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Abstract

Aim—Voxel-based morphometry analysis of neurological disorders would benefit if it could use
data acquired from different scanners, but scanner based contrast variation could interfere with the
detection of disease-specific structural abnormalities. In this study we examine MRI data from three
different sites to investigate structural differences between childhood absence epilepsy (CAE)
subjects and controls.

Methods—T1-weighted structural MRI scans were acquired from: Site A. 10 CAE, 213 controls;
Site B. 15 CAE, 33 controls; and Site C. 19 CAE, 11 controls. The images were processed using the
optimised VBM protocol. Three statistical analyses were undertaken: (1) Comparisons of CAE
subjects and controls stratified by site. (2) Between-site comparison of controls from each site. (3)
Factorial analysis of all data with site and disease status as factors.

Results—Consistent regions of structural change, located in the thalamic nuclei, were observed in
the within-site analysis of CAE vs controls. Analysis of control scans, however, indicated site-

specific differences between controls, which required that we adjust for site in combined analyses.
Analysis of all data with adjustment for site confirmed the finding of thalamic atrophy in CAE cases.

Conclusion—Combined VBM analysis of structural MRI scans acquired from different sites yield
consistent patterns of structural change in CAE when site is included as a factor in the statistical
analysis of the processed images. In MRI studies of diseases where only a limited number of subjects
can be imaged at each site, our study supports the possibility of effective multi-site studies as long
as both disease subjects and healthy controls are acquired from each site.
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Introduction

Clinical studies recruiting subjects from multiple sites have always been a powerful way of
studying disease. MRI is the imaging modality of choice to determine brain abnormalities
associated with a neurological disorder. One of the most widely used objective techniques for
the investigation of structural changes using MRI is voxel-based morphometry (VBM).
However, the use of multiple imaging centres in MRI studies has been limited by concerns
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over inter-site variability due to technical differences in MR scanner hardware and acquisition
parameters.

The major problem is that differences between the scanners including field-strength effects,
differences in imaging sequence parameters, radio-frequency (RF) coils and non-linear
gradient fields may lead to regionally heterogenous contrast variation in the acquired MRI
scans. These variations in contrast may specifically affect the VBM analysis and show changes
in regions that cannot be distinguished from real biological effects associated with the disease
being studied.

Childhood absence epilepsy (CAE) is a common form of childhood epilepsy that is easily
recognized and thus ideally suited to studying inter-site variation as sufficient numbers of CAE
subjects can be easily recruited at multiple sites. Typically, structural MRI’s in these patients
show no obvious abnormalities on visual inspection; however, subtle abnormalities,
specifically statistically demonstrable thalamic atrophy have been revealed by quantitative
analysis of groups of patients (Chan et al., 2006).

Our primary aim in this paper is to test the validity of using VBM to analyse images acquired
at three sites imaged with different scanners, including different field strength, if we explicitly
model the site as a factor in the statistical analysis of the acquired data. We use control MRI
data from three different sites to determine site-specific variations due primarily to these
technical factors. We investigate the relative magnitude of differences attributable to site
factors as compared with differences due to the biology of CAE.

At all three sites, the diagnosis of CAE was based on t he criteria of the International League
Against Epilepsy classification of epilepsy syndromes (1989). It was applied by at least two
experienced epileptologists at all sites as described in Chan et al. (2006) (Site A) and Berg et
al. (1999) (Site B and Site C).

Site A (Austin Hospital, Australia)—10 subjects with CAE (9 female, 18+9 years) were
recruited through the First Seizure Clinic, the EEG laboratory and the private practices of the
clinical investigators. All CAE subjects had typical electroclinical features for CAE at the time
of diagnosis. Mean age of onset of seizures was 6+3 years. The patients were scanned between
0-11 years after seizure onset. 213 controls (115 female, mean age 34+13 years) were imaged
at the same site. All subjects, or their parent or guardian in the case of minors, gave written
informed consent.

Site B (Yale Hospital, U.S.A.)—15 subjects with CAE (6 female, mean age 15+2 years)
were recruited for the Connecticut Study of Epilepsy in Children (Berg etal., 2008). 33 controls
(16 female, mean age 18+5 years) were imaged at the same site.

