decrements of the ratios of N-acetyl aspartic acid to Cr of the white matter of the left
frontal region on single-voxel proton magnetic resonance spectroscopy (MRS) (Horská et
al., 2009). Diffusion tensor imaging (DTI) fractional anisotropy (FA) of patients with RTT
is significantly reduced in the genu and the splenium of the corpus callosum, the external
capsule, the anterior cingulate, the internal capsule, the posterior thalamic radiation, and the
frontal white matter (Mahmood et al., 2010). The frontal lobes of people with RTT exhibit
decrements of blood flow and N-acetyl aspartate concentration and increments of glucose
metabolism on PET (Naidu et al., 2001).

Abnormalities in the frontal regions of people with RTT correlate with clinical severity of
the disabilities of RTT (Carter et al., 2008). Abnormalities in cholinergic neurotransmission
from the nucleus basalis of Meynert to the frontal cortex (Johnston et al., 1979) characterize
the pathophysiology of RTT. Vesicular acetylcholine binding in the cortex reflects
cholinergic axons projecting from the nucleus basalis of Meynert (Johnston et al., 1979),
while vesicular acetylcholine binding in the basal ganglia reflects cholinergic interneurons.
Forebrain cholinergic neurons are reduced in number in RTT (Wenk and Hauss-
Wegrzyniak, 1999). Choline acetyltransferase and vesamicol vesicles, markers of
acetylcholine, are diminished in number in the basal ganglia, the hippocampus, the
neocortex, and the thalamus of people with RTT (Wenk and Mobley, 1996). In addition,
other neurotransmitters are also altered in different brain regions in RTT (Wenk et al., 1991;
Wenk, 1997). Choline supplementation of the diets of a murine model revealed deficient
forebrain development resulting from abnormalities of acetylcholine neurotransmission, a
characteristic that likely plays a role in the pathogenesis and clinical severity of RTT
(Berger-Sweeney and Hohmann, 1997; Hohmann and Berger-Sweeney, 1998).
Abnormalities of the density and the distribution of the acetylcholine vesicular transporter
likely occur in RTT due to decrements in choline acetyltransferase and basal forebrain
neurons. The development of a radiotracer to measure this entity represents a major stride to
investigate anomalies of acetylcholine transporters in the living human brain. A valuable
novel tool to examine the acetylcholine transporter in animals (Sorger et al., 2000) is (+)-
trans-2-(4-phenylpiperidinyl)cyclohexanol (vesamicol) (Efange, 2000; Efange et al., 2000),
a drug to attach to the vesicles that store acetylcholine in vivo (Wenk and Mobley, 1996).
[3H]vesamicol binds to the vesicular acetylcholine transporter (ACVT) (Wenk and Mobley,
1996). (−)-(2R,3R)-2-hydroxy-3-(4-phenylpiperidino)-5-[123I]iodotetralin, (−)-5-
[123I]iodobenzovesamicol ([123I]IBVM], provides the means to estimate the density of
acetylcholine vesicular transporters in the living human brain by single photon emission
computed tomography (SPECT) (Barret et al., 2008; Jung et al., 1996; Mach et al., 1997;
Moriarty, 1994; Zea-Ponce et al., 2005). [123I]IBVM binds to the acetylcholine (ACh)
transporter of presynaptic vesicles in the living human brain of healthy adult volunteers
(Kuhl et al., 1994, 1996), and in Alzheimer’s (Mazère et al., 2008) and Parkinson’s diseases
(Kuhl et al., 1996). The development of the radiotracer [123I]IBVM (Van Dort et al., 1993)
that binds to the ACh transporter of presynaptic vesicles in the living human brain provides
a means to map presynaptic terminal acetylcholine densities in individuals with RTT
(Emond et al., 2007; Giboureau, et al., 2007).

