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Abstract
Neuroimaging techniques are likely to continue to improve our understanding of

the brain in health and disease, but studies tend to be small, based in one imaging centre

and of uncertain generalisability. Multicentre imaging studies therefore have great ap-

peal but it is not yet clear under which circumstances data from different scanners can

be combined. The successful harmonisation of multiple Magnetic Resonance Imaging

(MRI) machines will increase study power, flexibility and generalisability. I have con-

ducted a detailed study of the performance of three research MRI scanners in Scotland

under the name CaliBrain, with the aims of developing reliable, valid image acquisi-

tion and analysis techniques that will facilitate multicentre MRI studies in Scotland

and beyond. Fourteen healthy volunteers had two brain scans on each of three 1.5T

MRI research machines in Aberdeen, Edinburgh and Glasgow. The scans usually took

place 2-3 weeks apart. Each scan was performed using an identical scanning protocol

consisting of a detailed structural MRI (sMRI) and a range of functional MRI (fMRI)

paradigms. The quality assurance (QA) of scanner performance was monitored in all

three sites over the duration of the study using a three-part protocol comprising a base-

line assessment, regular measures and session specific measures. The analyses have

demonstrated that the data are comparable but also that within- and between-scanner

variances are evident and that harmonisation work could enhance the level of agree-

ment. The QA data suggest that scanner performance was similar between and within

machines over the course of the study. For the structural MRI scans an optimised

methodology was utilised to minimise variation in brain geometry between scanners

and fit all the scanned brains into a common stereotactic space, such that repeated

measures analyses yielded no significant differences over time for any of the three

scanners. I examined the reproducibility of the fMRI motor task within and between

the three sites. Similar results were obtained in all analyses; areas consistently acti-

vated by the task include the premotor, primary motor and supplementary motor areas,

the striatum and the cerebellum. Reproducibility of statistical parametric maps was

evaluated within and between sites comparing the activation extent and spatial agree-

ment of maps at both the subject and the group level. The results were within the range

reported by studies examining the reproducibility of similar tasks on one scanner and

reproducibility was found to be comparable within and between sites, with between

site comparisons often exceeding the within site measures. A components of variance

analysis showed a relatively small contribution of the factor site with subject being

the main source of variation. Similar results were obtained for the working memory
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task. The analysis of the emotional face processing task showed poor reproducibil-

ity both within and between sites. These findings suggest that multicentre structural

and functional MRI studies are feasible, at least on similar machines, when a con-

sistent protocol is followed in all participating scanning sites, a suitable fMRI task is

employed and appropriate analysis methods are used.
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Glossary

Consistent : without contradiction, semanticly or syntacticly.

Reliable : the ability of a person or system to perform and maintain its functions

in routine circumstances, as well as hostile or unexpected circumstances.

Reproducible : The ability of a single component, or an entire experiment, or

study to be reproduced, or by someone else working independently.

Valid : That data are collected according to the criteria specified, and that the

resulting data are a consequence of the specified criteria.
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Chapter 1. Introduction 3

1.1 Overview

In this thesis I present work done as part of the CaliBrain project, a multicentre struc-

tural and functional Magnetic Resonance Imaging (MRI) study conducted across Ed-

inburgh, Glasgow and Aberdeen. In chapter 1 the motivation for multicentre MRI is

presented, along with a brief description of the study and some background information

on the methods and issues relevant to multicentre MRI. In chapter 2 the Calibrain study

design, protocol and data acquisition are presented in detail. Quality Assurance (QA)

analysis methods and results are described in chapter 3. In Chapter 4 the methods and

analysis results for structural MRI component of the CaliBrain study are presented.

Chapters 5 and 6 deal with the methods and results of the analysis of the CaliBrain

fMRI motor and face processing tasks respectively. Finally, chapter 7 presents a dis-

cussion of all the findings of the CaliBrain study so far, including Quality Assurance,

structural MRI harmonisation methods and the assessment of the reproducibility of the

CaliBrain motor, working memory and face processing fMRI tasks within and between

scanners.



