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Neurofibromatosis type 1 (NF1) is a neurocutaneous dis-
order that occurs in one in 2500 live births (50% inher-

ited and 50% sporadic); it is caused by mutation of the NF1 
gene on chromosome 17, resulting in an abnormal neuro-
fibromin protein product (1). Because neurofibromin is 
an inhibitory protein in the AKT/P13K/mTOR signaling 
pathway, a critical growth pathway (2), neurofibromatosis 
is a multisystem disorder with myriad pathologic and clini-
cal manifestations, ranging from nonhamartomatous my-
elin vacuolization and benign hamartomatous overgrowth 
to neoplasia and neurocognitive impairment (3). Other 
AKT/P13K/mTOR associated disorders, including hemi-
megalencephaly and tuberous sclerosis, are also character-
ized by cerebral overgrowth and hamartomas (4).

Focal T2 hyperintense brain lesions are a charac-
teristic of NF1 and are predominantly located in the 
deep gray nuclei, brainstem, and cerebellar white mat-
ter. Attributed to myelin vacuolization (5), these le-
sions appear during the 1st decade of life and resolve 
by the end of the 2nd decade (6). Prior MRI-based 
studies have found volumetric differences between 
patients with NF1 and control subjects in several re-
gions, including the hippocampus, thalamus, and 
visual cortex (7,8). Building on this work and using 
established morphometric MRI methods (9,10) we ex-
amined volumetric differences between patients with 
NF1 and age-matched control subjects across 34 corti-
cal and 10 subcortical regions as a function of age. We 
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Purpose: To evaluate whether patients with neurofibromatosis type 1 (NF1)—a multisystem neurodevelopmental disorder with 
myriad imaging manifestations, including focal transient myelin vacuolization within the deep gray nuclei, brainstem, and cer-
ebellum—exhibit differences in cortical and subcortical structures, particularly in subcortical regions where these abnormalities 
manifest.

Materials and Methods: In this retrospective study, by using clinically obtained three-dimensional T1-weighted MR images and 
established image analysis methods, 10 intracranial volume–corrected subcortical and 34 cortical regions of interest (ROIs) were 
quantitatively assessed in 32 patients with NF1 and 245 age- and sex-matched healthy control subjects. By using linear models, 
ROI cortical thicknesses and volumes were compared between patients with NF1 and control subjects, as a function of age. With 
hierarchic cluster analysis and partial correlations, differences in the pattern of association between cortical and subcortical ROI 
volumes in patients with NF1 and control subjects were also evaluated.

Results: Patients with NF1 exhibited larger subcortical volumes and thicker cortices of select regions, particularly the hippocampi, 
amygdalae, cerebellar white matter, ventral diencephalon, thalami, and occipital cortices. For the thalami and pallida and 22 
cortical ROIs in patients with NF1, a significant inverse association between volume and age was found, suggesting that volumes 
decrease with increasing age. Moreover, compared with those in control subjects, ROIs in patients with NF1 exhibited a distinct 
pattern of clustering and partial correlations.

Discussion: Neurofibromatosis type 1 is characterized by larger subcortical volumes and thicker cortices of select structures. Most 
apparent within the hippocampi, amygdalae, cerebellar white matter, ventral diencephalon, thalami and occipital cortices, these 
neurofibromatosis type 1–associated volumetric changes may, in part, be age dependent.

© RSNA, 2018

Online supplemental material is available for this article.
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additionally assessed whether the pattern of cortical thick-
ness and subcortical brain volumes in patients with NF1 
differed from that in control subjects.