Therefore, the advent of techniques to visualize the density and distribution of acetylcholine
vesicles in the living human brain provides a powerful tool to investigate the neuropathology
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and the neurochemistry of RTT. The development of an in vivo procedure to map the
integrity of cholinergic neurons in the brains of people with RTT will likely then provide the
means to safely and effectively determine the results of pharmacological and other
interventions for this disorder. The presynaptic density and distribution of vesicular
acetylcholine transporters can be estimated in the living human brain by single-photon
emission-computed tomography (SPECT) (Moriarty, 1994) following the intravenous
administration of [123I]IBVM (Barret et al., 2008). Binding potentials estimated utilizing
reference tissue methods are comparable to those utilizing arterial blood sampling (Barret et
al., 2008). Visualization of vesicular acetylcholine transporters in the living human brain by
means of SPECT following [123I]IBVM administration also represents a powerful tool to
facilitate the diagnoses of other neurodevelopmental disablities, to investigate how
alternations in vesicular acetylcholine transporters may reflect clinical variability, to
synthesize interventions aimed at the affected vesicular acetylcholine transporters, and to
follow changes in vesicular acetylcholine transporters during the course of clinical trials
(Zhou et al., 2001).

We hypothesized that the ability to perform the activities of daily living (ADL) is
proportional to the density of vesicular acetylcholine transporters in women with RTT.

MATERIALS AND METHODS
Participants

Four participants with RTT with clinical features of the disorder and MeCP2 mutations were
recruited from the Neurogenetics Unit of the Kennedy-Krieger Institute and nine healthy
normal control volunteer participants were recruited through advertisements placed in
Baltimore, Maryland (Table I).

Procedure
The procedure was first performed on the healthy adult volunteer participants to establish
the safety, efficacy, and feasibility of the protocol for the participants with RTT.

All participants underwent the construction of a thermoplastic face mask with openings for
the eyes, nose, and mouth to position the head for all scans (Figures 1 and 2). Six fiducial
markers were placed on the mask to facilitate the positioning of the head in the same
location for each scan. Each healthy control participant underwent an MRI of the brain
without contrast with a sequence of acquisitions (Brašić et al., 2009, Table II, page 346) for
coregistration with the SPECT scan. Since the MRI facility was located in another building,
MRI scans were omitted on participants with RTT.

Due to the need for general anesthesia for the participants with RTT for the construction of
the facemask as well as for the MRI and SPECT scans, the construction of the facemask and
the SPECT scans took place in a single session with general anesthesia lasting
approximately 90 to 120 minutes. SPECT scans were performed on a three-headed SPECT
Triad/TRIONIX gamma camera with a high resolution collimator.

Conversion of pixel counts from SPECT scans to radioactivity concentrations
in MBq/cc—We utilized a phantom scan to measure the correlation of the radioactivity
from a sample of the radiotracer with the counts per pixel from a SPECT Triad/TRIONIX
gamma camera. At the time of the radiotracer injection into each participant, phantom scans
were obtained with the radiotracer on a gamma camera. SPECT acquisitions of the phantom
of each participant were reconstructed employing the same filter parameters. First, a SPECT
scan was taken of a uniform phantom filled with half a gallon of water containing a
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specimen of 37 MBq (1 mCi) of radioactivity [123I]IBVM. A gamma counter then measured
the radioactivity counts at the same time in a test tube containing a known volume of the
contents of the phantom to yield H, the radioactivity concentration in the phantom, in MBq/
cc. SPECT acquisitions of the phantom were obtained for four frames with ten minutes of
acquisition per frame. A volume of interest (VOI) was drawn on a representative portion of
the SPECT images of ten slices of the phantom. The average pixel concentration value,
AvPC, of each phantom VOI, was obtained for ten representative slices of the four frames.
For each phantom VOI, the average pixel concentration value per minute, AvPC/min, was
calculated by dividing by ten the average pixel value of the phantom VOI for several
representative slices of the four frames as follows:

(Equation 1)

The VOIs were drawn on the images of the participant. The pixel counts of the VOIs of the
participant, Pa counts, were converted to radioactivity estimates as follows:

(Equation 2)

where Pa is the radioactivity in each VOI of each participant (Equation 2).

Estimation of an index of vesicular acetylcholine transporter density—An
arterial line was inserted into the radial artery of six of the healthy control participants to
obtain samples of blood to determine radioactivity measurements for time-activity curves
and metabolites to verify that the pixels on the images of the gamma camera correlated with
the radioactivity of the radiotracer in the plasma following the injection of the radiotracer. A
venous line was inserted in the opposite arm for administration of the radiotracer. Three
healthy participants and four participants with RTT underwent only the administration of a
radiotracer through a venous without arterial blood sampling.

