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Single case study
Voxel BasedMorphometry (VBM) studies typically involve a comparison between groups of individuals; this ap-
proach however does not allow inferences to bemade at the level of the individual. In recent years, an increasing
number of research groups have attempted to overcome this issue by performing single case studies, which in-
volve the comparison between a single subject and a control group. However, the interpretation of the results is
problematic; for instance, any significant difference might be driven by individual variability in neuroanatomy
rather than the neuropathology of the disease under investigation, or might represent a false positive due to
the data being sampled from non-normally distributed populations. The aim of the present investigation was
to empirically estimate the likelihood of detecting significant differences in gray matter volume in individuals
free from neurological or psychiatric diagnosis. We compared a total of 200 single subjects against a group of
16 controls matched for age and gender, using two independent datasets from the Neuroimaging Informatics
Tools and Resources Clearinghouse. We report that the chance of detecting a significant difference in a
disease-free individual is much higher than previously expected; for instance, using a standard voxel-wise
threshold of pb0.05 (corrected) and an extent threshold of 10 voxels, the likelihood of a single subject showing
at least one significant difference is as high as 93.5% for increases and 71% for decreases. We also report that the
chance of detecting significant differences was greatest in frontal and temporal cortices and lowest in subcortical
regions. The chance of detecting significant differences was inversely related to the degree of smoothing applied
to the data, and was higher for unmodulated than modulated data. These results were replicated in the two in-
dependent datasets. By providing an empirical estimation of the number of significant increases and decreases to
be expected in each cortical and subcortical region in disease-free individuals, the present investigation could in-
form the interpretation of future single case VBM studies.

© 2012 Elsevier Inc. All rights reserved.
Introduction

The neuroanatomical basis of most neurological diseases is rela-
tively well-understood and an expert neurologist can detect specific
abnormalities in the brain scans of patients by visual inspection.
However this is not true for psychiatric illnesses, which for a long
time were considered “functional” disorders without a reliable neu-
roanatomical basis. Although the patients undergoing post mortem
examination had suffered life-long severe mental illness, it was
rare to detect any macroscopic neuropathology (Dolan, 2008). The
development of structural neuroimaging techniques has provided
substantial evidence that psychiatric diseases are associated with ab-
normalities in brain structure, and has brought about significant break-
throughs in our understanding of the neurobiology of such illnesses
(Bora et al., 2009; Butler et al., 2011; Martin et al., 2010; Oquendo and
niversity of Padua, Via Venezia

arpazza).
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Parsey, 2007; Rauch, 2000; Shirtcliff et al., 2009; Soares, 2003;
Takahashi et al., 2010; Wingenfeld et al., 2010). The literature on brain
volume abnormalities in psychiatric disorders is rapidly expanding,
with thousands of studies published to date. These studies have re-
vealed, for example, gray matter (GM) reductions in the prefrontal cor-
tex, superior temporal gyrus, thalamus and amygdala in schizophrenia
(Bora et al., 2011); GM reductions in the anterior cingulate and insula
in bipolar disorder (Bora et al., 2010; Ellison-Wright and Bullmore,
2010); frontopolar, orbitofrontal, insular and superior temporal GM re-
ductions in psychopathy (De Olivera-Souz et al., 2008); GM reductions
of the anterior cingulate cortex (ACC),middle and inferior frontal gyrus,
hippocampus and thalamus in depression (Duet al., 2012); and reduced
GM volume in the hippocampus, parahippocampal gyrus, ACC, bilateral
insula and calcarine cortices in posttraumatic stress disorder (Chen et
al., 2006; Felmingham et al., 2009; Zhang et al., 2011). Alterations
have also been found in studies of personality disorders, including GM
volume loss in the amygdala in borderline disorder (Rusch et al.,
2003; Soloff et al., 2008); larger GM volume in the posterior cingulate
cortex and precuneus in schizotypy (Modinos et al., 2010); and white
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Table 1
Single case VBM studies on patients with neurological and psychiatric diseases.

Subject Disease Controls p-value Correction GM increase or decrease Areas

Migliaccio et al., 2012 7 subj (6♀) PCA 29 0.05 FWE Decrease Bilateral ventral occipital and temporal (3/7 patients); R supramarginal gyrus
(2/7 patients); bilateral inferior parietal lobule (7/7 patients)

Beeson et al., 2011 67 ♂ PPA 35 0.01 FDR Decrease Bilateral posterior perisylvian regions; bilateral mild lateral temporal lobes
Klingner et al., 2012 23 ♂ Bell palsy 1 0.05 – Decrease L M1, bilateral SMA, L insula, bilateral cerebellum
Migliaccio et al., 2011 58 ♀ PCA 15 0.05 FWE Decrease Bilateral superior occipital gyrus, cuneus, bilateral Inferior occipital gyrus.

Bilateral lingual gyrus, bilateral superior parietal lobule, Bilateral thalamus
Sehm et al., 2011 24 ♂ Focal retrograde amnesia 20 0.01 FWE Decrease L temporo polar cortex, R Lingual cortex
Valdes-Sosa et al., 2011 73 ♂ Prosopo-agnosia 10 0.01 FDR Decrease L ventral and occipital temporal cortex, L fusiform gyrus
Bianchini et al., 2010 22 ♂ Topographical disorientation 12 – – – –

Eriguchi et al., 2010 31 ♂ Citrullinemia epilepsy 111 0.05 FDR decrease L hippocampus
Freudenmann et al., 2010 72 ♀ Vascular encephalopathy 7 0.05 FWE Decrease

increase
R postcentral, R IPL,
Bilaterial putamen, L cingulated cortex

Maguire et al., 2010 70 ♂ SD 10 – – decrease L striatum, LSTG, Bilateral hippocampus, L IFG,R temporal pole, R cerebellum,
R ITG

Nanri et al., 2011 84 ♀ Autoimmune ataxia+Basedow
disease

– – – decrease R Cerebellar cortex

Riddoch et al., 2010 74 ♀
70 ♂
65 ♂

Stroke 140 – – decrease R IPL, R IFG, R angular, R supramarginal gyrus, R parietooccipital regions,
L parietotemporal regions,
R IFG, R STG, R supramarginal, R angular gyrus

Rigoni et al., 2010 24 ♀ Psychopathy 6 0.05
0.001

FWE
–

decrease L MFG,L SFG,
L Lateral temporal cortex, L superior occipital cortex, L SFG, L MFG

Muhlau et al., 2009 22 subj
(12 ♀)

HD 133 for each subj 0.05 FDR decrease Bilateral head of caudate, R insula, R temporal pole

Narvid et al., 2009 66 ♂ FTD+HME 28 0.001 – decrease R ventral and medial frontal cortex, R insular cortex
Tramoni et al., 2009 34 ♂ Functional amnesia 25 subj (10 ♀) 0.05 FDR – –

Bozzali et al., 2008 77 ♀ CBD 8 0.05
0.001

FWE
–

decrease Bilateral Pre- and post-central gyrus, R middle frontal gyrus, L middle frontal
gyrus, R SFG, R IFG,
R puntamen, R lenticular nucleus, R parietal lobe

Epelbaum et al., 2008 46 ♂ Pure alexia, epilepsy 17 0.001 – decrease Bilateral frontal and ACC, L parietal gyrus
Feldmann et al., 2008 54 ♂ PCA 20 0.05 FWE decrease R occipital mesial and inferior, R fusiform, R ACC, R SFG

R precuneus, L occipital inferior gyrus
Adlam et al., 2006 6 subj PPA 12 0.05 FDR decrease L ventral temporal lobe (3/6 subjects), L dorso-ventral temporal lobe

(2/6 subjects), R temporal pole (1/6 subjects), R rostro-ventral temporal lobe
(1/6 subjects)

Brazdil et al., 2006 25 ♀ Epilepsy – – – increase Anterior rim of the L central sulcus
Cipolotti et al., 2006 74 ♂ Hippocampal amnesia 15 0.05

0.001
FWE
-

decrease -
Bilateral Head of body of hippocampus and enthorinal cortex
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Colliot et al., 2006 27 subj
(16 ♀)

FCD 39 – – Increase
Increase
Decrease

regions with FCD lesions (21/27 patients),
frontal and temporal extralesional regions (16/27 patients), frontal and
temporal extralesional regions (8/27 patients)

Joubert et al., 2006 61 ♀
59 ♀
73 ♂

Right FTD 28 0.01 FWE Decrease R inferior temporal gyrus, R hippocampus, R middle temporal gyrus, R caudate,
L STG

Suzuki et al., 2005 43 ♂
32 ♂
38 ♂
44 ♀
36 ♀

Schizophrenia 20 (10 ♀) 0.05 FWE Decrease L IFG and L frontal pole (4 patients only)

Zahn et al., 2005 10 subj (6♀)
5 subj (1♀)

AD
PPA

10 (5♀) 0.001 – Decrease Bilateral anterior lateral temporal (8/10 AD and 5/5 PPA); L medial temporal
(9 AD and 1 PPA); R posterior parietal (9 AD and 5 PPA); R posterior cingulate
and R precuneus (9 AD and 0 PPA).