Materials and Methods
With institutional review board approval, we (M.J.B., a ra-
diology resident with 4 years of experience) performed a ret-
rospective review of our clinical radiology database to search 
for MRI studies in patients with a diagnosis of NF1 who 
were younger than 22 years of age and who were imaged 
with GE MRI units (Fig 1). We excluded patients who had 
undergone prior neurosurgical intervention and studies with 
excessive motion or other artifacts. We evaluated 32 patients 
with a clinical diagnosis of NF1 (from UCSF) and 245 age-
and sex-matched healthy control subjects from the Pediatric 
Imaging, Neurocognition, and Genetics (PING) database 
(11,12) (Table). For each patient with NF1, we (M.J.B.) re-
viewed associated medical records, including pediatric neu-
rology assessments. Fourteen (44%) patients with NF1 had 
a clinical diagnosis of cognitive delay. One (3%) patient with 
NF1 had clinically diagnosed autism (Table). More detailed 
clinical information regarding neurocognitive status was not 
available for most of our cohort. Characteristic NF1 myelin 
vacuolization in the cerebellum or deep gray nuclei was pres-
ent in six (18%) patients with NF1 on T2-weighted fluid-
attenuated inversion recovery MR images and was minimal 
in extent. None of the PING control subjects exhibited cog-
nitive delay or autism (12).

We (M.J.B. and R.M.N., a research assistant with 2 years of  
experience) processed all subjects’ three-dimensional T1-
weighted MRI studies using the Freesurfer software pack-
age, version 6.0 (Freesurfer Methods: https://surfer.nmr.
mgh.harvard.edu/fswiki/FreeSurferMethodsCitation) (9) (Fig 
2). The segmented volumes were visually assessed for ac-
curacy (by M.J.B. and R.S.D., an attending neuroradiolo-
gist with 12 years of experience) using previously published 
methods (13). We (M.J.B., R.S.D., and A.J.B., an attend-
ing pediatric neuroradiologist with 34 years of experience) 

focused our volumetric analyses on 10 subcortical regions  
of interest (ROIs) (10) on the basis of the well-documented 
spatial distribution of characteristic myelin vacuolization in  
NF1—namely, cerebellar white matter, cerebellar cortex, 
thalamus, caudate, putamen, pallidum, hippocampus, amyg-
dala, accumbens, and ventral diencephalon (a group of several 
anatomic structures including the hypothalamus and medial 
and lateral geniculate nuclei) and 34 cortical ROIs (13,14). 
None of the patients with NF1 had brain tumors involving 
these ROIs. We corrected for intracranial volume (ICV) and 
averaged ROIs between the right and left hemispheres. To 
facilitate comparison across regions, we expressed each ROI 
volume as a z-score.

We used linear models to evaluate differences between pa-
tients with NF1 and control subjects across the 10 subcortical 
and 34 cortical ROIs, including age and sex as covariates. To 
assess statistical significance for subcortical ROIs, we estab-
lished an a priori Bonferroni-corrected P value of .005 (P = 
.05/10 ROIs) and a false-discovery rate (FDR)-corrected P 
value of .05 for cortical ROIs. We then evaluated these dif-
ferences as a function of age by testing an age-by-diagnosis 
interaction using linear models with Bonferroni/FDR-cor-
rected P values, while controlling for sex. Next, we evaluated 
differences in the clustering of subcortical and cortical ROIs 
between our NF1 and control cohorts. To determine the 
optimum number of clusters, we used a k-means algorithm 
(15) and an elbow plot (16) to group the individual ROI data 
into clusters on the basis of data similarity. We limited the 
maximum number of possible clusters (ie, k) in the data to 
15 and plotted the graph of decreasing total within-clusters 

Abbreviations
FDR = false-discovery rate, ICV = intracranial volume, NF1 = neuro-
fibromatosis type 1, PING = Pediatric Imaging, Neurocognition, and 
Genetics, ROI = region of interest

Summary
Neurofibromatosis type 1 (NF1) is characterized by robustly larger 
volumes of cortical and subcortical structures most apparent within 
the hippocampi, amygdalae, cerebellar white matter, occipital corti-
ces, and thalami; these NF1-associated morphologic changes may in 
part be age dependent.

Implications for Patient Care
 n Automated quantitative measurements of anatomic structures can 

be reliably obtained from clinical MRI examinations.
 n Computational postprocessing integrated with clinical MRI may 

serve as a biomarker for neurofibromatosis type 1 brain morphometry.