Chapter 1. Introduction 4

1.2 Motivation for multicentre MRI

A relatively large proportion of the worldwide population suffers from some form of

neurological or psychiatric disorder and these conditions cause more disability than

any other category of disease. The biological basis of many of these, schizophrenia

being a prominent example, has for years been elusive, making diagnosis, outcome

prediction and treatment choice really challenging for clinicians. However over the

last 25 years imaging studies have revealed both structural and functional differences

between those affected with psychiatric disorders and those who are well. The current

state of understanding and treatment of these conditions could benefit greatly from

advancements in the area of brain imaging. Early diagnostic tests would allow earlier,

more effective and possibly preventative therapeutic measures.

Magnetic Resonance Imaging (MRI) is a particularly flexible technique for exam-

ining brain structure and function, and is now widely available. Its rapid and wide

adoption can be attributed to the high quality of images it produces, offering excellent

resolution and tissue differentiation in conjunction with its non-invasive character, as

it can provide clear and detailed representations of internal organs with a minimal risk

for the patient. It is not associated with any known hazard and this allows multiple

examinations, so as to follow subjects’ progress over time.

Structural and functional Magnetic Resonance Imaging (sMRI & fMRI) in par-

ticular are increasingly popular research tools because they are non-invasive and can

provide valuable information about the brain’s anatomy and functional organisation

both in healthy and clinical populations, such as neuropsychiatric patients. Although

these techniques are swiftly gaining recognition as useful tools yielding meaningful

results, there is vast potential and indeed a need for further refinement and standardis-

ation of the methods currently used, as well as for a better understanding of the nature

of the acquired data.

This becomes evident if one considers the possibility of large clinical studies,

which are so common in other areas of medical research. Due to the wide diver-

sity of available hardware, scanning sequences, image processing techniques and data

analysis methods, actual implementations can and often do vary dramatically between

different institutions. Therefore, neuroimaging studies have so far typically been re-

stricted to small samples and carried out locally. Multicentre studies are an obvious

next move, but very little work has been done to date to quantify and correct for these

differences.
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To ensure the successful harmonisation of different scanners, methodological ad-

vancement is required before the objective of standardisation can be reached. The first

step in this endeavour is to determine factors contributing to uncertainty between scan-

ners and identify or create appropriate metrics to quantify their effect. Because of as

yet unresolved technical and methodological differences, comparison and integration

of data across different research centres is hampered, which results in suboptimal use

of resources. This is not an uncommon issue and most new technologies suffer from

lack of standardisation at the early stages of their development, but it presents a prob-

lem that needs to be addressed soon, if we are to take full advantage of the possibilities

structural and functional MRI can offer. Multicentre trials will promote the collabora-

tion and sharing of resources, data and expertise between groups, while other benefits

will include greater flexibility in subject recruitment, as well as the ability to use larger,

better matched samples and the associated gains in statistical power. Moreover, this

will open up a number of possibilities for the more efficient exploitation of existing

data, by combining datasets already available. Large-scale studies at the national, Eu-

ropean and even international level will make it possible to tackle questions that have

so far been relatively difficult to address, including combinations of neuroimaging and

genetics research.
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1.3 The Calibrain project

In this thesis I present the CaliBrain project, a study designed with the goals to a)

develop and refine reliable, valid image acquisition and analysis techniques that will

facilitate multicentre MRI studies, b) to identify or develop appropriate measures for

assessing inter-scan agreement for structural and functional MRI and c) to establish

which of a battery of fMRI paradigms are suitable for use in a multicentre setting.

We scanned a total of 14 right-handed healthy volunteers twice on each of three

MRI machines over a six month period. This data set made it possible to examine

the critical methodological and technical issues arising from a prospective study us-

ing different scanners. The data collected allowed the evaluation of the suitability of

harmonisation methods developed for sMRI data. Furthermore, a variety of different

functional tasks were employed, likely to activate a wide range of typical areas of in-

terest and generally known to have good reproducibility, to evaluate their suitability

for use in multicentre studies. Finally, scanner performance was monitored throughout

the study using ‘phantoms’ (test objects of known properties). The knowledge and ex-

perience gained from Calibrain will be of great value in conducting reliable and valid

multicentre structural and functional MR imaging results experiments in the future.
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1.4 Magnetic Resonance Imaging