Gorno-Tempini et al., 2004a 56 ♀ PPA+CBD 16 0.05
0.001

FWE
–

Decrease L IFG, L anterior insula, L SMA,
Bilateral caudate

Gorno-Tempini et al., 2004b 67 ♀ Right SD 35 0.05
0.001

FWE
–

Decrease R anterior temporal lobe, R amygdala/anterior hippocampus, R collateral
sulcus, R fusiform gyrus,
R posterior insula/STG
L amygdala/anterior hippocampus
L collateral sulcus/fusiform gyrus

Thompson et al., 2004 63 ♂
64 ♂

SD
FTD

17 0.001 – Decrease L infero lateral temporal lobe, L ACC,L insula, R temporal pole

Salmond et al., 2003 14subj (1♀) Autism 18 (12♀) 0.001 – Decrease Bilateral Hippocampus (in 7 subjects), amygdala, OFC (in 13 subjects), STG,
cerebellum (in 11 subjects)

Rosen et al., 2002 54 ♀
81 ♂
65 ♂

PPA
AD
SD

20 for each subj 0.001 – Decrease L DLPFC, L IFG, Bilateral temporo parietal cortex, bilateral IPL, L anterior temporal

Gitelman et al., 2001 33 ♀
38 ♂
41♂
56 ♀
71 ♀

Herpes sinplex 10 for each subj 0.05 FWE Decrease Bilateral amygdala, hippocampus, enthorinal cortex, insula, gyrus rectus,
nucleus accumbens

Mummery et al., 2000 6 subj (5♀) SD 14 0.05 FWE Decrease Bilateral Temporal pole, L Middle temporal gyrus, Bilateral Amygdala,
Bilateral Fusiform gyrus

Woermann et al., 1999 20 subj (12♀) JME 30 subj (16♀) 0.05 FWE Increase
decrease

Bilateral temporo posterior lobe (2/20 subjects); bilateral frontopolar areas
(3/20 subjects)

♂ = male, ♀ = female. L = left, R = right. PPA: primary progressive aphasia; PCA: posterior cortical atrophy; SD: semantic dementia, HD: Huntington disease, FTD: fronto temporal dementia; bvFTD: behavioral variant frontotemporal
dementia; CBD: corticobasal degeneration; AD: Alzheimer's disease; HME: hereditary multiple exostoses; JME: juvenile myoclonic epilepsy; FCD: focal cortical dysplasia. IPL: inferior parietal lobule; SMA: supplementar motor area; M1:
primary motor area; STG: superior temporal gyrus, ITG: inferior temporal gyrus; IFG: inferior frontal gyrus; SFG: superior frontal gyrus; ACC: anterior cingulate cortex; OFC: orbito frontal cortex; DLPFC: dorsolateral prefrontal cortex.
FWE: family-wise error; FDR: False Discovery Rate; TIV: total intracranial volume.
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matter (WM) reductions in the genu of the corpus callosum, the unci-
nate fasciculus, the corona radiate, the internal capsulae and the inferior
fronto-occipital fasciculus in antisocial personality behavior (Sundram
et al., 2011).

All the above studies but one (Sundram et al., 2011)were performed
using Voxel Based Morphometry (VBM), a whole brain technique for
characterizing regional volume and tissue concentration differences in
structural magnetic resonance imaging (MRI) (Ashburner and Friston,
2000, 2001; Good et al., 2001; Mechelli et al., 2005). These studies typ-
ically compared a group of patients against a group of controls and
reported neuroanatomical differences at group level. The results of
these studies have had limited translational impact in clinical and foren-
sic practice, where one needs to make inferences at the level of the in-
dividual. In recent years however, an increasing number of research
groups have attempted to overcome this issue by performing single
case studies in which an individual was compared against a control
group. Table 1 shows existing neuroimaging studies of neurological
and psychiatric disorders that have used such VBM single case ap-
proach. However, the interpretation of the results is problematic due
to a number of outstanding methodological issues. The main concern
is the possibility that any statistically significant difference between a
single subject and a control groupmight reflect normal individual vari-
ability in neuroanatomy rather than the neuropathology of the specific
disease under investigation. A second concern is that the use of
two-sample t-tests requires the data to be sampled from normally dis-
tributed populations; therefore the validity of the above studies was
based on the assumption that the patient's value constituted the mean
value of a hypothetical population with a variance equal to that of the
control group (see for Muhlau et al., 2009 for review). This issue was
evaluated by Salmond et al. (2002), who compared the false-positive
rates in a series of VBM analyses at different degrees of smoothness.
The authors demonstrated that the number of false positives decreased
with smoothing and therefore suggested that VBM single case analysis
could be performed as long as a sufficient smoothing kernelwas applied
(Salmond et al., 2002). More recently, Viviani et al. (2007) examined
the impact of non-normality on the likelihood of Type I error rates in
single case VBM studies. Using both simulated and empirical data, the
authors reported that smoothingwas only partially effective in reducing
the impact of deviation from normality; however it was possible to use
voxel-by-voxel logit transformation of the raw signal value tominimize
the impact of non-normality (Viviani et al., 2007).

The aimof the present investigationwas to examine the reliability of
single case structural neuroimaging studies of neurological and psychi-
atric patients by empirically estimating the likelihood of detecting sig-
nificant differences in gray matter volume in individuals free from
neurological or psychiatric diagnosis. Using Voxel Based Morphometry,
we compared a total of 200 single subjects against a group of 16 controls
matched for age and gender. This allowed us to empirically estimate, in
the brain of a disease-free individual, the number of detected 10-voxel
differences in each cortical and subcortical region for different corrected
voxel-wise significance thresholds. Based on previous analyses of neu-
roanatomical variability in the healthy population (Fornito et al.,
2008; Good et al., 2001; Pruessner et al., 2002; Salmond et al., 2002;
Spasojević et al., 2011) we hypothesized a large number of significant
differences in single subjects relative to their control group when
using a standard statistical threshold of pb0.05 (corrected for multiple
comparisons across thewhole brain). However, these differenceswould
be minimized with the use of more conservative statistical thresholds
such as pb0.01 (corrected) and pb0.001 (corrected). In addition,
based on previous ontogenetic and phylogenetic findings on brain evo-
lution (Gogtay et al., 2004; Hill et al., 2010; Huttenlocher, 1990;
Sherwood et al., 2008; Stewart and Disotell, 1998; Watson et al.,
2006), we expected that differences would not be equally widespread
across the whole brain. For instance there is increasing evidence that
quantitative differences in the neocortex are associated with individual
differences in cognition and behavior in humans (Carreiras et al., 2009;
Casey et al., 2000, 2005; Draganski et al., 2004; Fleming et al., 2010;
Scholz et al., 2009). Moreover, within the neo-cortex, we expected to
find more differences in frontal and temporal lobes, which control lan-
guage (Miller and Cohen, 2001) and high-level cognitive and social
functions which differ widely among individuals (Adolphs, 2009;
Asplund et al., 2010; Bocková et al., 2007; Fleming et al., 2010), rather
than in occipital and parietal cortices, which control more ancestral
functions, such as vision, praxis and attention. Finally, we expected the
number of significant differences in single subjects relative to their con-
trol group to vary as a function of the degree of smoothing applied to the
data, which has been shown to influence false positive rate in previous
studies (Salmond et al., 2003; Viviani et al., 2007).