Figure 1: Flowchart of the process of selection of patients with 
neurofibromatosis type 1 (NF1). PACS = picture archiving and com-
munication system.
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K-means analysis evaluated using the elbow method did 
not show a clear optimum number of clusters for patients 
with NF1 (Fig 5, A) and control subjects (Fig 5, B). Using 
an estimated cluster of five, hierarchic clustering analysis 
revealed different clustering patterns in patients with NF1 
and control subjects. In patients with NF1, subcortical re-
gions clustered as a function of magnitude of effects from 
the linear models; the five largest ROIs (Table) (ie, the hip-
pocampus, amygdala, cerebellar white matter, ventral dien-
cephalon, and thalamus) constituted a branch that was sepa-
rate from the other regions (Fig 5, C). In control subjects, 
the subcortical regions clustered into known anatomic sub-
divisions such as the medial temporal lobe (hippocampus, 
amygdala) and cerebellum (cerebellar cortex and white mat-
ter) (Fig 5, D). Similarly, compared with control subjects, 
patients with NF1 exhibited a different pattern of partial 
correlations among the 10 ROIs (Fig 6, A and B), further 
illustrating the abnormal morphometry of select subcortical 
regions in NF1.

Cortical Analysis
There were significant differences in cortical thickness be-
tween patients with NF1 and control subjects across 23 of 
the 34 cortical ROIs (Fig 3, K; Table E2 [online]). The peri-
calcarine cortex (b = 1.41, standard error = 0.14, P = 1.86 
3 10218), cuneus (b = 1.25, standard error = 0.13, P = 8.29 
3 10218), lingual gyrus (b = 0.85, standard error = 0.13, P = 
8.80 3 10210), and insula (b = 0.65, standard error = 0.14, 
P = 4.77 3 1025) were all significantly thicker in patients 
with NF1 than in control subjects. The caudal middle frontal 
gyrus (b = 21.04, standard error = 0.16, P = 2.65 3 1029), 
pars opercularis (b = 20.9, standard error = 0.16, P = 1.88 
3 1027), precentral gyrus (b = 20.81, standard error = 0.18, 
P = 4.77 3 1025), and entorhinal cortex (b = 20.78, stan-

Demographic Data

Parameter
Patients with  
NF1 (n = 32)

Control Subjects  
(n = 245) P Value

Mean age 6 standard deviation (y) 11.25 6 6.04 11.38 6 4.83 .91
Male sex* 16 (50.0) 129 (52.7) .78
Cognitive delay* 14 (43.8) 0 ,.001
Autism* 1 (3.1) 0 .12
Mean z-score
 Pallidum 0.503 20.066 .04
 Caudate 0.032 20.004 .90
 Putamen 0.437 20.057 .03
 Hippocampus 1.253 20.164 1.69 3 1029

 Amygdala 0.909 20.118 8.31 3 1025

 Accumbens 0.737 20.096 1.88 3 1023

 Thalamus 1.277 20.167 1.05 3 1026

 Ventral diencephalon 1.457 20.190 9.05 3 1028

 Cerebellar white matter 1.268 20.166 1.59 3 1027

 Cerebellar cortex 20.007 0.001 0.97

* Data are numbers of patients or subjects, with percentages in parentheses.

sums of squares as a function 
of increasing k. The location of 
the elbow in the plot is indica-
tive of the appropriate number 
of clusters (k) in the data. We 
then ran hierarchic clustering 
conditioned on k clusters to 
visualize differences in subcor-
tical and cortical ROI cluster-
ing patterns in patients with 
NF1 compared with control 
subjects. Finally, we used par-
tial correlations to evaluate the 
association patterns between 
all subcortical ROI volumes 
and between cortical and sub-
cortical ROI volumes, while 
controlling for age and sex 
in both patients and control 
subjects, visualizing the result-
ing correlation coefficients as 
a heat map. All analyses were 
performed in R 3.4.2.