Four participants with RTT and nine healthy adult volunteer control participants underwent
SPECT brain scans for sixty (60) minutes at approximately twenty-four (24) hours following
the intravenous injection of approximately 333 MBq (9 mCi) [123I]IBVM over 30 seconds
(Table I). The participants with RTT underwent general anesthesia for approximately 90 to
120 minutes during a session for the construction of the face mask in approximately 5
minutes and the performance of a 60 minute SPECT acquisition 24 hours after the
administration of the [123I]IBVM. The healthy adults did not receive any anesthesia or
sedation.

Four separate SPECT acquisitions were obtained for sixty minutes at specific times after the
radiotracer injection as follows: 0 to 1 hour, 2.5 to 3.5 hours, 4.5 to 5.5 hours, and 22 to 23
hours. The acquisitions for the first hour included five four-minute frames and four ten-
minute frames. The acquisitions at 2.5 to 3.5 hours, 4.5 to 5.5 hours, and 22 to 23 hours,
each included six ten-minute acquisitions.

Images were collected using a 128 × 128 matrix. Images were reconstructed on a 64 × 64
matrix with pixel size = 3.56 mm and slice thickness = 3.56 mm. Assuming uniform
attenuation equal to the attenuation of water, attenuation correction was applied using a
Chang zero-order correction (Chang, 1995; Stelter et al., 2001) with an ellipse was drawn
around the skull.

SPECT studies were tilted to obtain a transverse plane at the anterior commissure-posterior
commissure (AC-PC) line. The angle of the initial transverse plan to the AC-PC plane was
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determined by the MRI co-registered with the SPECT images. The images were corrected
for decay and metabolites. Co-registration of MRI and SPECT studies was performed
parallel to the AC-PC plane. Polygonal VOIs were drawn on MRI slices to generate time-
activity curves on the SPECT slices.

Time-activity curves were obtained for the first six of the healthy control participants who
underwent arterial blood sampling. A column-switch high performance liquid
chromatography (HPLC) method was employed to analyze the plasma of the arterial blood
samples (Hilton et al., 2000). Equilibrium was attained in the striatum and the cerebellum,
the reference structure, at approximately 22 to 24 hours after the administration of
[123I]IBVM. Figures 3 and 4 demonstrate the time-activity curves at 5.5 and 24 hours
respectively for a representative healthy participant, a 21-year-old left-handed man who
smokes cigarettes.

The counts generated by the SPECT camera fit the radioactivity measurements of arterial
blood sampling with correction for metabolites and decay. Due to technical malfunction of
the gamma counter during the initial studies of the 44-year-old healthy control participant,
the study was discontinued so many measurements for this participant are missing.

To investigate the tracer kinetic properties of [123I]IBVM in the living human brain during
dynamic SPECT scans, we utilized compartmental modeling (Zhou et al., 2001). We
employed a 3-compartment 5-parameter model to represent the SPECT kinetics of
[123I]IBVM, a reversibly binding radioligand (Zhou et al., 2001). Mathematical modeling of
the variable employed for reversibly binding radioligands yielded the results on Table II
(Zhou et al., 2001, 2002a,b, 2003). Since the values of k3 fit the ratios of the corrected
radioactivity concentrations in the striatum and the cerebellum, the reference structure, for
the four participants with valid measurements (Table II) (Innis et al., 2007; Zhou et al.,
2001), we conclude that a modeling method utilizing counts in the pixels of VOIs from the
SPECT scans with a reference tissue method are justified.

The maximal uptake of [123I]IBVM occurred in the striata of all participants. There was
minimal uptake in the other regions of the brain. We therefore utilized the counts from the
SPECT scans to estimate the uptake in the volumes of interest utilizing the counts from the
cerebellum as the reference tissue.

The Vesicular Acetylcholine Transporter Binding Site Index (VATBSI), an estimate of the
density of vesicular ACh transporters (Kuhl et al., 1994), was estimated in the striatum with
the cerebellum as the reference region with minimal uptake. The VATBSI was obtained
utilizing the SPECT scans only of all participants (Table I).