Methods

Subjects

We used data from the Neuroimaging Informatics Tools and
Resources Clearinghouse (NITRC) which are available at http://
fcon_1000.projects.nitrc.org/fcpClassic/FcpTable.html (Biswal et al.,
2010; Buccigrossi et al., 2008). We chose the Cambridge
(Massachusetts, USA) and Beijing (China) datasets because of their
large sample size (n=198) and their matched age range (18–28).
We randomly selected 100 subjects (50 males) from each dataset;
all selected participants were right-handed and aged from 18 to 24
(mean: 20.63; standard deviation: ±1.8). All selected participants
had never received a neurological or psychiatric diagnosis. All the
subjects in the Beijing dataset were of Chinese origin, whereas ethnic-
ity information was not available for the Cambridge dataset.

MRI data acquisition

All participants underwent the acquisition of a structural MRI scan
using a 3 T MRI system. A T1-Weighted sagittal three-dimensional
magnetization-prepared rapid gradient echo (MPRAGE) sequence
was acquired, covering the entire brain. For the acquisition of the
Cambridge dataset, the following parameters were used: 144 slices,
voxel resolution 1.2, 1.2,1.2; matrix 192×192. For the acquisition of
the Beijing dataset, the following parameters were used: 128 slices,
voxel resolution 1.0,1.0,1.3; matrix 181×175.

Data analysis

Preprocessing
After checking for scanner artifacts and gross anatomical abnor-

malities for each subject, we reoriented the original images along
the anterior-posterior commissure (AC-PC) line and set the AC as
the origin of the spatial coordinates to assist the normalization algo-
rithm. The new segmentation procedure implemented in SPM8
(http://www.fil.ion.ucl.ac.uk/spm), running under Matlab 7.1 (Math
Works, Natick, MA, USA) was used to segment all the images into
gray matter (GM) and white matter (WM), i.e. maps of probability
values representing the probability of a voxel containing a specific tis-
sue type. A fast diffeomorphic image registration algorithm (DARTEL;
Ashburner, 2007), available as a toolbox in SPM8, was used to warp
the GM partitions into a new study-specific reference space
representing an average of all the subjects included in the analysis.
As an initial step, a set of study-specific templates and the corre-
sponding deformation fields, required to warp the data from each
subject to the new reference space, were created using the GM parti-
tions (Ashburner and Friston, 2009). Each subject-specific deforma-
tion field was used to warp the corresponding GM partition into the
new reference space with the aim of maximizing accuracy and sensi-
tivity (Yassa and Stark, 2009); the warped GM partitions were affine
transformed into the MNI space and smoothed with a 8-mm
full-width at half-maximum (FWHM) Gaussian kernel typically used
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in VBM studies (Eriguchi et al., 2010; Feldmann et al., 2008;
Freudenmann et al., 2010; Migliaccio et al., 2011; Sehm et al., 2011;
Valdes-Sosa et al., 2011; Zahn et al., 2005). An additional ‘modulation’
step was used to scale the GM probability values by the Jacobian de-
terminants of the deformations in order to ensure that the total
amount of gray matter in each voxel was conserved after the registra-
tion (Ashburner and Friston, 2000; Good et al., 2001; Mechelli et al.,
2005). After this preprocessing, we obtained smoothed, modulated,
normalized data that were used for the statistical analysis. In order
to examine how the degree of smoothing affected the results, we
also smoothed the data using 4-mm and 12-mm FWHM Gaussian
kernels consistent with previous studies (Salmond et al., 2002;
Viviani et al., 2007). In addition, in order to examine the impact of
modulation on the results, we repeated the pre-processing without
using the modulation step.
Statistical analysis
Each single subject scan was compared to 16 gender- and

age-matched (±1 year) controls. This sample size was chosen for
two main reasons: firstly, a typical neuroimaging study of regional
differences includes 12–16 subjects per experimental group (Friston
et al., 1999); secondly, a recent analysis of effect size in classical infer-
ence has suggested that, in order to optimize the sensitivity to large
effects while minimizing the risk of detecting trivial effects, the opti-
mum sample size for a study is 16 (Friston, 2012). Age was entered
into the design matrix as a covariate of no interest to minimize any
impact of this variable on the findings. To exclude voxels outside
the brain, we used an implicit mask to remove all the voxels whose
intensity fell below the 20% of the mean image intensity. To identify
regionally specific changes that were not confounded by global differ-
ences in gray matter volume, we used the proportional scaling option.
A two-sample t-test was performed to identify significant increases
and decreases in each subject relative to their control group. Statisti-
cal inferences were made at voxel-level using three different
thresholds with family-wise error (FWE) correction for multiple com-
parisons across the whole brain: pb0.05, pb0.01 and pb0.001. In ad-
dition, we only report clusters which comprised of 10 or more voxels.
The number of significant increases and decreases in one dataset was
compared against the number of significant increases and decreases
in the other dataset using independent sample t-tests and a statistical
threshold of pb0.05. Likewise, the number of significant increases
was compared against the number of significant decreases within
each dataset using paired sample t-tests and a statistical threshold
of pb0.05.
Brain areas individuation
From the SPM output, i.e. the list of MNI coordinates of the areas

showing significant increases or decreases, we derived the corre-
sponding areas using the Automated Anatomical Labeling (AAL)
atlas as implemented in Pickatlas software (http://fmri.wfubmc.edu/
software/PickAtlas).
Table 2
Number of significant differences in each subject.

pb0.05 FWE Pb0.01

Increases Decreases Increase

Beijing 7.16 (4.67) 2.68 (3.14) 3.25 (2.7
Cambridge 7.77 (4.42) 2.71 (2.80) 3.73 (3)
Mean 7.46 (4.54) 2.69 (2.97) 3.49 (2.8
p* 0.344 0.943 0.239

Mean and standard deviation (in brackets) are reported for each dataset (Cambridge, Beijin)
Increases: average number of significant increases (with an extent threshold of 10 voxels) i
decreases (with an extent threshold of 10 voxels) in each subject relative to their control g
Results

Number of significant clusters in each subject

We compared each subject with 16 gender- and age-matched con-
trols and then computed the average number of significant clusters
using three different statistical thresholds (pb0.05 FWE corrected;
pb0.01 FWE corrected; pb0.001 FWE corrected). Table 2 reports
the average number of clusters in each subject relative to their control
group, for increases and increases separately, as a function of the sta-
tistical threshold.

pb0.05 FWE corrected
Using a statistical threshold of pb0.05 FWE corrected, single sub-

jects showed an average of 7.46 (±4.54) significant increases in gray
matter volume relative to their control group. A direct comparison
indicated that the number of increases did not differ between the
Beijing (7.16±4.67) and Cambridge (7.77±4.42) datasets (two in-
dependent sample t-test, t value=0.948, df=198, p-value=0.344).
In addition, single subjects showed an average of 2.69 (±2.97) signif-
icant decreases in gray matter volume relative to their control group.
Again, the number of decreases did not differ between the Beijing
(2.68±3.14) and Cambridge (2.71±2.80) datasets (two indepen-
dent sample t-test, t value=0.071, df=198, p-value=0.943). In con-
trast the number of increases was significantly greater than the
number of decreases (Paired sample t-test, t value=30.10, df=199,
p-valueb0.001).

pb0.01 FWE corrected
Using a statistical threshold of pb0.01 FWE corrected, single sub-

jects showed an average of 3.49 (±2.87) significant increases relative
to the control group. A direct comparison indicated that this number
did not differ between the Beijing (3.25±2.73) and Cambridge
(3.73±3) datasets (two independent t-test, t value=1.18, df=198,
p-value=0.239). In addition, single subjects showed an average of
0.87 (±1.43) significant decreases relative to the control group.
Again, this number did not differ between the Beijing (0.89±1.51)
and Cambridge (0.85±1.37) datasets (two independent sample
t-test, t value=−0.196, df=198, p-value=0.845). In contrast the
number of increases was significantly greater than the number of de-
creases (Paired sample t-test, t value=12.309, df=199, p-value=
pb0.001).

