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ABSTRACT

Aims: Learning disabilities represent the most significant cause of lifetime morbidity in
neurofibromatosis type 1 (NF1) patients. The cognitive phenotype of NF1 pediatric
patients is not well understood. The purpose of this study was to examine the cerebral
glucose metabolic pattern in NF1 pediatric patients.
Study Design: Retrospective.
Place and Duration of Study: Saint Louis University Hospital, Saint Louis, Missouri,
United States, between May 2011 and May 2012.
Methodology: Six NF1 pediatric patients underwent FDG PET/CT including the brain,
for evaluation of extracranial neoplasm. Their brain PET images were compared with a
pediatric comparison set (21 subjects) using Statistical Parametric Mapping. Significant
differences between groups were examined at p<0.001, uncorrected for voxel height and
p<0.05, corrected for cluster extent.
Results: Compared with the comparison set, the 6 NF1 patients showed the largest
cluster of reduced FDG uptake (3966 voxels) in the medial dorsal nucleus of bilateral
thalami. Additional clusters of metabolism in the range from 415 to 926 voxels were
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noticed in the right cingulate gyrus (Brodmann area (BA) 8 and 24), left occipital lobe (BA
17 and 18) and right fronto-parietal lobe (BA 43).
Conclusion: The FDG reduction of the bilateral thalami is compelling and may be most
pathognomonic for NF1. This and other areas of FDG reduction found within the brain
may contribute to a better understanding of the NF1 cognitive phenotype.

Keywords: Neurofibtomatosis type 1; learning disabilities; pediatric patients; cerebral FDG
PET; statistical parametric mapping.

1. INTRODUCTION

Neurofibromatosis type 1 (NF1) is a neurocutaneous disorder with a prevalence of
approximately 1 in 3000 [1]. Patients with NF1 usually show intelligence quotient (IQ) levels
in the low-average range (mean full-scale IQ of 90.6), with a shift to the left of the normal
distribution [2]. Mental retardation in NF1 children (4-8%) is about twice as high as the
general population [2]. Despite the low frequency of global mental retardation in patients with
NF1, learning disabilities represent the most significant cause of lifetime morbidity in NF1
patients. Learning disabilities and school failure are the most common complications of NF1
in childhood, comprising 35-65% of the cases [3]. North et al. [3] found that 65% of NF1
children performed below chronologic age and 45% of them required special education
assistance between the ages of 8 and 16 years. Hyperintense lesions on T2 weighted MR
images (so called unidentified bright objects, UBOs) are pathognomonic of NF1 and may
correlate with the risk of learning disabilities [4]. Increasing evidence suggests a correlation
between dysregulation of Ras activity and learning deficits in NF1 [5-6].

Two cerebral FDG PET studies in NF1 pediatric patients have been published. Kaplan et al.
[7] performed FDG PET in 10 NF1 children, aged 4–15 years. Thalamic uptake was found to
be reduced by about 35% in the NF1 children compared to controls. In addition, the FDG
uptake was decreased in areas with large UBOs, and there were varying degrees of FDG
reductions in the cortex in all NF1 children. Balestri et al. [8] performed FDG PET in four NF1
subjects, aged between 10 and 20 years, who had UBOs and neurological symptoms,
including seizures, as well as language disabilities and mental retardation. There was
widespread hypometabolism not related to the localization of MRI abnormalities in three of
the four subjects.

The cognitive FDG phenotype of NF1 pediatric patients is complex and poorly understood
because of the paucity of reports and the limitations related to study design and image
analyses. In the current study, voxel-based statistical parametric mapping (SPM) is being
applied for the first time to examine the cognitive phenotype in NF1 pediatric patients.

2. MATERIALS AND METHODS

2.1 Patients

A review of FDG PET/CT reports between June 2004 and December 2009 identified 6
pediatric patients (5 male, 1 female, median age 14 years, range 6-18) with history of NF1
who underwent PET/CT scanning for characterization, staging and restaging of extracranial
neoplasm. Their medical records including treatment modalities and neurological symptoms
as well as cognitive function were reviewed. Only two of six NF1 patients had recent MRI of
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the brain. We therefore decided not to evaluate the MRI scans to correlate with the PET
findings. The institutional review board approved this retrospective study.