Site C (Hartford Children’s Hospital, Connecticut, U.S.A.)—19 subjects with CAE
(13 female, mean age 15+2 years) were recruited for the Connecticut Study of Epilepsy in
Children (Berg et al., 2008). 11 controls (4 female, mean age 16+5 years) were imaged at the
same site.

All controls were considered to be neurologically normal, without any history of epilepsy,
neurologic disorders or other major medical illness, and written informed consent of adult
subjects or written parental permission and assent of minor were obtained as required by the

Neuroimage. Author manuscript; available in PMC 2008 December 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pardoe et al.

MR imaging

Page 3

Institutional Review Board of record at each site. Ethics approval for the scans of controls and
patients were obtained from the relevant authorities.

Site A—Subjects were imaged on a 3T GE Signa LX whole-body scanner (General Electric,
Milwaukee, WI, USA). A whole-brain T1-weighted coronal 3D fast spoiled gradient recovery
(FSPGR) sequence was used (TE = 1.9ms, TR =9ms, Tl = 500ms, flip angle 20°, matrix size
512 x 256, FOV = 25 x 17.5cm, head transmit/receive coil) with contiguous coronal slices of
2mm thickness. All MRI scans were reviewed by an experienced neuroradiologist and reported
as normal.

Site B—Subjects were imaged on a 1.5T Siemens Sonata MR scanner (Siemens, Erlangen,
Germany). Structural MRI was obtained using a whole-brain T1-weighted coronal 3D MP-
RAGE sequence acquisition (TE =4.38ms, TR =1730ms, T1 =1100ms, flip angle = 15°, matrix
size =256 x 256, FOV = 27cm, body transmit/head receive coil) with contiguous coronal slices
of 1.6mm thickness. All MRI scans were reviewed by an experienced neuroradiologist and
reported as normal.

Site C—Subjects were imaged ona 1.5T GE Signa MR scanner (General Electric, Milwaukee,
WI, USA). A whole-brain T1-weighted coronal 3D spoiled gradient recovery (SPGR) sequence
was used (TE = 2.64ms, TR = 13.76ms, Tl = 450ms, flip angle = 20°, matrix size = 256 x 192,
FOV = 27 x 18cm, head transmit/receive coil) with contiguous coronal slices of 1.6mm
thickness. All MRI scans were reviewed by an experienced neuroradiologist and reported as
normal.

Image analysis

Voxel-based morphometry—The acquired images were pre-processed using the
optimised VBM protocol (Good et al., 2001). Unless otherwise specified, 10mm Gaussian
FWHM smoothing was applied to the gray-matter segment and the smoothed, modulated gray-
matter (GM) segments were compared. In all of the subsequent comparisons age, gender and
total intracranial volume (T1V) are included as covariates in the analysis. TIV was calculated
as the sum of the gray-matter (GM), white-matter (WM) and CSF segments, over the whole
brain.

Individual site analyses: CAE and control data GM concentration images from each site were
compared using a two-sample t-test. The resulting maps of the test statistic were thresholded
at p < 0.05 uncorrected for multiple comparisons. This threshold was chosen to deliberately
overestimate the number of voxels in which there are significant differences i.e. there are likely
to be a number of “active’ voxels in these SPMs (statistical parametric maps) that are false
positives. The SPMs from these individual analyses were used to generate a penetrance map.
The penetrance map was constructed by using a look up table that colours the voxel according
to how many of the three sites show a significant GM concentration change. In this way we
can identify voxels in which all three individual site analyses show a significant GM
concentration change at the specified threshold.

Across-site control analysis: Differences between sites were investigated by comparing
control GM concentration images from the different sites using a voxel-wise two-sample t-test.
These analyses were thresholded at p < 0.05 with FWE correction for multiple comparisons.

Combined site analysis: The GM concentration was modelled as a factorial design with site
and epilepsy type (i. e. CAE and controls) as factors. By modelling the data in this way we
were able to investigate the differences in GM distribution between CAE subjects and controls
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after adjustment for inter-site differences in imaging equipment and acquisition parameters.
The analysis was thresholded at p < 0.05 with family-wise error (FWE) correction for multiple
comparisons. To test the impact of design balance on the VBM analysis, an analysis was
undertaken with a reduced number of controls from Site A (33 controls). In order to examine
the influence of smoothing kernel, the combined site analysis was repeated using 6mm and
16mm smoothing of the normalised, modulated GM segments. In order to test for the influence
of the modulation step of optimised VBM, the analysis was repeated using normalised
unmodulated GM segments smoothed with a 10mm FWHM Gaussian smoothing kernel. For
the unmodulated VBM analysis, TIV was not included as a covariate due to the inherent
correction for brain volume provided by spatial normalisation.