pb0.001 FWE corrected
Using a statistical threshold of pb0.001 FWE corrected, single sub-

jects showed an average of 0.95 (±1.27) significant increases in gray
matter volume relative to their control group. A direct comparison in-
dicated that this number did not differ between the Beijing (0.82±
1.2) and Cambridge (1.08±1.32) datasets (two independent sample
t-test, t value=1.45, df=198, p-value=0.149). In addition, single
subjects showed an average of 0.08 (±0.34) significant decreases in
gray matter volume relative to their control group. Again, this
FWE Pb0.001 FWE

s Decreases Increases Decreases

3) 0.89 (1.51) 0.82 (1.20) 0.08 (0.3)
0.85 (1.37) 1.08 (1.32) 0.09 (0.37)

7) 0.87 (1.43) 0.95 (1.27) 0.08 (0.34)
0.845 0.149 0.838

, for each statistical threshold and for each direction. FWE: family-wise error correction;
n each subject relative to their control group; decreases: average number of significant
roup. p* = two independent sample t-test.

http://fmri.wfubmc.edu/software/PickAtlas
http://fmri.wfubmc.edu/software/PickAtlas
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number did not differ between the Beijing (0.08±0.3) and Cam-
bridge (0.09±0.37) datasets (two independent sample t-test, t
value=0.205, df=198, p-value=0.838); In contrast the number of
increases was significantly greater than the number of decreases
(Paired sample t-test, t value=9.28, df=199, p-valueb0.001).
Likelihood of detecting differences in a single subject

After establishing the average number of regions showing signifi-
cant differences, we computed the likelihood that a single subject
would show a given number of significant increases or decreases
when compared against its control group. The results are summarized
in Table 3.

As expected, the likelihood of a single subject showing significant
differences to their control group depended on the statistical thresh-
old used. For example, the likelihood of detecting at least one increase
was 93.5% at pb0.05 (corrected), 81% at pb0.01 (corrected) and 49%
at pb0.001 (corrected), whereas the likelihood of detecting at least
one decrease was 71% at pb0.05 (corrected), 36.5% at pb0.01
(corrected) and 5.5% at pb0.001 (corrected). In addition, the likeli-
hood that a single subject would show a given number of significant
differences relative to their control group was inversely related to
the value of that number. For instance, with a statistical threshold of
pb0.05 (corrected), the likelihood of detecting at least 1, 5, and 10 in-
creaseswas 93.5%, 68% and 39.5% respectively, whereas the likelihood
Table 3
Likelihood of detecting n differences in a specific subject.

Cambridge Beijing Mean likelihood

Increases Decreases Increases Decreases Increases Decreases

Pb0.05 FWE corrected
1 region 94 75 93 67 93.5% 71%
2 regions 91 60 87 49 89% 54.5%
3 regions 86 48 79 37 82.5% 42.5%
4 regions 81 35 72 29 76.5% 32%
5 regions 74 25 62 23 68% 24%
6 regions 70 18 56 18 73% 18%
7 regions 64 9 49 16 56.5% 12.5%
8 regions 58 5 46 13 52% 9%
9 regions 50 3 41 9 45.5% 6%
10 regions 43 2 36 5 39.5% 3.5%
11 regions 33 1 32 1 32.5% 1%
12 regions 23 – 23 – 23% –

13 regions 20 – 16 – 18% –

14 regions 11 – 9 – 10% –

15 regions 7 – 7 – 7% –

16 regions 3 – 4 – 3.5% –

Pb0.01 FWE corrected
1 region 84 36 78 37 81% 36.5%
2 regions 73 20 68 22 70.5% 21%
3 regions 63 5 55 14 59% 9.5%
4 regions 50 3 39 9 44.5% 6%
5 regions 41 1 32 5 36.5% 3%
6 regions 28 1 26 2 27% 1.5%
7 regions 18 – 14 – 16% –

8 regions 14 – 7 – 10.5% –

9 regions 6 – 4 – 5% –

≥10 regions 5 – 1 – 3% –

Pb0.001 FWE corrected
1 region 56 6 42 5 49% 5.5%
2 regions 31 3 23 1 27% 2%
3 regions 13 – 12 – 12.5% –

4 regions 7 – 3 – 5% –

5 regions 4 – 1 – 2.5% –

6 regions 1 – 1 – 1% –

The number of subjects showing up to one, two, three, etc. statistically significant
differences (with an extent threshold of 10 voxels) in a single subject compared to
their control group are reported for each dataset (Cambridge, Beijin), for each
statistical threshold and for each direction. The likelihood of detecting up to one,
two, three, etc. significant differences in a single subject compared to their control
group is reported in percentage. FWE: family-wise error correction.
of detecting at least 1, 5 and 10 decreases was 71%, 24%, and 3.5%
respectively.

Number of significant differences in each region

After establishing the average number of differences between a
single subject and their control group and the likelihood of detecting
a given number of significant differences in a single subject, we exam-
ined the number of clusters (within each specific region. The results
are summarized in Table 4 and represented graphically in Figs. 1 &
2. It can be seen that the number of clusters within each specific re-
gion tended to be similar for the Beijing and Cambridge datasets,
irrespective of the statistical threshold used. As expected, the number
of significant differences in a region was inversely related to the sta-
tistical threshold used; a one-way ANOVA confirmed that both the
number of increases (F=65.23, df=341, p-valueb0.001) and de-
creases (F=107.33, df=342, p-valueb0.001) varied significantly as
a function of the statistical threshold. Figs. 1 & 2 also show that
there was a large degree of variability in the total number of signifi-
cant differences from one region to another. More specifically, the
areas showing the greatest number of increases (exceeding the
third quartile of the distribution) appeared to be localized in the
neocortex and included the precentral gyrus, superior and middle
frontal gyrus, superior, middle and inferior temporal gyrus, postcentral
gyrus, parietal superior gyrus and precuneus, whereas there were
fewer differences in subcortical regions such as the parahippocampus,
hippocampus, amygdala, caudate, putamen and pallidum. Likewise, the
areas showing the greatest number of decreases tended to be localized
in the neocortex and included the superior, middle and medial frontal
gyrus, pars opercularis, insula, anterior and middle cingulum, superior
and middle temporal gyrus, postcentral gyrus, parietal superior gyrus
and precuneus.

Each region tended to show a greater number of increases than
decreases; for instance, the average number of increases per region
was 6.5±5.6 whereas the average number of decreases was 2.3±2
in pb0.05 corrected, 3±2.8 and 0.7±0.7 in pb0.01 corrected and
0.8±0.9 and 0.06±0.1 in pb0.001 corrected. It is worth nothing
that there are also regions which did not show any significant differ-
ence in any of the two hundred comparisons performed in total (see
Table 4), and that the number of these regions is greater in the case of
decreases (n=15) than increases (n=6). More specifically, regions
which did not show any increases included the right middle orbital
gyrus, right posterior cingulum, left amygdala, left cerebellum 3 L
and 10 L and right cerebellum 7b, whereas regions which did not
show any decreases included the bilateral middle orbital frontal
gyrus, bilateral amygdala, right heschl, right superior occipital gyrus,
bilateral inferior occipital gyrus, left supramarginal gyrus, right
paracentral lobule, bilateral pallidum, bilateral cerebellum 3 and
right cerebellum 8.

Likelihood of detecting local maxima in a specific region

After establishing the number of significant differences within
each specific region, we computed the likelihood that a specific region
would show significant local maxima when a single subject is
contrasted against their control group. The results are summarized
in Table 4 and represented graphically in Fig. 3.

As expected, the likelihood that a specific region would show a
given number of significant differences depended on the statistical
threshold used. The regions with the highest likelihood of showing
significant differences were located in neocortical regions, particular-
ly in the bilateral middle frontal gyrus, middle temporal gyrus and in-
ferior temporal gyrus for both decreases and increases. In the vast
majority of regions, the likelihood of increases was greater than that
of decreases; for instance, the average likelihood of detecting signifi-
cant increases in a given region was 6.5%±5.6% whereas the average



Table 4
Number of significant differences and likelihood of detecting significant differences in each region.