1.4.1 Basic principles

Brain imaging is a fairly new and continuously developing field. The concepts behind

the many techniques available are sometimes complex, and their implementation even

more so. Magnetic Resonance Imaging (MRI) relies on the phenomenon of nuclear

magnetic resonance. All atoms have a nuclear ‘spin’, and magnetic moment. This

magnetization is created by the spin and electrical charges. By applying a strong mag-

netic field, these atoms tend to align or counter align with the static magnetic field of

the scanner, a property which can be manipulated and magnetic imaging systems can

be ‘tuned’ to detect specific types of nuclei (Matthews, 2001).

1.4.2 Structural MRI

Structural Magnetic Resonance Imaging (sMRI) of the brain is employed in the as-

sessment of a wide range of neuropsychiatric disorders. Voxel Based Morphometry

(VBM) has been established as a leading method for analysing large sMRI studies us-

ing anatomical images of high resolution. VBM is a fully automated process that is

used to localise differences in brain parenchyma (Ashburner and Friston, 2000, 2005).

The VBM implementation segments T1-weighted MRI scans into voxel-wise maps of

grey and white tissue and Cerebrospinal Fluid (CSF) and allows the statistical compar-

isons of these maps over time or between different populations. VBM requires good

quality image co-registration at the voxel level and can be sensitive to even slight differ-

ences between MRI scanners. Potential sources of systematic variation are presented

in section 1.4.4.

1.4.3 Functional MRI

Blood Oxygen Level Depended Functional Magnetic Resonance Imaging (or BOLD

fMRI), measures relative changes in oxygen levels in the brain. Oxygenated blood

flow increases in areas that are active and this is what reveals their location in fMRI

(Hüttel et al., 2004). What is being measured in BOLD fMRI is the haemodynamic

response to neuronal activity and not the activity itself. This has very important conse-

quences on experimental design, since the time course of the haemodynamic response

(measured in seconds) does not correspond to that of the underlying activity (measured

in milliseconds). The differences that are being measured are very slight.
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In functional MRI studies a time series of images is acquired, usually while the

subject performs a number of repetitions of a cognitive task in the scanner. Various

preprocessing steps are performed on the images, including registration in a common

space, and a statistical model is fitted in order to determine in which brain areas signal

change is consistently correlated with the task.

1.4.4 Potential sources of variability

Ideally, images produced by MRI systems would be imperfection free and completely

reproducible across different machines. In reality this is not the case, as various sources

contribute to image noise. This is especially important in fMRI, where the signal-

to-noise and contrast-to-noise ratios are particularly low (Hüttel et al., 2004). These

imperfections gain even more weight when considered from the perspective of multi-

centre imaging, as systematic differences between data collected on different scanners

could influence analysis results.

Contributions to noise are made by both imaging hardware and subject physiol-

ogy (Krüger and Glover, 2001; Hüttel et al., 2004). System noise sources include

drift and imperfections in RF, gradient, and shim subsystems. Field inhomogeneities

caused by gradient nonlinearities and instabilities and RF coil loading effects cause

spatial distortions in the images, as well as intensity variations such as scanner drift.

Systematic between scanner differences in the characteristics of all these factors could

be a concern in multicentre MR imaging. Physiological noise also has a variety of

sources, including fluctuations in the basal cerebral metabolism, blood flow and vol-

ume, as well as cardiac and respiratory activity and subject movement, which could

cause image distortions. Systematic differences in motion artefacts especially could

be an important factor in multicentre functional imaging studies, as different sites use

different methods for head stabilisation, some less effective than others.

The reproducibility of fMRI results however can be influenced by other factors as

well. The consumption of substances like caffeine, nicotine or alcohol (Stefanovic

et al., 2006; Brown and Eyler, 2006), or a high fat meal (Noseworthy et al., 2003),

and psychological factors, such as anxiety caused by the scanner environment (Raz

et al., 2005), can affect global cerebral blood flow, which in turn can have an effect of

the magnitude and dynamics of the BOLD signal. The potential effects of the time of

day on physiology and cognition (Carrier and Monk, 2000), especially in combination

with the substance effects mentioned above, are another important consideration with
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regards to fMRI reproducibility. Therefore, consistent scan scheduling differences be-

tween sites could also introduce systematic differences in the data.