Visual representation of [123I]IBVM SPECT images—The outlines of the cortex and
selected basal structures (the caudate nucleus, the putamen, and the thalamus, bilaterally) of
a standard brain model were aligned in size and orientation to the SPECT radioactivity
images in three dimensions (3D). The program for this purpose displayed six images of
transverse, coronal, or sagittal views, one view at a time together with outline plots of the
studied structures. The program utilized interactive displacement linearly or rotationally or
enlargement or shrinkage of the outlined plots as a whole, a half (e.g., left side), or a quarter
(e.g., left lower quarter) at selected magnitudes (e.g., 1, 3, and 7 mm for linear displacement)
to align the outlined plots to the corresponding outlines given by SPECT images. After the
alignment of the cortical outlines, the outlines of the basal structures were aligned
separately. The view, displacement type, and displacement magnitude of each trial was
stored in files for displacement histories separately for spatial alignments of the cortex and
the basal structures. The standard VOIs were transferred to individual SPECT spaces. In the
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process, individual grid points (i.e., the centers of voxels) of the SPECT image volumes
were displaced in two ways and averaged, being weighted for the distances from the two
outline sets. The voxel-cerebellar radioactivity volumes were obtained at each frame around
24 hours post injection (typically three 20 minute frames or two 30 minute frames) and
averaged across frames.

VOIs were drawn on the SPECT scans for the striatum, the thalamus, the pons, the occipital
cortex, and the cerebellum. The transformed VOIs were applied to the averaged ratio
volumes to obtain regional ratios for each frame. The SPECT volumes were averaged across
frames taken 24 hours post-injection for individual subjects, after correction for between-
scan head movement. Averaged SPECT volumes were aligned to MR volumes in the 8
healthy adult normal control subjects who underwent full SPECT and MR examinations.
The MR volumes of the individual subjects were spatially normalized to a standard brain
using programs of the SPM99 package (Ashburner and Friston 1997; Ashburner et al.,
1997). The SPECT volumes of these subjects were transferred to the standard brain space in
the same manner as MR volumes, after transfer to their MR space. The SPECT volumes of
the four subjects with RTT without MR volumes were spatially normalized to the same
standard brain according to the radioactivity distributions of the eight healthy adult normal
control subjects (Haut et al., 2000a, b). The individual SPECT volumes were smoothed
using a gaussian kernel (13 mm full-width at half-maximum).

Standard VOIs were applied to spatially normalized SPECT volumes to obtain regional
radioactivity at 24 hours post injection. The voxel-cerebellar ratio volumes were generated
by dividing voxel radioactivity by the mean cerebellar radioactivity in the individual
subjects. The Vesicular Acetylcholine Transporter Binding Site Index (VATSBI) was then
calculated as the radioactivity ratio of a specific cerebral structure, i.e., striatum, to the
reference structure, the cerebellum, at twenty-four (24) hours post-injection (Table I). The
VATSBI represents the density of vesicular acetylcholine transporters of the structure in the
numerator (Kuhl et al., 1994).

Assessment of clinical status of participants with RTT—The participants with
RTT were carefully evaluated by child neurologists with special competence in Rett
syndrome and other neurodevelopmental disabilities in the Neurogenetics Unit of the
Kennedy-Krieger Institute. Participants with RTT were rated for ambulation and self-
feeding skills and for the severity of respiratory irregularities, rigidity, scoliosis, and seizures
(Table III).

RESULTS
Nine healthy adult volunteer participants and four participants with RTT underwent SPECT
imaging of the brain 22 to 24 hours after the intravenous administration of approximately
333 MBq (9 mCi) [123I]IBVM. We have summarized the characteristics of the healthy
participants (Tables I, II, and IV) and the genetic (Table III) and clinical features (Tables I
and III) of the participants with RTT.

Although mean striatal VATSBI is lower in women with RTT (5.2 ± 0.9) than in healthy
adults (5.7 ± 1.6) (Table I), a significant difference was not detected utilizing the two-
sample Wilcoxon rank-sum (Mann-Whitney) test (StataCorp, 2003). In participants with
RTT striatal VATSBI (Table I) and ADL scores (Table III) are linearly associated as
follows:

(Brašić et al., 2010a) (Equation 3)
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Figure 5 demonstrates the finding that among women with RTT, VATSBI is (A) directly
proportional to the abilities to self feed and to ambulate and (B) inversely proportional to the
amount of rigidity on clinical examination. Utilizing the Kruskal-Wallis Test, VATSBI is
not significantly associated with any other variables on Table III (StataCorp, 2003).