Pb0.05 FWE corrected Pb0.01 FWE corrected Pb0.001 FWE corrected

Increases Decreases Increases Decreases Increases Decreases

n % N % n % n % n % N %

Precentral L 18–15 16.5% 3–4 3.5% 9–4 6.5% 2–2 2% 3–0 1.5% 0–0 –

Precentral R 12–10 11% 5–2 3.5% 5–4 4.5% 3–1 2% 2–1 1.5% 1–0 0.5%
Frontal Sup L 13–14 13.5% 5–6 5.5% 8–10 9% 1–1 1% 3–3 3% 0–0 –

Frontal Sup R 13–15 14% 7–5 6% 6–7 6.5% 0–2 1% 5–1 3% 0–0 –

Frontal Sup Orb L 4–4 4% 1–3 2% 2–3 2.5% 0–2 1% 1–1 1% 0–0 –

Frontal Sup Orb R 4–2 3% 2–3 2.5% 2–2 2% 1–1 1% 2–0 1% 1–1 1%
Frontal Mid L 25–19 22% 7–3 5% 12–8 10% 2–1 1.5% 1–1 1% 0–0 –

Frontal Mid R 24–22 23% 10–6 8% 8–8 8% 1–2 1.5% 1–1 1% 0–0 –

Frontal Mid Orb L 5–4 4.5% 3–1 2% 5–2 3.5% 1–0 0.5% 0–0 – 0–0 –

Frontal Mid Orb R 11–7 9% 1–3 2% 6–4 5% 1–0 0.5% 0–2 1% 0–0 –

Frontal Inf Oper L 6–1 3.5% 4–6 5% 2–0 1% 0–3 1.5% 0–0 – 0–0 –

Frontal Inf Oper R 8–4 6% 4–5 4.5% 5–2 3.5% 0–1 0.5% 2–1 1.5% 0–0 –

Frontal Inf Tri L 7–12 9.5% 1–5 3% 5–3 4% 0–0 – 1–0 0.5% 0–0 –

Frontal Inf Tri R 11–7 9% 1–3 2% 6–4 5% 0–2 1% 1–0 0.5% 0–0 –

Frontal Inf Orb L 12–8 10% 1–2 1.5% 7–1 4% 0–0 – 1–0 0.5% 0–0 –

Frontal Inf Orb R 7–5 6% 3–1 2% 3–1 2% 1–0 0.5% 2–0 1% 0–0 –

Rolandic Oper L 3–8 5.5% 1–2 1.5% 2–3 2.5% 0–2 1% 1–0 0.5% 0–0 –

Rolandic Oper R 4–6 5% 2–5 3.5% 4–4 4% 1–0 0.5% 0–2 1% 0–0 –

Supp Mot Area L 9–8 8.5% 3–1 2% 4–4 4% 1–0 0.5% 0–0 – 0–0 –

Supp Mot Area R 10–9 9.5% 4–4 4% 3–6 4.5% 1–2 1.5% 0–1 0.5% 0–0 –

Olfactory L 0–1 0.5% 0–1 0.5% 0–0 – 0–0 – 0–0 – 0–0 –

Olfactory R 4–3 3.5% 0–2 1% 1–2 1.5% 0–1 0.5% 1–0 0.5% 0–0 –

Frontal Sup Medial L 14–9 11.5% 3–9 6% 7–3 5% 2–5 3.5% 1–1 1% 0–1 0.5%
Frontal Sup Medial R 6–8 7% 0–1 0.5% 4–4 4% 0–0 – 2–2 2% 0–0 –

Rectus L 2–7 4.5% 1–2 1.5% 0–4 2% 0–0 – 1–1 1% 0–0 –

Rectus R 3–2 2.5% 0–1 0.5% 1–0 0.5% 0–1 0.5% 1–0 0.5% 0–0 –

Insula L 11–5 8% 3–7 5% 3–0 1.5% 2–1 1.5% 2–0 1% 0–0 –

Insula R 13–2 7.5% 5–7 6% 6–2 4% 1–1 1% 1–0 0.5% 1–0 0.5%
Cingulum Ant L 7–2 4.5% 4–4 4% 1–1 1% 1–1 1% 0–0 – 0–0 –

Cingulum Ant R 2–3 2.5% 3–4 3.5% 1–2 1.5% 2–4 3% 0–2 1% 0–0 –

Cingulum Mid L 8–4 6% 3–2 2.5% 4–0 2% 0–1 0.5% 1–0 0.5% 0–0 –

Cingulum Mid R 10–8 9% 5–7 6% 6–6 6% 2–1 1.5% 0–0 – 0–0 –

Cingulum Post L 2–0 1% 1–0 0.5% 0–0 – 0–0 – 0–0 – 0–0 –

Cingulum Post R 0–0 – 3–1 2% 0–0 – 1–0 0.5% 0–0 – 0–0 –

Hippocampus L 6–4 5% 3–3 3% 5–2 3.5% 1–1 1% 1–0 0.5% 0–0 –

Hippocampus R 3–3 3% 2–2 2% 0–2 1% 1–2 1.5% 0–1 0.5% 0–0 –

Parahippocampus L 4–7 5.5% 2–3 2.5% 2–2 2% 1–1 1% 1–1 1% 1–1 1%
Parahippocampus R 7–12 9.5% 3–3 3% 3–8 5.5% 1–1 1% 1–5 3% 0–1 0.5%
Amygdala L 0–0 – 0–0 – 0–0 – 0–0 – 0–0 – 0–0 –

Amygdala R 1–1 1% 0–1 0.5% 0–0 – 0–1 0.5% 0–0 – 0–0 –

Heschl L 0–1 0.5% 2–0 1% 0–0 – 2–0 1% 0–0 – 1–0 0.5%
Heschl R 1–0 0.5% 0–0 – 0–0 – 0–0 – 0–0 – 0–0 –

Temporal Sup L 13–21 17% 3–2 2.5% 5–8 6.5% 1–0 0.5% 3–1 2% 0–0 –

Temporal Sup R 18–15 16.5% 2–4 3% 10–8 9% 0–1 0.5% 3–2 2.5% 0–1 0.5%
Temporal Pole Sup L 3–6 4.5% 1–0 0.5% 2–2 2% 0–0 – 0–0 – 0–1 0.5%
Temporal Pole Sup R 6–3 4.5% 5–3 4% 4–2 3% 2–1 1.5% 2–0 1% 0–0 –

Temporal Mid L 24–27 25.5% 10–8 9% 5–12 8.5% 3–2 2.5% 0–3 1.5% 0–0 –

Temporal Mid R 27–14 20.5% 7–8 7.5% 10–9 9.5% 1–3 2% 2–4 3% 0–0 –

Temporal Pole Mid L 4–4 4% 2–2 2% 3–0 1.5% 1–2 1.5% 1–0 0.5% 0–0 –

Temporal Pole Mid R 9–3 6% 0–3 1.5% 4–1 2.5% 0–2 1% 2–0 1% 0–0 –

Temporal Inf L 21–20 20.5% 8–6 7% 9–7 8% 1–2 1.5% 4–2 3% 0–0 –

Temporal Inf R 26–15 20.5% 4–10 7% 12–9 10.5% 1–5 3% 2–3 2.5% 0–0 –

Occipital Sup L 3–6 4.5% 2–3 2.5% 1–2 1.5% 0–2 1% 0–1 0.5% 0–0 –

Occipital Sup R 5–6 5.5% 0–0 – 3–5 4% 0–0 – 1–0 0.5% 0–0 –

Occipital Mid L 18–10 14% 8–2 5% 8–5 6.5% 2–1 1.5% 4–0 2% 0–0 –

Occipital Mid R 7–14 10.5% 3–3 3% 3–5 4% 1–1 1% 1–0 0.5% 0–0 –

Occipital Inf L 7–8 7.5% 0–0 – 4–4 4% 0–0 – 3–1 2% 1–0 0.5%
Occipital Inf R 7–8 7.5% 0–0 – 3–3 3% 1–0 0.5% 1–0 0.5% 0–0 –