Identifying and eliminating or at least reducing the impact of potential sources

of systematic variation on imaging data acquired in different machines is a complex,

multifaceted problem, compounded by the fact that it is also possible that some of

these sources may interact in unknown and unpredictable ways.
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1.5 Quality Assurance

It would be ideal if images could be independent of scanner characteristics and reflect

only the state of the subject at the time they were scanned (Tofts, 1998). However this

is usually not the case, due to the existence of the issues presented above in section

1.4.4 . The ultimate aim of any Quality Assurance (QA) program is to ‘detect changes

in performance before they can adversely affect clinical images’ (Firbank et al., 2000).

In MRI, this is achieved by ensuring that specific image quality measures meet a set

standard. For a longitudinal, multi-centre study, QA is particularly important as it

ensures that any change in the data of a subject can be attributed to genuine, subject-

specific changes, and not changes in the equipment or analysis protocols (Koller et al.,

2006).

In a busy clinical setting, a compromise has to be reached between the scanning

time dedicated to QA and number and frequency of the tests performed. As the most

important measure of image quality, the signal to noise ratio (SNR) is most often cited

in QA protocols since it provides a sensitive - albeit non-specific - measure of the per-

formance of an MR system (Lerski et al., 1998). When measured from the same test

object, using the same coil and sequence parameters, the SNR should remain stable

hence SNR is usually measured routinely as part of local and multi-centre QA pro-

grammes (Koller et al., 2006; Colombo et al., 2004). However, there is no consensus

on the frequency of SNR measurements in routine or previous multi-centre QA pro-

grammes, with daily, weekly and monthly intervals reported, most commonly using

the head coil (Firbank et al., 2000; Koller et al., 2006).
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1.6 Multicentre Voxel Based Morphometry

The goal of the Alzheimers Disease Neuroimaging Initiative (ADNI) project is a lon-

gitudinal analysis of ageing, and to facilitate this within site MRI reproducibility was

tested on a range of scanners and sequences. Research for the ADNI project demon-

strated that to pool scans from multiple sites, it is important to minimise differences

between sites (Hua et al., 2008; Jack et al., 2008; Leow et al., 2006). Based upon this

research an MR-RAGE sequence was recommended for multiple site scanning and a

scheme of corrections that includes field mapping and geometry correction is applied.

ADNI researchers investigated the use of B1 field mapping to correct for within scan-

ner variation in the RF inhomogeneity for phased array head coils (Leow et al., 2006),

and indicated that this technique has limitations.

Reports of VBM analyses that combine scans from different sites for analysis have

applied validity assessments (Stonnington et al., 2008; Meda et al., 2008). In a validity

assessment, a VBM contrast of control subjects between the contributing sites is used

to map the regions of significant difference between scanners, which is used to form

a masking image that charts these regions. These masked regions are then excluded

from VBM reporting as results in these regions could be driven by artifactual scanner

differences (Tofts, 1998; Jovicich et al., 2006). Meda et al. (2008) demonstrated in a

VBM study of psychosis at four centres that it is possible to limit the effects of scanner

differences by validity masking and by ensuring that the patients and controls included

in the pooled analysis are drawn equally from all contributing sites. Stonnington et al.

(2008) presented a VBM analysis of data acquired using six scanners, where the ex-

tent of validation masking required could be limited to a single region in the thalamus

through the use of equivalent scan sequences and good quality control. In VBM how-

ever, the use of validity masking is undesirable because it limits the analyses to less

than whole brain coverage.

In VBM analyses, the harmonisation constraints for the use of multiple scanners are

difficult to define as VBM requires the provision of corrections for scanner differences

at the voxel level. Previous work has shown that it is possible to pool scans from

multiple centres in parcellated volumetric studies. In a volumetric analysis of images

from multiple scanners, van Haren et al. (2003) utilised a semi-automated method,

where global corrections for the tissue classification were computed separately for

each scanner. The methods reported summary volumes for grey and white matter in

the cerebrum, and cerebellum and lateral ventricle volumes (Schnack et al., 2004). This
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set-level segmentation method employed global estimates of the intensity values that

marked the transitions between tissue types and CSF. These globally applied transitions

were adjusted for each scanning site.