Results

Subcortical Analysis
There were no differences in mean age or sex between pa-
tients with NF1 and control subjects (Table). According to 
our linear model, compared with control subjects, patients 
with NF1 have significantly larger ICV-corrected volumes of 
the pallida (b = 0.56, standard error [of the mean] = 0.18, 
P = 2.46 3 1023), thalami (b = 1.44, standard error = 0.17, 
P = 3.38 3 10216), hip pocampi (b = 1.44, standard error 
= 0.16, P = 7.84 3 10216), amygdalae (b = 1.02, standard 
error = 0.18, P = 1.96 3 1028), ventral diencephalon (b = 
1.65, standard error = 0.15, P = 9.06 3 10223), accumbens 
(b = 0.82, standard error = 0.16, P = 8.78 3 1027), and cer-
ebellar white matter (b = 1.43, standard error = 0.16, P = 
4.51 3 10217) (Table E1 [online]). The average normalized 
(z-scored) ICVs for each ROI in patients and control sub-
jects, which also show these volumetric differences (Fig 3, 
A–J), are given in the Table. Testing for differences in vol-
umes as a function of age and diagnosis, we found signifi-
cant age-by-diagnosis interactions at a Bonferroni-corrected 
P value of .005 for the pallida (b = 20.17, standard error = 
0.03, P = 6.62 3 1028) and thalami (b = 20.11, standard  
error = 0.03, P = 1.37 3 1024), but not for other regions 
(Fig 4, A–J; Table E1 [online]). Simple main-effects analy-
ses revealed that older age was associated with smaller pallida 
volumes in patients with NF1 (b = 20.15, standard error = 
0.03, P = 1.39 3 1027) but not in control subjects (b = 0.02, 
standard error = 0.01, P = .12). For the thalami, older age 
was associated with smaller volumes in patients with NF1 (b 
= 20.08, standard error = 0.03, P = 2.30 3 1023) but larger 
volumes in control subjects (b = 0.03, standard error = 0.01, 
P = 9.04 3 1023).
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Figure 2: Representative, A, axial, B, coronal, and, C, sagittal images in the control 
cohort with overlaid subcortical segmentations. Green = thalamus, yellow = hippo-
campus, pink = putamen, aqua = caudate, light blue = amygdala, blue = pallidum.

dard error = 0.18, P = 7.79 3 1025) were all sig-
nificantly thinner in patients with NF1 than in 
control subjects.

Testing for differences in cortical thickness as 
a function of age and diagnosis, we found sig-
nificant age-by-diagnosis interactions at an FDR-
corrected P value of .05 in 22 of the 34 cortical 
ROIs, including the superior parietal lobule (b = 
20.14, standard error = 0.02, P = 9.82 3 1027), 
postcentral gyrus (b = 20.12, standard error = 
0.03, P = .000150), fusiform gyrus (b = 20.12, 
standard error = 0.03, P = .000200), and supra-
marginal gyrus (b = 20.1, standard error = 0.02, 
P = .000658) (Fig 4, K and L; Table E2 [online]). 
Simple main-effects analyses revealed that older 
age was associated with a thinner cortex in the 
superior parietal lobule to a greater degree in pa-
tients with NF1 (b = 20.24, standard error = 
0.02, P = 2.72 3 10223) than in control subjects 
(b = 20.1, standard error = 0.01, P = 7.30 3  
10222). For the postcentral gyrus, older age was 
also associated with a thinner cortex to a greater 
degree in patients with NF1 (b = 20.21, stan-
dard error = 0.02, P = 5.92 3 10216) than in con-
trol subjects (b = 20.09, standard error = 0.01,  
P = 9.59 3 10215).