Calcarine L 8–5 6.5% 2–0 1% 3–3 3% 1–0 0.5% 3–3 3% 0–0 –

Calcarine R 5–8 6.5% 1–0 0.5% 4–4 4% 0–0 – 1–4 2.5% 0–0 –

Cuneus L 2–4 3% 0–3 1.5% 1–2 1.5% 1–0 0.5% 1–0 0.5% 0–0 –

Cuneus R 7–8 7.5% 7–0 3.5% 2–4 3% 0–0 – 2–1 1.5% 0–0 –

Lingual L 8–9 8.5% 4–2 3% 2–5 3.5% 0–1 0.5% 0–1 0.5% 0–0 –

Lingual R 15–11 13% 2–3 2.5% 9–7 8% 2–0 1% 0–2 2% 0–0 –

Fusiform L 13–14 13.5% 3–4 3.5% 5–5 5% 1–1 1% 3–3 3% 0–0 –

Fusiform R 10–11 10.5% 6–4 5% 5–5 5% 3–4 3.5% 3–2 2.5% 0–0 –

Postcentral L 18–10 14% 6–2 4% 12–5 8.5% 2–1 1.5% 3–2 2.5% 0–0 –

Postcentral R 10–11 10.5% 2–4 3% 9–7 8% 0–2 1% 1–3 2% 0–0 –

Parietal Sup L 15–9 12% 1–2 1.5% 10–7 8.5% 1–0 0.5% 2–2 2% 0–0 –

Parietal Sup R 10–3 6.5% 2–3 2.5% 8–0 4% 2–1 1.5% 0–0 – 0–0 –

Parietal Inf L 7–16 11.5% 6–5 5.5% 2–6 4% 2–0 1% 1–1 1% 0–0 –

(continued on next page)
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Table 4 (continued)

Pb0.05 FWE corrected Pb0.01 FWE corrected Pb0.001 FWE corrected

Increases Decreases Increases Decreases Increases Decreases

n % N % n % n % n % N %

Parietal Inf R 11–3 7% 4–3 3.5% 7–1 4% 0–1 0.5% 0–1 0.5% 0–0 –

Supramarginal L 10–9 9.5% 0–0 – 4–4 4% 0–0 – 2–1 1.5% 0–0 –

Supramarginal R 6–9 7.5% 3–4 3.5% 5–2 3.5% 1–1 1% 0–0 – 0–0 –

Angular L 7–7 7% 2–3 2.5% 5–3 4% 1–1 1% 0–0 – 1–0 0.5%
Angular R 5–8 6.5% 3–3 3% 2–2 2% 0–1 0.5% 0–0 – 0–1 0.5%
Precuneus L 19–13 16% 7–6 6.5% 12–12 12% 1–1 1% 5–0 2.5% 0–0 –

Precuneus R 10–14 12% 6–4 5% 6–6 6% 1–1 1% 2–1 1.5% 0–0 –

Paracentral Lobule L 5–4 4.5% 2–0 1% 1–2 1.5% 0–0 – 1–0 0.5% 0–0 –

Paracentral Lobule R 5–0 2.5% 0–0 – 0–0 – 0–0 – 0–0 – 0–0 –

Caudate L 0–2 1% 4–1 3% 0–0 – 1–0 0.5% 0–0 – 1–0 0.5%
Caudate R 3–2 2.5% 0–1 0.5% 0–0 – 0–0 – 0–0 – 1–0 0.5%
Putamen L 3–3 3% 1–2 1.5% 2–1 1.5% 1–0 0.5% 0–0 – 0–0 –

Putamen R 1–3 2% 3–4 3.5% 0–2 1% 1–1 1% 0–1 0.5% 0–0 –

Pallidum L 0–1 0.5% 0–0 – 0–1 0.5% 0–0 – 0–0 – 0–0 –

Pallidum R 0–1 0.5% 0–0 – 0–1 0.5% 0–0 – 0–0 – 0–0 –

Thalamus L 1–1 1% 0–2 1% 0–0 – 0–0 – 0–0 – 0–0 –

Thalamus R 2–3 2.5% 0–1 0.5% 1–2 1.5% 0–0 – 0–1 0.5% 0–0 –

Cerebelum Crus 1 L 9–9 9% 3–1 2% 6–5 5.5% 0–0 – 2–1 1.5% 0–0 –

Cerebelum Crus 1 R 2–7 4.5% 6–2 4% 2–5 3.5% 1–1 1% 0–0 – 0–0 –

Cerebelum Crus 2 L 2–7 4.5% 0–2 1% 2–1 1.5% 1–0 0.5% 2–0 1% 0–0 –

Cerebelum Crus 2 R 4–3 3.5% 1–2 1% 1–2 1.5% 0–1 0.5% 0–0 – 0–1 0.5%
Cerebelum 3 L 0–0 – 0–0 – 0–0 – 0–0 – 0–0 – 0–0 –

Cerebelum 3 R 0–1 0.5% 0–0 – 0–1 0.5% 0–0 – 0–0 – 0–0 –

Cerebelum 4–5 L 4–2 3% 1–3 2% 3–0 1.5% 0–0 – 0–0 – 0–0 –

Cerebelum 4–5 R 2–3 2.5% 2–1 1.5% 0–0 – 1–0 0.5% 0–0 – 0–0 –

Cerebelum 6 L 3–5 4% 1–1 1% 0–2 1% 1–0 0.5% 0–2 1% 0–0 –

Cerebelum 6 R 3–4 3.5% 1–0 0.5% 0–2 1% 0–0 – 0–1 0.5% 0–0 –

Cerebelum 7b L 2–1 1.5% 3–0 1.5% 0–1 0.5% 0–0 – 0–1 0.5% 0–0 –

Cerebelum 7b R 0–0 – 1–1 1% 0–0 – 0–1 0.5% 0–0 – 0–0 –

Cerebelum 8 L 4–6 5% 2–1 1.5% 2–1 1.5% 0–0 – 1–1 1% 0–0 –

Cerebelum 8 R 7–8 7.5% 0–0 – 1–3 2% 0–0 – 0–1 0.5% 0–0 –

Cerebelum 9 L 4–8 6% 3–0 1.5% 2–1 1.5% 0–0 – 1–0 0.5% 0–0 –

Cerebelum 9 R 1–2 1.5% 1–0 0.5% 0–0 – 1–0 0.5% 0–0 – 0–0 –

Cerebelum 10 L 0–0 – 0–0 – 0–0 – 0–0 – 0–0 – 0–0 –

Cerebelum 10 R 1–1 1% 1–0 0.5% 1–1 1% 0–0 – 1–0 0.5% 0–0 –

Vermis 7–5 6% 0–3 1.5% 2–0 1% 0–2 1% 2–0 1% 0–0 –

n denotes the raw number of statistically significant differences (with an extent threshold of 10 voxels) in each region for each dataset (Cambridge, Beijin), for each statistical threshold
and for each direction. The first number refers to results obtained with the Cambridge dataset, the second number refers to the results obtained with the Beijing dataset. % denotes the
likelihood of detecting significant differences in a specific region; FWE: family-wise error correction; R: right; L: left.
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likelihood of detecting a significant decrease was 2.3%±2% in pb0.05
corrected, 3%±2.8% in pb0.01 corrected and 0.06%±0.1% in pb0.001
corrected.

Impact of smoothing

The above results were obtained using GM images smoothed with
an 8-mm FWHM Gaussian kernel. Consistent with previous studies
(Salmond et al., 2002; Viviani et al., 2007), we repeated the analyses
using GM images smoothed with 4-mm and 12-mm FWHM Gaussian
kernels. A full description and graphical representation of these addi-
tional results are provided in the Supplementary material. In order to
assess whether smoothing had a significant impact on the number of
significant differences, a repeated measure analysis of variance
(ANOVA) was performed. Group (two levels: Cambrigde and Beijing)
was used as a between-subject factor, and Smoothing (three levels:
4 mm, 8 mm and 12 mm), Threshold (three levels: p=0.05, p=0.01
and p=0.001 FWE corrected) and Direction (two levels: increase and
decrease) were entered as a within-subject factors. This analysis re-
vealed a significant main effect of Smoothing (F[2;396]=7.03; p=
0.0009), Threshold (F[2;396]=437,33; pb0.0001) and Direction
(F[1;198]=699.75; pb0.0001), but not of Group (F[1;198]=0.53; p=
0.58). Neuman–Keuls post-hoc comparisons indicated that the number
of significant differences in single subjects relative to their control
group was smaller for 8-mm than 4-mm smoothing (p=0.03) and for
12-mm than 4-mm smoothing (p=0.0005) but did not differ between
8-mm and 12-mm smoothing (p=0.1). The effect of smoothing on the
number of significant differences did not differ between the Beijing
and Cambridge datasets (p>0.05) and furthermore there was no signif-
icant Smoothing×Group interaction (F[2;396]=0.53; p=0.58).