A methodology that seeks to minimise the differences between scanners through an

integration of scan sequence parameters into the segmentation functions was proposed

by Fischl et al. (2004), which gives global adjustment in the intensity to tissue map-

ping. These global corrections are appropriate in studies where the inferences drawn

are limited to lobar tissue occupancy. A volumetric method that addresses the localised

intensity to tissue mappings has been proposed by Han and Fischl (2007) that recog-

nises that localised adjustments for the intensity to tissue mapping within the brain are

necessary for scan pooling to be valid for parcellation studies.
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1.7 Functional MRI reproducibility

Comparatively little work has been done on the test-retest reliability of fMRI within

a single scanner, and even less on the reproducibility of findings between different

systems. A variety of methods have been used to address this, focusing on different

aspects of the issue. Most studies have concentrated on the visual and motor systems,

but higher order cognitive systems also have been targeted to a lesser extent.

1.7.1 Assessing the reproducibility of fMRI activation

The most widely used measures for assessing the reproducibility of fMRI activation

are the size and overlap ratios, examining the stability of activation extent and spa-

tial agreement of statistical parametric maps. These are usually applied to thresholded

maps so that only statistically significant voxels are considered (Ramsey et al., 1996;

Yetkin et al., 1996; Rombouts et al., 1998; Tegeler et al., 1999; Wagner et al., 2005;

Rutten et al., 2002; Raemaekers et al., 2007; Miki et al., 2000; Rau et al., 2007; Mald-

jian et al., 2002; Machielsen et al., 2000; Havel et al., 2006; Feredoes and Postle, 2007),

however region of interest approaches have also been used (Duncan et al., 2009; Yoo

et al., 2005; Swallow et al., 2003; Machielsen et al., 2000; Harrington et al., 2006b,a).

Various implementations of the Intraclass Correlation Coefficients (ICCs) are also

quite popular, usually calculated for a region of interest (Manoach et al., 2001; Schunck

et al., 2008; Wei et al., 2004; Aron et al., 2006; Kong et al., 2007; Johnstone et al.,

2005; Zou et al., 2005; Friedman et al., 2008; Bosnell et al., 2008). Voxel-wise ap-

proaches have also been applied, either for the whole brain (Raemaekers et al., 2007;

Freyer et al., 2009) or for statistically significant voxels only (Specht et al., 2003; Cac-

eres et al., 2009). These are usually calculated on the basis of percent signal change

(Manoach et al., 2001; Specht et al., 2003; Friedman et al., 2008; Kong et al., 2007;

Bosnell et al., 2008; Schunck et al., 2008) or contrast values (Johnstone et al., 2005;

Aron et al., 2006; Caceres et al., 2009; Freyer et al., 2009), but statistic values have

been also been used (Wei et al., 2004; Raemaekers et al., 2007).

Other approaches to reproducibility have been applied, highlighting different as-

pects of the issue, such as the Pearson correlation (Tegeler et al., 1999; Miller et al.,

2002, 2009; Wagner et al., 2005), the Coefficient of Variation (Loubinoux et al., 2001;

Marshall et al., 2004; Leontiev and Buxton, 2007; Magon et al., 2009), kappa (Le and

Hu, 1997; Thirion et al., 2007; Liou et al., 2009) and ROC curves (Le and Hu, 1997;

Manoach et al., 2001), among others.
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1.7.2 Reproducibility within and between sites

Regardless of the method used, it is generally found that regional patterns of activa-

tion are qualitatively repeatable but are quantitatively of high variability, both within

and between individual subjects (e.g. McGonigle et al., 2000; Marshall et al., 2004),

while within session reproducibility of results tends to be better than that of sessions

performed on different days (Yoo et al., 2005). Amplitude of brain activation is more

likely to be reliable than extent (Cohen and DuBois, 1999; Marshall et al., 2004), and

additional benefits can come with optimization of analysis methodology e.g. with

respect to spatial alignment processing and time-series statistics (Smith et al., 2005;

Thirion et al., 2007). Finally, and importantly for clinical multicentre studies, repro-

ducibility of activation maps are shown to be better at the group level than at the subject

level (Yoo et al., 2005; Chee et al., 2003). However, clinical populations may exhibit

greater variability than healthy subjects (Manoach et al., 2001), so potential population

differences in reproducibility should be taken into account.