Thalamic GM concentration changes: The effect of site and CAE status on thalamic GM
concentration was further investigated by creating a thalamic mask using the anatomical
automated labeling toolbox (Tzourio-Mazoyer et al., 2002) and measuring the mean GM value
in the thalamic mask from each beta (regressor) image representing the effect of interest (site
and epilepsy status). A similar process was undertaken on the analysis in which data from all
three sites was pooled together. Finally the mean change in thalamic GM concentration was
calculated for the analysis in which site was included as a factor (analysis (ii) above) by
measuring the mean GM value in the thalamic mask from a contrast image representing (a)
controls from all three sites and (b) CAE subjects from all three sites. The standard error of the
mean (o/Vn) associated with each measurement described in the previous paragraph was
estimated by dividing the image representing the effect of interest by its corresponding test
statistic image voxel-wise.

Variation of test statistic with sample size for single vs multi-site data—The value
of including extra sites in the VBM analysis was investigated by measuring the test statistic in
the thalamic region of interest as a function of the number of control subjects from site A. The
test statistic was used as a metric to quantify the relative significance of the observed difference.
The statistic was measured for four designs: (i) Site A alone, (ii) Site A + Site B, (iii) Site A

+ Site B + Site C, and (iv) Pooled data from all three sites (no site factor). In each case, only
the number of Site A controls was varied (10-213 controls in 8 incremental steps, 1000 random
samplings in each case).

Individual site analyses

The individual site analyses show spatially heterogenous GM concentration changes when
displayed at a lenient threshold (p < 0.05 uncorrected for multiple comparisons, Fig. 1). When
a more stringent threshold is applied, such as the commonly used family-wise error correction
(p < 0.05), no GM concentration changes are observed in the Site B and Site C analyses,
presumably due to the low number of controls scanned at these sites compared to Site A. The
penetrance map (Fig. 1, bottom row) indicates that the thalamic nuclei are the only regions that
show GM concentration reduction in all three sites at the specified threshold.

Across-site control analysis

Comparisons of control data acquired from each site show significant putative GM
concentration differences between sites (Fig. 2). The maps of GM concentration change are
displayed at p < 0.05 with family-wise error (FWE) correction for multiple comparisons;
therefore it can be seen that the across-site GM differences are significantly larger than the
within-site GM differences associated with CAE (Fig. 1).
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Combined site analysis

A voxel-based analysis of CAE subjects and controls from all three sites indicates that bilateral
GM concentration decreases in the thalamic nuclei (Fig. 3). Site was explicitly included as a
factor in the statistical model. The SPM in this case is presented at p < 0.05 with FWE
correction. It can be seen that a considerably “cleaner” result is observed in the analysis in
which site is included as a factor when compared with the individual site analyses. In order to
investigate the influence of design balancing, a similar analysis was undertaken with a reduced
number of controls from Site A (33 controls) to improve the ratio of controls to CAE subjects
across sites and confirm that the Site A CAE/control differences are not biasing the final result.
The Site A reduced controls analysis indicated similar patterns of reduced GM concentration
in the CAE subjects, albeit at a lower threshold (p < 0.001 uncorrected for multiple
comparisons).

Further VBM comparisons of CAE subjects and controls from all three sites were conducted
using the unmodulated GM images with 10mm smoothing (without including TIV as a
covariate), and different smoothing kernels (6mm and 16mm) on the modulated GM images.
These analyses all gave similar patterns of GM reduction in the thalamic nuclei, with increased
extent of the observed region of tissue change with an increased size of smoothing filter (images
not shown). Qualitatively there was little difference between the implicated regions of change
when comparing SPMs of modulated and unmodulated GM images.