In addition, there was a significant Smoothing×Direction interac-
tion (F[2;396]=152.16; pb0.0001). Newman–Keuls post-hoc compar-
isons showed that number of significant increases in single subjects
compared to their control group became smallerwith higher smoothing
(p-valueb0.001 for the comparison between 4 mm and 8 mm smooth-
ing; p-valueb0.001 for the comparison between 4 mm and 12 mm
smoothing; p-valueb0.001 for the comparison between 8 mm and
12 mmsmoothing), whereas the number of significant decreases in sin-
gle subjects compared to their control group showed the reverse effect
(p-valueb0.001 for the comparison between 4 mm and 8 mm smooth-
ing; p-valueb0.001 for the comparison between 4 mm and 12 mm
smoothing; p-valueb0.001 for the comparison between 8 mm and
12 mmsmoothing). The effect of smoothing on the number of increases
and decreases did not differ between the Beijing and Cambridge
datasets (p>0.05 for each comparison) and furthermore there was
no significant Smoothing×Direction×Group interaction (F[3;396]=
0.13; p=0.87).

Impact of modulation

In order to examine the impact of modulation on the results, we
repeated the analyses using unmodulated GM images smoothed



Fig. 1. Total number of significant increases for each region and statistical threshold in the single subject VBM analyses. A = frontal lobe; B = subcortical structures; C = temporal
lobe; D = cerebelum; E = parieto–occipital lobe.
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with a 8-mm FWHM Gaussian kernel. A full description and graphi-
cal representation of these additional results are provided in the
Supplementary material. In order to assess whether modulation
had a significant impact on the number of significant differences, a
repeated measure analysis of variance (ANOVA) was performed.
Group (two levels: Cambrigde and Beijing) was used as a
between-subject factor, and Modulation (two levels: modulated vs.
unmodulated images), Threshold (three levels: p=0.05, p=0.01
and p=0.001 FWE corrected) and Direction (two levels: increase and
decrease) were entered as a within-subject factors. This analysis re-
vealed a significant main effect of Modulation (F[1;198]=6.18; p=
0.01; 3.13±3.63 vs 2.59±3.60 significant differences for unmodulated
and modulated data respectively), Threshold (F[2,396]=772,12;
pb0.0001; 5.34±4.47 vs 2.53±2.72 vs. 0.71±1.14 significant
differences for p=0.05, p=0.01 and p=0.001 FWE corrected
respectively) and Direction (F[1;198]=94.71; pb0.0001; 3.38±3.89
vs. 2.33±3.26 significant differences for increase and decrease
respectively), but not of Group (F[1;198]=0.39; p=0.52). The
Modulation×Group interaction was not significant (F[1;198]=
0.25; p=0.61) indicating that the effect of modulation on the
number of significant differences did not differ between the
Beijing and Cambridge dataset. However, there was a significant
Modulation×Direction interaction (F[1;198]=262.80; pb0.0001).
Newman–Keuls post-hoc comparisons showed that there was a
significant difference between number of increases and decreases
in single subjects compared to their control group for both modulated
and unmodulated data. However, the number of significant increases
was higher than the number of significant decreases for modulated



Fig. 2. Total number of significant decreases for each region and statistical threshold in the single subject VBM analyses. A = frontal lobe; B = subcortical structures; C = temporal
lobe; D = cerebelum; E = parieto–occipital lobe.

184 C. Scarpazza et al. / NeuroImage 70 (2013) 175–188
data (3.96±4.16; 1.21±2.20 respectively, pb0.001), whereas the
opposite was true for unmodulated data (2.80±3.5; 3.46±3.73
respectively pb0.001).

Discussion

Previous investigations had examined the impact of non-normality on
the validity of VBM studies and identified smoothing and unbalancedness
as critical parameters (Salmond et al., 2002; Viviani et al., 2007). Here we
expanded these results by empirically estimating the likelihood of
detecting significant neuroanatomical differences in the general popula-
tion. Our specific aim was to report the number of detected 10-voxel dif-
ferences for different corrected voxel-wise significance thresholds (rather
than comparing empirical family-wise error rates to theoretical ones).
This was achieved by comparing disease-free single subjects against
gender- and age-matched healthy controls using different statistical
thresholds. In contrastwith previous investigations,we used an optimiza-
tion of the standardVBMapproachwhich is thought to improve accuracy;
we preprocessed the data both with and without modulation and inves-
tigated the impact of this variable on the results; we examined significant
difference in each cortical and sub-cortical region independently; we
characterized increases and decreases in gray matter volume separately;
and we repeated our analysis using two large independent datasets.

Consistentwith ourfirst hypothesis, we detected a number of signif-
icant differences in single subjects relative to controls using a standard
statistical threshold of pb0.05 (corrected); for instance the likelihood of
a single subject showing at least one significant difference was as high
as 93.5% for increases and 71% for decreases. This aspect of our results
suggests that, when comparing a single neurological or psychiatric pa-
tient against a group of controls, the chance of detecting a significant

image of Fig.�2


Fig. 3. Areas showing different percentages of significant differences (at least 10 voxels cluster) in the single subject VBM analyses. Increases and decreases in a single subject rel-
ative to their control group are shown separately using statistical thresholds of pb0.05 FWE corrected, pb0.01 FWE corrected and pb0.001 FWE corrected. (A) shows increases at
pb0.05 corrected; (B) shows decreases at pb0.05 corrected; (C) shows increases at pb0.01 corrected; (D) shows decreases at pb0.01 corrected; (E) shows increases at pb0.001
corrected and (F) shows decreases at pb0.001 corrected.

185C. Scarpazza et al. / NeuroImage 70 (2013) 175–188
difference which is not related to the disorder under investigation is
muchhigher than previously expected. This is an important observation
since previous single case VBM studies typically used a standard statis-
tical threshold of pb0.05 (corrected) and interpreted any significant
differences in terms of neuropathology. We also found that the number
of significant differences decreased with the use of more conservative
statistical thresholds; for instance the likelihood of a single subject
showing at least one significant difference decreased to 49% for in-
creases and 5.5% for decreases when using a statistical threshold of
pb0.001 (corrected). However, changes in the statistical threshold
were associated with proportionally smaller changes in the number of
significant differences; for example, a 50-fold reduction in the statistical
threshold (from pb0.05 to pb0.001) resulted in a 1.9-fold reduction in
the likelihood of a single subject showing at least one significant differ-
ence (from 93.5% to 49%). This aspect of our results might be explained
by the fact that parametric assumptions become more critical as one
moves along the tail of the distribution.