Some studies have looked at inter-site reproducibility. Casey et al. (1998) quali-

tatively assessed the reproducibility of a working memory task across four different

1.5T scanners and found good agreement in the patterns of activation. Vlieger et al.

(2003) examined the reproducibility of a visual task within and between two similar

1.5T scanners and found inter-scanner reproducibility ratios to be comparable to those

within-scanner.

Krasnow et al. (2003) compared activation maps for various tasks between 1.5T

and 3T. They observed substantial increases in activation volume in the 3T data and

also found that the higher strength scanner offered greater sensitivity for detecting acti-

vation in a number or areas. Fera et al. (2004) however, investigated the effect of echo

times and bandwidth on differences between 1.5T and 3.0T using a motor task and

found that the noise increase in higher strengths attenuated to some extent the poten-

tial benefits in terms of increases in statistical values. Voyvodic (2006) investigated the

reproducibility of a hand motor task examining the effect of scanning sequence (gradi-

ent echo versus spiral) and field strength (1.5T and 4T) and found that while activation

level and spatial extent varied, location was found to be stable.

Zou et al. (2005) examined the effect of many factors, including field strength, man-

ufacturer, subject and visit, on the reproducibility of activation extent in a sensorimotor

task and found subject, field strength and k-space differences to have a significant im-

pact on reproducibility. Studies employing a variance components analysis to examine
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the relative contributions of site and other factors to the variance in multicentre data

sets found the effect of site to be small compared to that of subject and residual unex-

plained variance (Friedman et al., 2008; Costafreda et al., 2007; Suckling et al., 2008;

Sutton et al., 2008).

In summary, activation patterns are generally consistent within and between sub-

jects, visits and sites. Nevertheless, the actual level of the reproducibility of the results

varies considerably and depends on many factors, including the task employed, the

analysis methods used, the scanner field strength and choice of scanning parameters

among others.

1.7.3 Reproducibility of visual perception activation

A few studies have examined the reproducibility of visual activation within and and

between sites. Rombouts et al. (1998) scanned ten healthy subjects twice within one

visit and once more in second visit while passively viewing red flickering lights in a

block design paradigm. They report consistent task related activation in the primary

visual cortex, the cuneus and the precuneus. The reproducibility of the size and overlap

of activation clusters was better within than between subjects, with the size of clusters

being generally more reproducible than the overlap. Specht et al. (2003) examined the

reproducibility of visual activation in five healthy subjects in two separate visits using

an event-related paradigm. Subjects were asked to vary their attentional effort while

watching a flickering checkerboard pattern with varying letters in the centre. They

report consistent activations across all conditions in primary visual areas, the inferior

and medial occipital gyrus and the lingual and fusiform gyrus. Increased attentional

load was associated with increased and more reliable activation in primary visual areas,

the prefrontal cortex and the middle temporal gyrus.

The reproducibility of visual activation has also been studied across different sites.

Krasnow et al. (2003) scanned fourteen subjects in machines of different strengths with

a paradigm involving the passive viewing of a flickering checkerboard pattern. They

report significant activation in the striate, extrastriate, and posterior parietal cortices

for both scanners, while increased volume of activation was observed in the striate

and extrastriate areas for the higher strength. Sutton et al. (2008) employed a similar

paradigm and scanned four subjects fifteen times in each of two identical systems.

They found good reproducibility of activation in visual areas across the two sites. In

the Friedman et al. (2008) multicentre study five subjects were scanned twice on each
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of ten scanners with a sensorimotor task which included a flickering checkerboard

pattern. They reported consistent activation in the primary visual cortex across all

sessions and reliability estimates for this region were amongst the highest of all the

areas studied within and between scanners.