Thalamic GM concentration changes

There is consistently decreased GM concentration in the thalamus of CAE subjects compared
to controls for the data collected from each site (Fig. 4). These findings are consistent with the
comparisons of CAE subjects with controls shown in Fig. 1. The plot also indicates systematic
variation in thalamic GM concentration of controls between sites (black bars). This is consistent
with the comparisons of control data from different sites shown in Fig. 2. The two bar plots on
the right of Fig. 4 (labeled “grouped” on the horizontal axis) show the effect of pooling data

from all three sites. It can be seen that if the data from all three sites is pooled, the mean GM
concentration is similar in controls and CAE subjects; the consistent concentration reduction
in CAE subjects is no longer observed.

Variation of test statistic with sample size for single vs multi-site data

It can be seen that above approximately 70 subjects (CAE and controls) the average Site A +
Site B test statistic is greater than the average test statistic associated with the single Site A
analyses (Fig. 5). Similarly if we extrapolate the Site A + Site B + Site C data we can see that
above 70 subjects the average test statistic for the three site combined analysis would be greater
than the single Site A analyses, and the Site A + Site B analyses. Finally it can be seen that if
site is not included as a factor in the statistical analysis then the test statistic associated with
the combined site data only approaches the single-site data when the total number of subjects
in the study is approximately 220.

Discussion

We have demonstrated the feasibility of VBM analysis of images acquired at multiple sites
imaged with different scanners (including different field strength) when the site is included as
a factor in the statistical analysis of the acquired data. Explicitly modelling the site allowed
differences between imaging sites to be separated from the disease effect of interest. The region
that shows significant GM reduction in this combined analysis (thalamus, Fig. 3) is coincident
with the region in which GM reduction is observed at a more lenient threshold in all three sites
(Fig. 1, bottom row).
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Our analysis indicates that there are significant regional GM variations in control MR scans
acquired from different sites (Fig. 2). A likely explanation is that the measured gray-matter
concentration, and the segmentation routines used to generate the GM concentration from the
acquired images, are dependent on properties of the MR scanner, associated hardware and
image acquisition parameters. A significant contribution to the observed differences in the
thalamus between the 3T scanner and the 1.5T scanners (Fig. 2, top two rows) is probably due
to different dielectric effects at these two field strengths, which manifest as a brighter signal
at the centre of the brain at 3T (Tanenbaum, 2006). Variability in putative GM concentration
across different scanners in the thalamic nuclei has been reported previously (Stonnington et
al., 2008).

Our approach yielded significant results in the thalamic region even though Fig. 2 reveals that
the between-site variation in this area is relatively large. The reason for this result is emphasised
by the analysis shown inthe bar plot in Fig. 4. The plot shows that there is consistently decreased
GM concentration in the thalamus of CAE subjects at all three sites. This strongly suggests
that this is a disease-specific finding. Although the effect is present in the disease data from
all sites, it is swamped by the site-specific variation in this region when the data is simply
pooled without modelling site effects.

By explicitly including the site as a factor in the statistical analysis the consistent differences
in GM concentration between subject groups are retained. This means that our method can
effectively separate the site variance from the disease variance. It is important to note that this
approach requires both disease and control data from each site.

Fig. 5 indicates that there is a cross-over point between single-site analyses and multi-site
analyses at approximately 70 subjects total. Below this point single-site analyses show, on
average, a higher test statistic than multi-site analyses, indicating that the single-site analysis
is more sensitive. Above this number the multi-site approach becomes the preferred
methodology, presumably due to the inclusion of extra CAE subjects from other sites that
outweighs the variance due to the extra sites.

It should be noted that the crossover at 70 subjects is specific to the number of controls and
CAE subjects in our study and is also only determined by the effect size in the thalamic nuclei.
Fig. 5 confirms that site must be included as a factor to maximise the sensitivity of the statistical
analysis. When site is included as a factor the test statistic increases from 4.05 to 5.22 (all
subjects included in analysis). Therefore it is not appropriate to simply pool data from all three
sites without explicitly modelling site in the analysis. Whilst these findings are specific to this
study, we believe that the existence of a cross-over point for which the multi-site approach
becomes beneficial is generalisable. Future directions for investigating the feasibility of multi-
site studies would include applying this type of analysis at the voxel level, as well as
investigating different neurological disorders.