2.2 FDG PET/CT Scanning

All patients fasted at least 4 hours before the PET/CT examination and received an IV
injection of approximately 5.18 MBq/kg of body weight of FDG, with a maximum dose of 444
MBq (12 mCi). The median blood glucose concentration immediately before tracer injection
was 97 mg/dL (range 83-108) in the 6 NF1 patients and 92 md/dL (range 76-119) in the 21
subjects that served as comparison set. Study subjects sat in a quiet room where the
injection took place and were instructed not to talk during the subsequent FDG uptake phase
with a median of 62.5 minutes (range 50-70) in the NF1 subjects and 64 minutes (range 49-
83) in the comparison set. The whole-body scans from top of the head to the feet, which is
the standard PET/CT acquisition protocol at our institution for oncological indications, were
acquired on a PET/CT scanner (Gemini TF, Philips Healthcare). PET scans were acquired at
1.5 or 2.0 minutes per bed position depending on the patient’s weight with a 50% overlap.
Dedicated PET of the brain was not performed. The study subjects were not given any
specific instructions about whether to open or close their eyes during PET/CT scanning. The
CT data were used for image fusion and the generation of the CT transmission map. This
retrospective study was approved by the Institutional Review Board and patients’ informed
consent was waived.

2.3 Image Analysis

The brain PET images of the NF1 subjects were extracted from the whole-body scan using
the MIMneuro 4.1 software (MIMvista Corp., Cleveland, OH). The PET images were
transferred to the Statistical Parametric Mapping (SPM) software (SPM8, Wellcome
Department of Cognitive Neurology, University College London, UK) for statistical analyses,
implemented via Matlab 7.12.0 (Mathworks, Natick, MA, USA).

A comparison set consisting of 21 pediatric patients (10 male, 11 female, median age 16,
range 3-18) were randomly selected out of a collection of 33 pediatric patients undergoing
PET/CT (Gemini TF, Philips Healthcare) at our institution for extracranial neoplasm not
related to NF1 (17 lymphomas and 1 neuroblastoma, malignant melanoma,
rhabdomyosarcoma as well as Ewing’s sarcoma each). Their brain PET images were loaded
into SPM8 the same way as for the NF1 subjects. Their PET/CT imaging protocol was
identical with that of the NF1 subjects in the current study. They did not have a history of
brain tumor, neuropsychological disease, or chemotherapy prior to PET/CT.

The PET images were spatially normalized to match the standard stereoanatomic space
using a 12-parameter affine (linear) transformation, followed by a nonlinear transformation
with a basis function of 4 x 5 x 4. Global counts were normalized by proportional scaling to
remove confounding effects due to global changes, and smoothed with a fullwidth half
maximum (FWHM) Gaussian kernel of 6 mm. The voxel size was 2 x 2 x 2 mm and the
FWHM was 17.0 x 16.6 x 16.4 mm. A two-sample t test was performed for the hypothesis
that the NF1 subjects show reduced uptake compared with the comparison set (NF1 <
comparison set). The significant differences between the two groups were examined at
p<0.001, uncorrected for voxel height, and p<0.05, corrected for cluster extent using family-
wise-error correction for multiple comparisons [9]. We used the software GingerALE 2.1.1 to
convert the MNI coordinates derived from SPM8 into Talairach space [10]. Subsequently,
the software Talairach Client 2.4.2 was used to assign brain regions (Talairach atlas) for a



British Journal of Medicine & Medical Research, 3(4): 1659-1670, 2013

1662

given x,y,z Talairach coordinate [11]. The assigned label is hierarchical, and is composed of
five levels: hemisphere, lobe, gyrus, tissue type, and cell type. The Talairach atlas for the
nearest gray matter within 11 mm of the local maxima was searched.