K-means analysis performed by using the el-
bow method again did not show a clear opti-
mum number of clusters for patients with NF1 
(Fig 5, E) and control subjects (Fig 5, F). Using 
an estimated cluster of five, hierarchic clustering 
analysis revealed different clustering patterns in 
patients with NF1 and control subjects. In pa-
tients with NF1, cortical regions again clustered 
by strength of effect (largest b values for perical-
carine cortex, cuneus, and lingual gyrus) (Fig 5, 
G). In control subjects, the cortical regions again clustered 
largely by anatomic division (frontal, temporal, cingulum, 
etc) (Fig 5, H). Similarly, compared with control subjects, 
patients with NF1, according to visual inspection, had a dif-
ferent partial correlation pattern among the subcortical and 
cortical ROIs (Fig 6, C and D), with subjectively increased 
positive correlations between cortical thickness, cerebellar 
white matter, and amygdalae volumes and subjectively in-
creased negative correlations between ventral diencephalon 
volume and cortical thickness in patients with NF1.

Discussion
We showed that patients with NF1 exhibit larger volumes of the 
hippocampi, amygdalae, cerebellar white matter, ventral dien-
cephalon, and thalami, as well as thicker occipital and thinner 
frontal cortices. For the thalami and pallida, we found a statis-
tical interaction with age suggesting that increased subcortical 
volumes may occur in younger (,10 years of age) patients with 
NF1. The majority (65%) of cortical ROIs also showed sig-
nificant age interactions in patients with NF1. Finally, patients 
with NF1 showed a different pattern of associations between 

cortical and subcortical structures compared with control sub-
jects. Taken together, our findings support the hypothesis that 
NF1 is characterized by the abnormal morphology of select 
cortical and subcortical regions.

Consistent with clinical observations and expanding on 
prior morphometry studies (7,8), we found increased subcorti-
cal volumes of the accumbens, cerebellar white matter, and sub-
cortical limbic system, including the pallida, thalami, amygda-
lae, and hippocampi—regions where the characteristic myelin 
vacuolization of NF1 is known to occur. We also found thicker 
occipital and thinner frontal cortices, again expanding on prior 
findings (7,17). Although the majority of patients with NF1 
in our cohort did not have clinically apparent myelin vacu-
olization, they still had significantly increased ICV-corrected 
volumes in the regions characteristically associated with myelin 
vacuolization. This suggests that similar or related molecular 
mechanisms may contribute jointly to the regionally selec-
tive myelin vacuolization and volumetric increases seen with 
NF1. Alternatively, it is also possible that myelin vacuolization 
and volumetric increases represent the same biologic processes 
underlying NF1, manifesting differently on T1-weighted and 
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Figure 3: A–J, Boxplots show significantly larger volumes (∗) of the, A, pallidum, B, thalamus, C, hippocampus, D, amygdala, E, ventral dien-
cephalon, F, accumbens, and, G, cerebellar white matter (WM) but not of, H, the putamen, I, the cerebellar cortex (CTX), and, J, the caudate in 
patients with neurofibromatosis type 1 (NF1) relative to control subjects. Data on the y-axes are z-scores. K, Heat map of b values (in 23 cortical 
regions of interest with significant differences) from linear models comparing cortical thickness in patients with NF1 and control subjects painted on 
a pial surface rendering of the brain (from left to right: lateral, medial, dorsal, and ventral views).

T2-weighted MRI studies. We note that, even though our ex-
clusion criteria (tumors, significant myelin vacuolization, his-
tory of prior resection) would limit the NF1 cohort to patients 
with a less severe clinical phenotype, our volumetric findings 
are unlikely to be restricted to those milder phenotypes be-
cause other groups with less restrictive inclusion criteria have 
shown similar findings (7,8). Further validation of anatomic 
segmentation in patients with NF1 with more severe myelin 
vacuolization will be necessary to ensure automated subcortical 
segmentation remains accurate.

We found a significant interaction between age and the 
volumes of the globus pallidi and thalami in patients with 