Functional activation in the primary visual cortex induced by a simple perception

paradigm appears to be rather robust across different subjects, visits and sites. In-

creased attention can increase the level and reliability of activation, while scanners of

higher strength are associated with increased volume, but not necessarily higher repro-

ducibility of activation.

1.7.4 Reproducibility of motor activation

Motor systems are well studied and therefore popular for testing new methods and

techniques. A few studies have addressed the reproducibility issue employing some

kind of motor task. Mattay et al. (1998) for example examined the reproducibility of

a sequential and random finger tapping task in eight subjects. They found consistent

activation in typical motor regions, including the primary sensorimotor cortex, the pre-

motor and supplementary motor area (PMA and SMA) and the cerebellum. Scholz

et al. (2000) employed a variety of motor tasks including finger tapping and scanned

twenty two healthy subjects two to eight times on different days to study reproducibil-

ity in motor areas. Consistent activations were found in the primary motor cortex,

while activation of the SMA and the basal ganglia was less robust. Primary motor

cortex activation also showed less variability than the SMA and basal ganglia within

subjects. Between subjects the same pattern was observed, with between subject vari-

ability being generally larger than within subject.

Yoo et al. (2005) utilised a sequential finger tapping task to examine the long term

reproducibility of motor activation. Eight subjects took part and they had nine scans

eight weeks apart. In the first session they repeated the task with a 30min delay while

remaining in the scanner. Task related activations were observed in the bilateral pre-

central, superior frontal and postcentral gyri, the inferior parietal lobule and trans-

verse temporal gyrus, the thalamus, the left putamen and bilateral cerebellum. The re-

searchers examined the reproducibility of activation in regions of interest only, namely

the left primary and premotor area, supplementary motor area and the ipsilateral cere-

bellum. They found that group results were more reproducible than single subjects.

Intra-session reproducibility appeared to be better than inter-session, however on the
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whole ratios were comparable to other studies examining reproducibility over a shorter

period of time.

Ramsey et al. (1996) examined the reproducibility of a finger opposition task in

eleven healthy volunteers. Two series were acquired within one scanning sesssion,

while nine of them had another scan on a different day. Consistent overlap of ac-

tivation patterns was observed in the primary sensorimotor area within and between

sessions with less reliable activation found in the PMA and SMA. While the location

of activation in the primary sensorimotor area was consistent, the extent varied be-

tween subjects and sessions. Yetkin et al. (1996) scanned four subjects using a finger

opposition task, with the task being repeated within the same scanning session, and

also observed stable activation patterns in typical motor cortical regions. Tegeler et al.

(1999) also employed a finger opposition task. Six subjects performed the task three

times within one session. Activation in the primary sensorimotor area was found to

be most reproducible followed by the cerebellum, while the supplementary motor area

had poorer reproducibility.

The reproducibility of motor activation has also been studied across different scan-

ners. Costafreda et al. (2007) scanned five volunteers twice on each of five identical

systems with a finger tapping task. Significant activation clusters were observed in all

occasions in the primary motor cortex. While some variability in activation amplitude

and extent was evident, activation patterns were very similar for single subjects across

visits and sites and variance between subjects accounted for the largest part of the vari-

ance. Friedman et al. (2008) scanned five subjects twice in each of ten scanners using

a sensorimotor task which included finger tapping. They found significant clusters of

activation in the primary motor cortex and the SMA across all subjects and sites. Re-

gion of interest reproducibility analyses in these areas yielded results similar to those

reported for a single site.

On the whole, finger tapping and similar tasks appear to be fairly reproducible

across different visits and sites both in the short and in the long term. The area showing

the highest reproducibility is the primary motor cortex, followed by the cerebellum,

while activation in the SMA, PMA and basal ganglia is less reliable.