3. RESULTS

3.1 Case Presentation

3.1.1 Case #1

This 15-year old boy was diagnosed with NF1 as an infant and had a pelvic
rhabdomyosarcoma as a toddler. His PET/CT study was performed at the age of 13 years
and 11 months and showed local tumor recurrence. Developmental and cognitive findings as
well as academic achievements remained entirely normal. A MRI of the brain was performed
at the age of 13 because of migraine headaches and showed normal brain findings.

3.1.2 Case #2

The 18-year old boy was diagnosed with NF1 at the age of 9. He had some speech and
language problems at the time of initial diagnosis but demonstrated normal academic
achievements and cognitive function since the age of 13. This was based on school reports
of testing and he received no additional assistance academically in middle school and high
school. The PET/CT study was performed at age 17 years and 6 months for further
evaluation of bone lesions in the lower extremities.

3.1.3 Case #3

The 15-year-old girl with history of NF1 represented with a left shoulder mass associated
with subacute pain. MRI showed a 3-cm contrast enhancing mass in the area of the left
brachial plexus. In addition, there were multiple non-enhancing soft tissue lesions along the
C-spine suggestive of plexiform neurofibromas. The subsequent FDG PET/CT exam showed
moderate uptake within the left shoulder mass which was thought to be low to intermediate
grade tumor. The paracervical soft tissue lesions were not FDG avid and thus most likely
benign. Developmental and cognitive findings as well as academic achievements appeared
normal.

3.1.4 Case #4

This 6-year old boy with NF1 developed significant thoracic scoliosis with a plexiform
appearing tumor of his right paraspinal cervical region. The progressive back pain was
unresponsive to simple analgesics, gaba-pentin and nortryptaline. PET/CT was performed at
the age of 5 years and 9 months for further characterization and pre-operative staging of the
paraspinal tumor. Cognitive function was age-appropriate but he had a learning disability
seen as delays in expressive and written language that have improved in kindergarten.
Formal neurocognitive testing has been requested but not completed.

3.1.5 Case #5

This 18-year old patient was diagnosed with NF1 as an infant. He developed a malignant
peripheral nerve sheath tumor of the thigh at the age of 15. He had normal cognitive function
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until school age. He then developed specific learning disabilities that required reading and
mathematics assistance since his third grade. His intelligence was reported to be normal.
The PET/CT study was performed at the age of 18 years and 0 months for restaging of
malignant peripheral nerve sheath tumor 2 months after chemotherapy.

3.1.6 Case #6

This 13-year old NF1 patient demonstrated progressive optic pathway tumor that required
stereotactic radiosurgery of the chiasm at age of 7. He had 20/250 and 20/400 corrected
vision. Two Gadolinium-enhancing lesions of 1 cm right thalamus and right cerebellum at
MRI remained stable in size for at least 2 years. The PET/CT study at the age of 12 and 4
months was performed for further evaluation of a soft tissue lesion in the left hand. The
lesions in the right thalamus and right cerebellum did not demonstrate increased FDG
uptake. Also, they did not affect the brain metabolism because the metabolism was
symmetric in both brain hemispheres on visual evaluation and by using L/R% indices.
Cognitive function remained in the low normal range but he was found to have learning
disabilities requiring occupational, physical, and speech therapy.

3.2 Image Analysis

Compared with the comparison set, the 6 NF1 pediatric patients showed 4 clusters of
hypometabolism in the range from 415 to 3966 voxels. A total of 12 voxel peaks > 8 mm
apart were found within these 4 clusters (Table 1). Six of 12 voxel peaks matched exactly
(range 0 mm) to the corresponding Brodmann areas (BA). The remaining 6 voxel peaks
were located within 1-5 mm from the nearest BA. The BA was available for 11 of 12 voxel
peaks. For only 1 voxel peak, localized left occipital lobe, the BA could not be specified by
the software Talairach Client.