Consistent with our second hypothesis, we found that significant
differences were not equally distributed across the 110 areas of the
AAL atlas. More specifically, both increases and decreases were more
likely to be expressed in the neocortex, particularly the frontal and tem-
poral lobes. The interpretation of significant differences in these regions
when comparing a single subject against a group of controls should
therefore be particularly cautious. The temporal and frontal lobes
sub-serve higher cognitive functions that distinguish humans from
nonhuman primates and are associated with high expansion in
human postnatal development. More specifically, these regions coordi-
nate purposeful behavior towards reaching higher-level goals (Asplund
et al., 2010; Bocková et al., 2007), high levels of social information pro-
cessingmetacognitive introspective abilities (Adolphs, 2009; Fleming et
al., 2010), language (Miller and Cohen, 2001), semantic (Olson et al.,
2007) and declarative memory (Gour et al., 2011), and comprehension
of other'smental state (Jimura et al., 2010). All these abilitieswidely dif-
fer among individuals and such differences in cognition are known to be
associated with quantitative differences in the neocortex (Carreiras et
al., 2009; Casey et al., 2000, 2005; Draganski et al., 2004; Fleming et
al., 2010; Scholz et al., 2009). Nevertheless, the high number of signifi-
cant differences detected in the present study is most unlikely to be
due solely to individual variability in neuroanatomy; this is because
such variability would not only allow single subjects to be more distant
from their control group but also inflate the standard variance estimat-
ed from the controls, with the two effects cancelling each other out. An
alternative possibility is that the higher number of significant effects in
the temporal and frontal regions is the result of less accurate spatial reg-
istration in these areas. Future studies could examine this by testing for
a correlation between the number of detected significant differences
across different regions and the spatially varying registration accuracy.
A possible solution could be the use of more advances registration algo-
rithms which use local image structure, as opposed to intensity infor-
mation, to detect complex image relationships (Mellor and Brady,
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2004, 2005). Again, it is most unlikely the high number of significant
differences detected in the present study is due solely to artifacts intro-
duced during the spatial registration of the images, since such artifacts
would not only make single subjects more different from their control
group but also inflate the standard variance estimated from the con-
trols. The most likely possibility is that the high number of significant
differences is related to the interaction of non-normality with random
field theory (Salmond et al., 2002; Viviani et al., 2007). A solution
could be the use of transformation strategies to achieve conformity to
normality and minimize false positive rate, as demonstrated by
Salmond et al. (2002) and Viviani et al. (2007) respectively; a logit
transformation however requires probability values of gray matter
maps to lie between 0 and 1 and therefore is not appropriate for modu-
lated data which often have values above 1. Another solution could be
the use of non-parametric analytical methods (Nichols and Holmes,
2002) which do not require the data to be normally distributed and
have been employed successfully in the context of VBM (Bendfeldt et
al., 2010). For instance, the statistical non-parametric mapping toolbox
SnPM (SnPM, http://www.nitrc.org/projects/snpm/) and the FSL soft-
ware (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) could be used to analyze
the data using permutation theory instead of randomfield theory. How-
ever, the use of standard permutationmethodsmay not allow the com-
parison of a single case against a control group of 16 subjects, because
the relatively small number of controls would not provide enough per-
mutations for an accurate p-value to be computed.

Following previous studies (Salmond et al., 2002; Viviani et al.,
2007), we also examined the impact of smoothing on the results. Con-
sistent with our prediction, the chance of detecting a significant dif-
ference between a single subject and their control group decreases
with a higher degree of smoothing; this replicates previous reports
that smoothing is at least partially effective in reducing the impact
of deviation from normality (Salmond et al., 2002; Viviani et al.,
2007). In addition, there was a significant interaction between
smoothing and the direction of the effect, with the number of signif-
icant increases becoming smaller with higher smoothing and the
number of significant decreases showing the reverse effect. This un-
expected aspect of our results suggests that non-normality of the
data may have been responsible for a larger proportion of increases
than decreases (because smoothing reduces the proportion of voxels
which violate the assumption of normality as shown in Salmond et al.,
2002).

We also found that the likelihood of detecting significant increases
in a single subject relative to their control group was higher than that
of detecting significant decreases. This was not in line with a previous
study which found higher false positive rates for decreases than in-
creases (Salmond et al., 2002). This apparent inconsistency could be
explained by the fact that we employed the modulation step, which
involves multiplying the spatially normalized gray matter by its rela-
tive volume before and after spatial normalization, and therefore our
results were based on the absolute volume of gray matter (Mechelli et
al., 2005), whereas Salmond et al. used unmodulated data and there-
fore their results were based on gray matter density i.e. the propor-
tion of gray matter to all tissue types within a region. Consistent
with this explanation, when we repeated the statistical analyses
using unmodulated data, we found that the likelihood of detecting
significant decreases in a single subject relative to their control
group was indeed higher than that of detecting significant increases.
In addition, the interaction between the use of modulation and the di-
rection of the differences was significant, suggesting that the multi-
plication of the spatially normalized gray matter by its relative
volume before and after spatial normalization may have an impact
on the non-normality of the data.

A significant strength of the present study is that we repeated our
analysis using two independent datasets acquired from Caucasian and
Chinese participants in Cambridge and Beijing respectively. Overall
the results were consistent, with no significant differences in the
number of significant differences per subject between the two datasets.
While this provides some support to the generalizability of our results
to other research centers, it should be noted that both datasets were ac-
quired using a 3 T MRI system. The extent to which these results apply
to different field strengths is therefore unclear from the present data.

The results of the present investigation have important implica-
tions for future single case structural neuroimaging studies. More
specifically, they provide an empirical estimation of the number of
significant differences to be expected when comparing a disease-
free individual against a group of age- and gender-matched controls.
This information could inform the interpretation of future single case
VBM studies of psychiatric or neurological patients. For example, the
likelihood of detecting 1 cluster showing a significant decrease in
gray matter volume in a single subject relative to their control
group at pb0.05 (corrected) is 71% within the healthy population;
thus it may be misconceived to interpret such result as a neuropath-
ological correlate of the neurological or psychiatric disorder under
investigation. In contrast, the likelihood of detecting 15 clusters
showing a significant decreases in gray matter volume in a single
subject relative to their control group at pb0.05 (corrected) is esti-
mated to be 0% in the healthy population; such result would there-
fore be best attributed to the disorder under investigation. The
results of our investigation could be particularly useful for the as-
sessment of mental insanity in a forensic setting. Such assessment
is made complicated by the fact that psychiatric symptoms can be
easily faked or exaggerated and that most defendants assessed for
mental insanity do not have a previous psychiatric history. One strat-
egy for dealing with malingering of psychiatric disorders consists in
validating the reported symptoms with an anatomo-clinical correla-
tion (Rogers, 2008); the results of the present investigation could be
used to inform the use of structural neuroimaging to perform such
validation in a forensic context (Rigoni et al., 2010; Sartori et al.,
2011).

The present study has a number of limitations. Firstly, our results
are based on the assumption that all subjects were free from neuro-
logical or psychiatric disorders. While it is true that none of the par-
ticipants had received a neurological or psychiatric diagnosis, we
cannot exclude the possibility that some of them had developed
undetected clinical symptoms associated with neuroanatomical alter-
ations. This however is most unlikely to account for our results, since
any undiagnosed illness would most likely concern only a fraction of
our sample whereas we detected significant differences in the vast
majority of subjects. Secondly, we used a control group of 16 subjects
and therefore the empirical estimates reported in Tables 2–4 are spe-
cific to studies using this sample size. In contrast the sample size of
previous single case VBM studies has been highly variable and has
ranged from as few as 6 to as many as 140 subjects (Table 1). Thirdly,
the present investigation focused on single case studies and therefore
could not provide any information in false positive rates in group
studies. Given a previous report of higher false positive rates in unbal-
anced than balanced designs (Salmond et al., 2002), it would be inter-
esting to examine how false positive rates vary as a function of
sample size in future studies. Fourthly, while subjects in the Beijing
dataset were ethnically homogeneous, information about ethnicity
was not available for the Cambridge dataset. However, it is highly un-
likely that ethnic heterogeneity can account for our results given that
these did not differ between the two datasets. A final limitation is that
for practical reasons we have restricted our investigation to the use of
FWE correction for multiple comparisons; this type of correction was
preferred because it has been adopted in the vast majority of single
case VBM studies (see Table 1). However it is important to acknowl-
edge that there are other types of correction (e.g. False Discovery
Rate) which might yield different patterns of results.

In summary, the present study provides evidence that, when
comparing a single neurological or psychiatric patient against a
group of controls with VBM, the chance of detecting a significant
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difference which is not related to the disorder under investigation is
much higher than previously expected. Interpretation of the results
of single case studies should be particularly cautious in the case of
significant differences in temporal and frontal lobes, where false pos-
itive rates appear to be highest. Ironically, these are also the areas of
the brain which are typically affected in most psychiatric and neuro-
logical disorders, further complicating the interpretation of the
results of single case studies in these clinical populations. Neverthe-
less, the empirical estimation of the number of significant differences
in single case studies provided here could be used to inform the in-
terpretation of future single case VBM studies of psychiatric or neu-
rological patients. A final consideration is that the present study
used two freely available datasets from the NITRC database. Another
recent investigation also used datasets from the NITRC database to
investigate the validity of parametric analysis of functional MRI
data (Eklund et al., 2012). We believe that these two examples well
illustrate the potential of sharing large datasets for accelerating re-
search about the human brain.
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