NF1, with volumes decreasing with age (Fig 4, A and B). In 
contrast, in healthy control subjects, volumes of the globus 
pallidi did not vary with age and volumes of the thalami 
increased with age. Interestingly, a similar age-related in-
teraction was not observed in other subcortical structures, 
although several other ROIs showed a trend toward decreas-
ing volumes with age (Fig 4, C–H), especially in patients 
with NF1. There were also significant interactions between 
age and cortical thickness in the majority of the cortical 
ROIs in patients with NF1, with relatively decreased corti-
cal thicknesses in older patients, most notably in the pari-
etal lobe (Fig 4, K). Considered together, these observations 
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Figure 4: A–J, Scatterplots show differences in volumes (∗ = significant difference) of the, A, pallidum, B, thalamus, C, hippocampus, D, amygdala, 
E, ventral diencephalon, F, accumbens, G, cerebellar white matter (WM), H, putamen, I, cerebellar cortex (CTX), and, J, caudate as a function of age 
in patients with neurofibromatosis type 1 (NF1) relative to control subjects. Data on the y-axes are z-scores. K, L, Heat map of b values (in 22 cortical 
regions of interest with significant differences) from linear models evaluating age-by-diagnosis interactions in, K, patients with NF1 and, L, control sub-
jects painted on a pial surface rendering of the brain (from left to right: lateral, medial, dorsal, and ventral views).

suggest that the NF1-associated increased subcortical vol-
umes may also be time dependent; just as deep gray and 
hindbrain myelin vacuolization spontaneously resolve with 

age (6), it is conceivable that the volumetric increases we 
and others report may be a dynamic, transient process 
that later normalizes. The increased cortical thickness that 
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decreases with age could reflect delayed dendritic pruning. 
Given the cross-sectional nature and relatively small size of 
our NF1 cohort, these age-related findings should be in-
terpreted with caution and will need to be confirmed with 
longitudinal analyses. Nevertheless, these results suggest a 
future longitudinal imaging study of subcortical structures 
in NF1 may be fruitful.

Given the propensity of patients with NF1 to develop 
brain tumors, most commonly low-grade gliomas (18), and 
the overall increase of relative subcortical volumes in NF1, 
one may suggest that the increased volumes are precursors 
to a developing neoplasm. However, patients with NF1 also 
develop non-neoplastic imaging abnormalities (eg, the pre-
viously discussed characteristic myelin vacuolization) that 
spontaneously resolve. Because the volumes of the thalami 
and globus pallidi decrease with increasing age, it is unlikely 
that the high relative subcortical volumes we observed rep-
resent early neoplasia, the ICV-corrected volumes of which 
should continue to increase with age. Again, future longi-
tudinal clinical and imaging analysis would be helpful to 
further clarify this.

Conceptually similar to other approaches for elucidating 
anatomic and functional brain “networks” (19–21), our clus-
ter and partial correlation analyses showed different patterns 
among both cortical and subcortical structures in patients with 
NF1 and control subjects. In control subjects, the regions clus-
tered according to known anatomic subdivisions such as the 
temporal lobe, parietal lobe, cingulum, basal ganglia, cerebel-
lum, and medial temporal lobe. In patients with NF1, the five 
subcortical ROIs with largest volumes relative to those in con-
trol subjects—namely, the hippocampus, amygdala, cerebellar 
white matter, ventral diencephalon, and thalamus, formed a 
cluster distinct from other structures (Fig 5, C and D). The 
three cortical ROIs with the largest main effect in linear models 
(pericalcarine cortex, cuneus, and lingual gyrus) formed a dis-
tinct cluster in patients with NF1 (Fig 5, G and H). Similarly, 
patients with NF1 exhibited a pattern of morphologic corre-
lation among subcortical and cortical structures that differed 
from that in control subjects (Fig 6). The altered correlations 
between the cerebellar, occipital, and parietal cortices in pa-
tients with NF1 could reflect sequela of the known impairment 
of visuospatial processing in NF1 (22), although this would 
need to be confirmed by correlation with detailed neuropsy-
chiatric evaluation. Together, these findings suggest that as the 
anatomy of one brain region changes, similar morphologic 
changes occur in other, correlated brain regions; these regional 
correlations may reflect a shared influence occurring early dur-
ing the pathogenesis of NF1 or an ongoing influence of the 
disease conferred across interconnected regions.