Table 1. SPM results of all 4 clusters. Peak locations within the clusters are > 8 mm
apart; the T values, Talairach coordinates and Brodmann areas as well as distance (in
mm) to the nearest gray matter are shown. * Brodman area not specified by Talairach

Client

1BA 43L frontal lobe, precentral
gyrus14-4-614.2

0BA 43L parietal lobe, postcentral
gyrus20-9-584.9

5BA 43L parietal lobe, postcentral
gyrus22-11-475.20.043415

1*L occipital lobe, lingual gyrus-15-81-194.4

2BA 18L occipital lobe, lingual gyrus-8-85-154.9

0BA 17L occipital lobe, lingual gyrus-1-93-135.10.009627

2BA  8R frontal lobe, medial frontal
gyrus4526124.6

1BA 24R cingulate gyrus420124.8

0BA 24R cingulate gyrus366115.10.001926

0Medial Dorsal
NucleusL thalamus11-21-65.4

0Medial Dorsal
Nucleus

R thalamus, medial dorsal
nucleus13-20135.6

0Medial Dorsal
Nucleus

R thalamus, medial dorsal
nucleus5-1755.8<0.000

13966

ZYXT valuePcorCluster Size
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ce
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The largest cluster of 3966 voxels was confined to the medial dorsal nucleus of the bilateral
thalamus (Fig. 1). In addition to the SPM results, Fig. 2 represents actual PET images,
showing the marked FDG reduction within the bilateral thalami of a NF1 patient (Case #5)
compared to a subject from the comparison set.

Fig. 1. A, SPM superimposes a maximum intensity projection (MIP) image on a glass
brain in three orthogonal planes (height threshold for T = 3.45, p < 0.05). The pointing
angle shows the cluster within the medial dorsal nucleus of the right thalamus. B, MIP

is superimposed onto a T1-weighted template in three orthogonal planes within the
standardized space. Crosshair shows a cluster within the right thalamus

Fig. 2. Consecutive axial slices through the basal ganglia of a comparison set subject
and a NF1 patient. A, 17-year-old male patient with a history of Hodgkin’s lymphoma
of the mediastinum and right supraclavicular region. The thalamic uptake is normal

and symmetric (short arrow), showing comparable uptake intensity to the striatum. B,
18-year-old male patient with NF1 (Case #5) who was diagnosed with NF1 as an infant.
He developed specific learning disabilities since his third grade and required reading
and mathematics assistance. The bilateral thalamic uptake (long arrow) is markedly

reduced compared to that of the striatum
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The 3 remaining clusters were distinctively smaller, containing 926 voxels in the right
cingulate gyrus (Fig. 3) and nearby medial frontal gyrus (BA 8 and 24), 627 voxels in the left
occipital lobe (BA 17 and 18), as well as 415 voxels in the left fronto-pariatal lobe (BA 43).
Eleven clusters within 124 to 317 voxels were excluded from further interpretation because
they were not statistically significant (p>0.05, corrected).

Fig. 3. A, SPM superimposes a maximum intensity projection (MIP) image on a glass
brain in three orthogonal planes (height threshold for T = 3.45, p < 0.05). The pointing
angle shows the cluster within the right cingulate gyrus (Brodman area 24). B, MIP is

superimposed onto a T1-weighted template in three orthogonal planes within the
standardized space. Crosshair shows a cluster within the right cingulate gyrus

4. DISCUSSION

4.1 Case Presentation

Three NF1 patients (Case #1-3) presented with normal academic achievements and
intelligence. The other 3 NF1 patients (Case #4-6) were noted to have learning disabilities
but their intelligence was either normal or low normal. These findings represent the well-
documented cognitive features in NF1 pediatric patients [2,3].