The Vesicular Acetylcholine Transporter Binding Site Index (VATSBI) ratio volumes were
averaged across participants with RTT with SPECT, but not MRI, data (n=4) and healthy
adult volunteer normal control participants with full SPECT and MRI data (n=8) (Figure 6)
(Haut et al., 2000a, b). The averaged ratio images visually confirm the generalized decrease
in vesicular acetylcholine transporter density in women with RTT demonstrated by VOI
analysis (Haut et al., 2000a, b).

To explore possibilities for the presence of focal changes in vesicular acetylcholine
transporter densities in RTT, we calculated the volume of percent changes in the VATSBI
ratio (the normal ratio volume minus the RTT ratio volume divided by the normal ratio
volume times 100) (Haut et al., 2000a, b). We selected the clusters of voxels with percent
change exceeded 30% and with volumes exceeded 1 mL (Haut et al., 2000a, b). The findings
were summarized in Table V and represented in Figure 6 (Haut et al., 2000a, b).

Participants with RTT demonstrated focal areas of decreased vesicular acetylcholine
transporters in the striatum in images acquired by SPECT twenty-four hours following the
intravenous injection of (−)-5-[123I]iodobenzovesamicol [123I]IBVM (Figure 6) (Table V)
(Haut et al., 2000a, b).

Figure 6 demonstrates the VATSBI voxel-to-cerebellar ratio images acquired by SPECT
twenty-four hours following the intravenous injection of approximately 333 MBq (9 mCi)
[123I]IBVM spatially normalized and averaged across 8 normal healthy adult control
participants (upper panels) and across 4 participants with RTT (lower panels). The ratio, an
estimate of acetylcholine transporter density in presynaptic vesicles, was reduced in SPECT
images after the injection of [123I]IBVM in people with RTT in the vermis (left lower
panel), the bilateral precentral cortices (left lower panel), the striatum (middle lower panel),
and middle cingulate (right middle panel) (Figure 6) (Haut et al., 2000a, b).

Due to the small sample size (4 experimental participants and 9 control participants)
descriptive, not analytical, statistics were used to assess the results in this preliminary study
(Brašić et al., 2003b). Vesicular acetylcholine transporter density was reduced in some
subjects with RTT. Reductions in the VATSBI in the putamen are associated with rigidity
and impairments in the performance of activities of daily living in some women with RTT
(Bibat et al., 2003, 2004; Brašić et al., 2003a; Dogan et al., 2003).

The participant with RTT with the highest VATSBI (Table I) and the best performance of
ADL skills (Table III) exhibited skewed X-inactivation (Table III) (Bibat et al., 2003, 2004)
suggesting that skewed X-inactivation may modify the symptoms of RTT.

DISCUSSION
SPECT brain imaging 22 to 24 hours after the intravenous administration of [123I]IBVM
was obtained on nine healthy adult volunteer participants and four participants with RTT
and mutations in the MECP2 gene. An index to estimate vesicular ACh transporters was
significantly correlated with the abilities to perform certain activities of daily living (ADL)
in the women with RTT. This correlation of the ability to perform key activities of daily
living (ADL) to a density index of vesicular ACh transporters in the striata of women with
RTT suggests that [123I]IBVM may be a promising tool to characterize the
pathophysiological mechanisms of RTT.
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The higher resolution and the decreased study duration of PET are definite reasons to
consider planning future studies with [18F]fluoroethoxybenzovesamicol, ((−)-[18F]FEOBV),
(−)-(2R,3R)-trans-2-hydroxy-3-(4-phenylpiperidino)-5-(2-[18F]fluoroethoxy)-1,2,3,4-tetralin
(Mulholland et al., 1998), [18F] (+)-4-fluorobenzyltrozamicol ((+)-[18F]FBT) (Voytko et al.,
2001), and other PET radioligands for the vesicular ACh transporters.