Results of prior studies (23–26) have suggested correla-
tions between structural abnormalities and cognition in pa-
tients with NF1, both in adults and children. Standardized 
clinical metrics of health and cognition will be warranted 
in future prospective analyses of patients with NF1, with an 
approach similar to that of current and prior large-cohort 
prospective studies such as the Adolescent Brain Cognitive 
Development Study (ABCD) (27), PING, and the Autism 

Brain Imaging Data Exchange (ABIDE) (28). Our collective 
findings and prior work suggest a comprehensive approach 
for future prospective NF1 cohorts, similar to the ABCD 
study, with neuroimaging, biospecimen collection, and stan-
dardized metrics for the evaluation of mental health, physical 
health, and neurocognition.

This study was limited by its cross-sectional nature and rel-
atively small NF1 cohort, with a resultant lack of longitudinal 
imaging analysis in patients with NF1. Our NF1 cohort was 
still significantly larger than those that have been previously 
reported (7,17) because of our aggregation and automated 
segmentation of preexisting clinical MRI studies, a technique 
that can applied to other relatively rare neurodevelopmental 
diseases. Our large control cohort, which greatly increased 
the number of significant differences we identified between 
patients and control subjects, also was the result of leveraging 
preexisting imaging data. Future longitudinal imaging studies 
could help confirm our observed trends by following subcor-
tical volumes and cortical thickness in the same NF1 cohort 
over time, while clinical follow-up could record the number 
and location of any gliomas that subsequently developed. De-
tailed clinical information was unfortunately unavailable for 
most patients within our NF1 cohort; comprehensive neu-
rocognitive assessments were particularly lacking. In a future 
longitudinal analysis, detailed neurocognitive assessments 
would facilitate evaluation of the relationship between brain 
morphometry and cognitive phenotype.

In conclusion, using clinically performed MRI studies, 
we showed that NF1 is characterized by robustly larger vol-
umes of several subcortical structures, including the thal-
ami, hippocampi, and ventral diencephalon, the same re-
gions where characteristic NF1 myelin vacuolization occurs, 
and by generally thicker occipital and thinner frontal corti-
ces. The larger thalami and pallida volumes in NF1 may be 
at least in part age dependent, as are most of the differences 
in cortical thickness. These results illustrate the feasibility 
of obtaining automatic quantitative measurements of ana-
tomic structures from clinical MRI examinations and corre-
lating those measurements with developmental and clinical 
parameters. Computational postprocessing integrated with 
clinical MRI may provide biomarkers for further longitudi-
nal investigation of NF1 pathophysiology and for evaluat-
ing the clinical status of patients with NF1.
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Figure 5: A, B, Determination of the number of subcortical volume clusters in, A, patients with neurofibromatosis type 1 (NF1) and, B, control sub-
jects by using a k-means algorithm. There are differences in patterns of subcortical volumes clustering between, C, patients with NF1 and, D, control 
subjects, showing clear clustering by known anatomic divisions in control subjects but not in patients with NF1. ∗ = Regions with significant differences 
in size between patients and control subjects. E, F, Determination of the number of cortical thickness clusters in, E, patients with NF1 and, F, control 
subjects by using a k-means algorithm. G, H, Differences in patterns of cortical thickness clustering between, G, patients with NF1 and, H, control sub-
jects. BSTS = banks of superior temporal sulcus, CACG = caudal anterior cingulate gyrus, CCtx = cerebellar cortex, CMFG = caudal middle frontal 
gyrus, CWM = cerebellar wh ite matter, DC = diencephalon, ICG = isthmus of cingulate gyrus, IPL = inferior parietal lobule, ITG = inferior temporal 
gyrus, LOC = lateral occipital cortex, LOFG = lateral orbitofrontal gyrus, MOFG = medial orbitofrontal gyrus, MTG = middle temporal gyrus, PCG = 
posterior cingulate gyrus, PHG = parahippocampal gyrus, RACG = rostral anterior cingulate gyrus, RMFG = rostral middle frontal gyrus, SFG = supe-
rior frontal gyrus, SMG = supramarginal gyrus, SPL = superior parietal lobule, STG = superior temporal gyrus, TTG = transverse temporal gyrus.
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