4.2 Image Analysis and Interpretation

Our findings concur with previous PET studies performed in pediatric NF1 patients [7,8].
Kaplan et al. [7] performed FDG PET in 10 pediatric NF1 patients and found that their
thalamic FDG uptake was reduced by about 35% compared with control subjects. Balestri et
al. [8] also found bilateral thalamic hypometabolism in 3 of 4 NF1 pediatric patients. The
current study of six NF1 pediatric patients reveals a very large cluster of FDG reduction
(3966 voxels) within the bilateral thalami, which is consistent with a recent report by Burchert
et al. for adult NF1 patients [12]. They found a large cluster of 1450 voxels within the
bilateral thalami based on the same 2x2x2 mm voxel size as in the current study. The larger
thalamic cluster found in the current study may fit with the previous hypothesis that the
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thalamic FDG reduction may be more severe in pediatric than adult NF1 patients,
approximately 35% vs. 8% [7,12]. This may reflect a functional recovery of the thalamus
metabolism with age, which may be encountered not only in NF1 subjects but also in healthy
subjects [13].

Our study represents the first SPM data on pediatric NF1 subjects and is able to pinpoint the
area of hypometabolism within the thalamus – the medial dorsal nucleus. In a recent study
using image fusion of ultrahigh-resolution PET and ultrahigh-field 7T MRI, the medial dorsal
nucleus demonstrates the highest FDG uptake among various thalamic nuclei in all 5 healthy
volunteers [14]. It is one of the largest thalamic nuclei and has been associated with working
memory as it has reciprocal connections with the prefrontal association cortex [15]. It plays
an important role in attention, decision-making, language comprehension, and active
memory. Therefore, our findings further support and extend the hypothesis that thalamic
hypometabolism, specifically within the medial dorsal nucleus, is pathognomonic for NF1
pediatric patients [7,12]. Potentially, the FDG hypometabolism may be more severe in
subjects with cognitive impairment than those without, but a prospective study with
neuropsychological assessment would be required to allow a correlation between the degree
of FDG reduction and cognitive function.

In addition to the findings of the thalamus, we found large clusters within the right cingulate
gyrus (BA 24) and nearby medial frontal gyrus (BA 8), the left occipital lobe (BA 17, 18) and
left fronto-parietal lobe (BA 43). The left occipital lobe hypometabolism may coincide with the
well documented deficits in visual-spacial processing in NF1 children [16]. Our findings also
concur with the observed FDG reduction in the occipital and parietal lobe in 3 of 4 subjects
and in the frontal cortex in 2 of 4 subjects by Balestri et al. [8].

In another neurocognitive context, Herholz et al. [17] found that the activation of the pre- and
postcentral gyrus (BA 43) seemed to correspond with the task of naming the face in adult
subjects undergoing cerebral O-15 water PET activation studies although this pattern of
brain activation may not be related to memory functions [17]. Possibly, the increased
prevalence of difficulty of face recognition in the NF1 population may have a metabolic
correlate within the BA 43 as well [18].

Hazlett et al. [19] found hypometabolism within the cingulate gyrus (BA 24) in autistic adults
undergoing verbal memory tests and FDG PET scanning. Indeed, autistic patients have a
100 to 190-fold increased risk of neurofibromatosis; it has been suggested that autism and
neurofibromatosis may share a genetic etiological factor [20,21]. No NF1 subject was
diagnosed with autism; nevertheless, the observed hypometabolism within BA 24 might be
pathognomonic in NF1 patients.

Our results and those of previous PET studies are hampered by the small sample size and
huge methodological differences. Balestri et al. (8) reported widespread hypometabolism in
three of four adolescents with NF1. One limitation is that all 9 age-matched control subjects
in that study presented with some form of neurological disturbance including seizure,
developmental disability or headache. In contrast, none of the normal controls in our study
has evidence of neurological symptoms or disorders. Kaplan et al. [7] found varying FDG
hypometabolism in the cortex of NF1 children. The semi-quantitative PET evaluation based
on region-of-interest placements however was confined to areas with UBOs and adjacent
normal brain tissue, that is, the thalamus, striatum, brain stem and some white matter
regions.
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The potential relationship between the UBOs and cognitive impairments in NF1 remains
controversial, as to what extent they are involved in cognitive impairments. Several studies
have found a relationship between cognitive impairments and the presence of UBOs [22-24].
Other studies have found no association between UBOs and cognitive function [25,26]. It
cannot be excluded that some areas of hypometabolism may be associated with UBOs in
the current study.