We showed that [123I]IBVM SPECT may be a safe, effective technique to estimate the
integrity of the acetylcholinergic system in RTT (Brašić et al., 2003a). The VATSBI appears
to be an appropriate tool to estimate the binding of vesicular acetylcholine transporters in the
living human brain. Our preliminary findings supports the hypothesis that impaired ability to
perform the activities of daily living may be associated with deficits in vesicular
acetylcholine transporter binding in the striatum in RTT (Brašić et al., 2010a) needs
validation in a larger study. Therapeutic interventions for RTT may be monitored by serial
performance of [123I]IBVM SPECT before, during, and after clinical trials. Further research
is needed to clarify the biological basis for the pathognomonic abnormalities in movement
and neurochemistry in RTT (Brasić, 1999) including demographic data about study
populations to identify racial and ethnic variations (Brašić, 2003, 2004).

Since potential treatments include choline acetyltransferase, the enzyme that synthesizes
acetylcholine, future studies may benefit from measurement of levels of choline
acetyltransferase to confirm the reductions of choline acetyltransferase observed in a subset
of people with RTT (Bibat et al., 2003, 2004).

The participants with RTT underwent SPECT scans under general anesthesia, which
possibly could introduce alterations in the binding of [123I]IBVM throughout the brain. An
optimal experimental design includes the utilization of exactly the same protocol for all
participants, both experimental and control participants. However, the participants with RTT
are unable to hold still for the study procedures or understand the protocol. During attempts
to manually stabilize the head for the construction of a facemask (Figures 1 and 2), the
participants with RTT had movement artifacts requiring general anesthesia to obtain
facemasks and scans of quality for the analysis. The healthy participants did not need to be
subjected to any unnecessary risks of general anesthesia. Hopefully techniques to scan
participants with RTT without anesthesia may become available in the future.

The occurrence of reductions in vesicular acetylcholine transporters and high-affinity α4β2
neuronal nicotinic acetylcholine receptors (nAChRs) in the brains of rats treated with the
cholinergic immunolesioning agent 192 IgG-saporin (SAP) (Quinlivan et al., 2007) suggests
that reductions in high-affinity α4β2 nAChRs may occur along with reductions in vesicular
acetylcholine transporters in people with RTT. Multimodal imaging of the density and the
distribution of vesicular acetylcholine transporters and high-affinity α4β2 AChRs (Brašić et
al., 2010a,b) in people with RTT offers the promise of a potential useful procedure to
characterize clinical severity of RTT and to provide rational therapies for the syndrome, and
represents a possibly useful tool to quantify the cholinergic system in other disorders.

Additionally future studies in different geographical locations with larger samples of
participants may be useful when researching the therapeutic efficacy or the clinical severity
of the disease for purposes of intervention.