If we examine the epilepsy-specific contrasts in the VBM output, we see significant GM
reduction in or close to the thalamic nuclei. These results are consistent with previous studies
that implicate structural changes in the thalamic nuclei in the idiopathic generalised epilepsies,
of which CAE is a sub-syndrome (Ciumas and Savic, 2006). VBM studies of other epilepsy
syndromes, such as mesial temporal lobe epilepsy, have also indicated decreased GM
concentration of the thalamic nuclei (McMillan et al., 2004; Mueller et al., 2006). Thalamic
involvement has also been detected in fMRI studies of absence seizures (Salek-Haddadi et al.,
2003).

Several methods have been proposed that may reduce the variability between images acquired

on different scanners. Ideally the segmentation routines used in routine VBM analysis would
generate tissue segments that are independent of the scanner used to acquire the data. Sequence-
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independent tissue segmentation may be possible by integrating image acquisition parameters
into the segmentation algorithms (Fischl et al., 2004). Processing of MR images prior to
analysis using the voxel-based methodology, such as correcting for gradient non-linearities,
has been shown to reduce voxel-wise intensity variability of MR scans of individuals rescanned
on different scanners (Jovicich et al., 2006). Further research investigating analysis of cortical
thickness measurements on MR images acquired at different sites has identified different field
strength as the largest contribution to site-related within-subject variance (Han et al., 2006).
The use of standardised image acquisition protocols for multi-site studies, such as those
developed by the Biomedical Informatics Research Network (http://www.nbirn.net) and the
Alzheimer’s Disease Neuroimaging Initiative (Mueller etal., 2005), is also likely to help reduce
voxel-wise variance in VBM analyses due to different imaging sites (Whitwell et al., 2007).

Whilst approaches such as these may substantially reduce differences between sites, we have
demonstrated that a simple statistical adjustment provides adequate control over inter-site
variability and allows us to combine data acquired at several sites for analysis using VBM. In
MRI studies of diseases where only a limited number of subjects can be imaged at each site,
our study supports the possibility of effective multi-site studies as long as disease subjects and
healthy controls are acquired at every site.
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Individual site analysis

Fig. 1.

Regional GM concentration decrease in CAE compared to normal controls. The rows indicate
an analysis of MR images acquired at different sites; 1st row Site A (3 T), 2nd row Site B (1.5
T), 3rd row Site C (1.5 T). The images are displayed at p<0.05 uncorrected for multiple
comparisons. The bottom row is a penetrance map showing voxels common to all three sites
(white), two sites (orange) or one site (red).
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Fig. 2.

Comparison of putative differences in regional GM concentration of control groups between
sites. Top row: GM tissue decreases in Site A compared to Site B (“hot” colour look up table),
GM tissue increases in Site A compared to Site B (“winter” colour look up table). Middle row:
GM tissue decreases in Site A compared to Site C (same colour scheme as top row). Bottom
row: GM tissue decreases in Site B compared to Site C (same colour scheme as top row). The
images are displayed at p < 0.05 (FWE correction).
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Multiple site analysis

Fig. 3.
A factorial analysis of CAE and control data from all three sites in which site is included as a
factor (p<0.05 FWE correction).
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Fig. 4.

Average thalamic GM concentration in controls (solid black bars) and CAE subjects (gray
bars) for each site, all data grouped together, and the same data in which site is included as a
factor. The values on the vertical axis are a measure of the probability of being GM (a value
of 1 indicates 100% GM). The error bars represent the standard error of the mean. Site A: 213
controls, 10 CAE subjects. Site B: 33 controls, 15 CAE subjects. Site C: 11 controls, 19 CAE
subjects.
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Fig. 5.

Variation of test statistic in thalamic GM with sample size in four designs. (i) Site A, diamond
symbols, (ii) Site A+Site B, triangle symbols, (iii) Site A+Site B+Site C, circle symbols, and
(iv) Pooled data (no site factor), cross symbol. In each case, only the number of site A controls
was varied (1000 random samplings). The standard error on each value is negligible (range
0.023-8.14x10717) due to the number of resamplings. Site A data was using the single site
because the large control group allowed for a more thorough investigation of the effect of
control group size on the observed GM concentration in the thalamus.
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