Ideally, a pediatric SPM template should be used to assess pediatric functional data such as
the current study. However, an adult normal template can be used as an alternative when
obtaining normal pediatric PET data is not feasible due to ethical constraints [27]. Muzick et
al. [27] has shown in a study of 13 children that the spatial normalization of pediatric brains
to an adult normal template results in a higher level of artifacts than in adult subjects. These
artifacts however don’t seem to affect the SPM analyses for children ages 6 years and older
compared to those younger than 6 years. In the current study, none of the 6 NF1 subjects
were younger than 6 years old. It is therefore unlikely that our findings have been affected by
significant artifacts.

We chose the small full-width half maximum (FWHM) with a Gaussian kernel of 6 mm
considering that pediatric brain images were being evaluated in which the brain structures
are relatively small when compared to those derived from adult subjects. While spatial
smoothing may improve signal-to-noise ratio and compensate for functional anatomical
variability, a large smoothing kernel (e.g., 10 mm or larger) may loose smaller clusters [28].

Theoretically, reduced cortical volume could cause an apparent decrease in FDG uptake
because of recovery effects related to the limited spatial resolution of the PET scanning [29].
However, the cortical volume is often increased in NF1 subjects [30], indicating that the
observed hypometabolism in the current NF1 patients likely represents decreased cellular
activity and not a recovery effect.

Some variations in blood glucose concentrations remain although all NF1 subjects showed
blood glucose concentration < 150 mg/dL before tracer injection. These blood glucose
variations, however, might have little impact on the SPM analysis because the brain images
of the NF1 subjects were first normalized to remove confounding effects. Nonetheless,
intensity normalization may be adversely affected when large areas of FDG reduction are
present, resulting in artefactual increases or decreases in normal tissue [27].

The comparison set consisting of 21 subjects in the current study appears appropriate for
statistical FDG PET analysis [31]. Although one subject is only 3 years old, the remaining 20
subjects are 6 years and older, which is consistent with the age of NF1 subjects. In our
study, the brain images were extracted from the whole-body PET scanning, acquired at 1.5
or 2.0 minutes per bed position. This acquisition protocol had been tested before and
showed almost equivalent outcomes to an acquisition protocol dedicated to the brain [32].

4.3 Limitations

We acknowledge the limitations of the small sample size and the retrospective nature of the
study. Statistical differences seen in the SPM analysis might be caused by large variations in
the measurements. Nonetheless, the SPM findings are compelling and of clinical interest
considering the limited reports of FDG PET on NF1 cognitive function. Selective
neuropsychological testing is beyond the aim of this study; a causative relation between
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location of the hypometabolism and the type of specific learning disabilities cannot be
properly evaluated in the present series.

Medical treatment such as analgesics and antidepressants may affect the brain metabolism
[33,34]. Treatment with these drugs however is less likely to cause the distinct clusters which
are consistent with previous reports. The patient in Case #6 had an optic pathway tumor that
required radiosurgery. However, the right thalamic and right cerebellar lesions have
remained stable in size at MRI for at least 2 years. Also, these lesions did not show focally
increased or decreased FDG uptake and did not affect the overall brain metabolism based
on visual evaluation. Nevertheless, it cannot be excluded that the brain lesions may cause
subtle metabolic cerebral changes which remain undetected with the methods being used.

5. CONCLUSION

The striking FDG reduction of the bilateral thalamus in the NF1 subjects is consistent with
previous studies and may be most pathognomonic for the NF1 cognitive phenotype. This
and other areas of FDG reduction within the occipital lobe and cingulate as well as premotor
and postmotor gyrus may contribute to a better understanding of the complex cognitive
phenotype in NF1 patients. The findings need to be further investigated in a large study and
formal neuropsychological assessment as well as anatomical imaging should be included to
allow a proper characterization of the various cognitive impairments.
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