Ethical aspects are an important consideration as participants with RTT lack the cognitive
capacity to understand proposed research studies (Brašić et al., 2002, Chun et al., 2002).
Although participants with RTT are unable to provide informed consent to take part in
research to characterize the alterations in the living human brain, they are necessary
components of the process to develop effective remedies for the syndrome. We seek to share
with those who may benefit the findings of this first investigation to correlate the abilities to
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perform certain activities of daily living with the density of the vesicular acetylcholine
transporter in the living brains of women with RTT. Investigations to characterize the
neurochemical dysfunction in the living brains of people with RTT are the crucial first steps
in the process to develop effective interventions to treat the abnormalities. The risks of
general anesthesia in women with RTT are justified to advance the knowledge of the
condition for the future benefit of others with RTT and related neurodevelopmental
disabilities. Although there is no direct benefit to the participants themselves, there is
potentially great benefit to future generations of victims with RTT and related conditions.
Legislation to prohibit research without therapeutic components prevents the pilot studies
crucial to develop rational therapies for neurodevelopmental disabilities. We encourage
others to develop the current findings to design effective therapies for RTT and related
disorders.
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Fig. 1.
Superior view of thermoplastic facemask worn by all subjects in both magnetic resonance
imaging (MRI) and single-photon emission-computed tomography (SPECT) to stabilize
head in the desired position. Photograph provided courtesy of Dr. Wichana Chamroonrat,
Division of Nuclear Medicine, The Russell H. Morgan Department of Radiology and
Radiological Science, School of Medicine, The Johns Hopkins University School of
Medicine, Baltimore, Maryland.
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Fig. 2.
Anterior view of thermoplastic facemask worn by all subjects in both magnetic resonance
imaging (MRI) and single-photon emission-computed tomography (SPECT) to stabilize
head in the desired position. Photograph provided courtesy of Dr. Wichana Chamroonrat,
Division of Nuclear Medicine, The Russell H. Morgan Department of Radiology and
Radiological Science, School of Medicine, The Johns Hopkins University School of
Medicine, Baltimore, Maryland.
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Fig. 3.
Radioactivity concentration in the indicated volumes of interest (VOIs) for 5.5 hours after
the intravenous administration of approximately 333 MBq (9 mCi) (−)-5-
[123I]iodobenzovesamicol ([123I]IBVM) to a healthy left-handed 21-year-old man who
smokes cigarettes.
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Fig. 4.
Radioactivity concentration in the indicated volumes of interest (VOIs) for 24 hours after the
intravenous administration of approximately 333 MBq (9 mCi) (−)-5-
[123I]iodobenzovesamicol ([123I]IBVM) to a healthy left-handed 21-year-old man who
smokes cigarettes.
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Fig. 5.
Vesicular Striatal Vesicular Acetylcholine Transporter Binding Site Index (VATBSI) scores
and clinical characteristics of women with Rett syndrome (RTT) with mutations of the
methyl-CpG-binding protein 2 (MeCP2) gene. The specific mutations of the MeCP2 gene
and the age in years are presented on the abscissa. The units of the VATSBI and the clinical
scores of each person are presented on the ordinate. Participants were given a score of 1 if
they can feed themselves and 0 if they cannot feed themselves. Participants were given a
score of 2 if they can walk without assistance, 1 if they can walk with assistance, and 0 if
they cannot walk. Participants were given a score of 2 if they exhibit marked rigidity, 1 if
they exhibit mild rigidity, and 0 if they exhibit no rigidity.
VATBSI scores are directly proportional to the ability to feed self and to the ability to
ambulate. VATBSI scores are inversely proportional to the amount of rigidity. The 21-year-
old participant with the R306C mutation, the only participant with skewed X-inactivation,
exhibited the highest VATSBI scores and the abilities to feed self and to walk without
assistance.
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Fig. 6.
Upper panels: Voxel-to-cerebellar ratio images acquired by SPECT 24 h following the
intravenous injection of approximately 333 MBq (9 mCi) (2)-5-[123I]iodobenzovesamicol
([123I]IBVM), spatially normalized and averaged across eight healthy volunteer normal
control adult participants (upper panels). The left of each image corresponds to the left of
the brain. The right of each image corresponds to the right of the brain. The top of each
image corresponds to the anterior aspect (front) of the brain. The bottom of each image
corresponds to the posterior aspect (back) of the brain. T1-weighted MRI was obtained on
the brains of all subjects. The radioactivity from [123I]IBVM during SPECT is obtained for
the striatum, the thalamus, the pons, the occipital cerebral cortex, and the cerebellum using
VOIs defined on the MRI and transferred to the SPECT image space. The panels represent
transverse slices of the brain at the level of the cerebellum (left), striatum (middle), and
cingulate gyrus (right) (Haut et al., 2000a,b).
Lower panels: Schematic representations of areas of decreased voxel-cerebellar ratios of
images of the brain generated by single-photon emission-computed tomography (SPECT)
following the intravenous administration of approximately 333 MBq (9 mCi) (2)-5-
[123I]iodobenzovesamicol ([123I]IBVM) spatially normalized and averaged across four
participants with RTT. MRIs were not obtained for any participant with RTT. The left of
each image corresponds to the left of the brain. The right of each image corresponds to the
right of the brain. The top of each image corresponds to the anterior aspect (front) of the
brain. The bottom of each image corresponds to the posterior aspect (back) of the brain.
Clusters of voxels were identified for subjects with RTT with volumes exceeding 1 mL with
voxel-cerebellar ratios reduced by at least 30% in subjects with RTT. Although the limited
number of subjects precluded statistical inference, the findings suggested the potential
presence of focal areas of decreased vesicular acetylcholine transporters in RTT. The panels
represent transverse slices of the brain at the level of the cerebellum (left lower panel),
striatum (middle lower panel), and cingulate gyrus (right lower panel). Presented in the
figure are the decrements in uptake in the vermis (left lower panel), the striatum (middle
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lower panel), and in bilateral precentral cortices (left lower panel) and middle cingulate
(right lower panel) (Haut et al., 2000a,b).
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