1.7.5 Reproducibility of working memory activation

Most studies investigating the reproducibility of working memory related activation

have used some version of the n-back task, which involves the recollection of infor-
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mation presented some elements back, usually up to three. Casey et al. (1998) for ex-

ample investigated the reproducibility of a spatial n-back task in eight subjects across

four sites and reported areas exhibiting significant activation across all or most subjects

and sites. The most reliable activation was observed in the right dorsolateral prefrontal

cortex (DLPFC) and the right superior parietal lobule, with significant clusters being

present in all analyses across subjects and sites. They also report relatively consis-

tent activation in the left supplementary motor area (SMA) and premotor area (PMA)

and the left insula. Marshall et al. (2004) presented reproducibility data for nine older

healthy subjects performing a spatial n-back task in three sessions separated by weekly

intervals. They report qualitatively similar patterns of activation, but the amplitude and

extent of activation varied considerably. A coefficients of variation analysis showed

similar results within and between sessions for activation amplitude, but much greater

variation between sessions than within for activation extent.

Wei et al. (2004) investigated the long term reproducibility of an auditory n-back

task. They scanned eight subjects twice within one session and once in each of seven

follow up sessions conducted over six months. They report that a qualitative assess-

ment of group activation maps for each session revealed consistent activation patterns.

The results of a coefficients of variance analysis of an activation index combining am-

plitude and extent information in task related regions of interest suggested small longi-

tudinal variability of activation. Furthermore, variation between subjects was found to

be larger than variation within subjects. In terms of individual regions, relatively stable

activations were observed bilaterally in the DLPFC, the SMA and PMA, Broca’s area

and the parietal lobe. The right DLPFC exhibited larger within-subject variability than

the other areas and a significant session effect was observed in this region. The authors

attribute this finding to the fact that this area has no distinct boundaries and is defined

functionally rather than anatomically.

Caceres et al. (2009) scanned ten subjects twice separated by three months employ-

ing a verbal n-back task. Using an Intraclass Correlation Coefficients (ICCs) analysis

they showed that voxels showing high activation at the group level were more reliable

than voxels across the rest of the brain, but also pointed out that the voxels showing low

group activation but high ICC can be explained by stable signals across sessions that

are not well explained by the task model. They report that the areas with the highest re-

liability were the right frontal pole (rFPC) and the parietal cortex bilaterally, followed

by the DLPFC bilaterally, the right ventrolateral prefrontal cortex (VLPFC), the PMA

bilaterally and the right SMA. The lowest reliability was found in the left VLPFC.
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Overall, different variations of the n-back task appear to reliably activate a number

of regions. Most reliable activations have been consistently reported for the DLPFC

and the parietal cortex, followed by the SMA and the PMA.

1.7.6 Reproducibility of affect processing activation

Relatively little is known about the reproducibility of fMRI activation in the affect pro-

cessing network. Stark et al. (2004) investigated the reproducibility of brain activation

patterns in response to fear-inducing, disgust-inducing and neutral pictures by scan-

ning twenty four healthy subjects twice within one week. They report a significant

activation decrease for the second visit in many brain regions including frontal, tem-

poral and subcortical structures, which they attribute to novelty effects. Furthermore,

they found activation patterns to be more stable in response to fear than to disgust.

Suckling et al. (2008) scanned twelve healthy volunteers twice on two identical 1.5T

systems employing both a block and an event-related version of a face processing task

using sad facial expressions of varying emotional intensity. They conducted a com-

ponents of variance analysis and examined the contributions of subject, site, visit and

paradigm. They found the proportional variance attributed to site, visit and paradigm

to be much less than that for subjects. They report significant effects of the paradigm

factor in two regions of the left orbitofrontal cortex and in the right putamen and no

significant effects of centre or visit, but a trend effect of site was present across the

entire network.

Some of the literature has specifically focussed on the amygdala. Johnstone et al.

(2005) examined the long term reproducibility of a face processing task. They scanned

fifteen volunteers in three separate occasions over two months and used Intraclass Cor-

relation Coefficients (ICCs) to assess the reproducibility of the task focussing on the

activation of the amygdala in response to fearful, neutral and happy facial expressions.

Fearful expressions were found to produce more reproducible activation than neutral

or happy expressions, while a lateralisation effect was also observed with activation

in the right amygdala being less reliable than the left. Krasnow et al. (2003) investi-

gated the reproducibility of activation in the amygdala between scanners of different

field strength, 1.5T and 3T. They scanned fourteen healthy volunteers with a face pro-

cessing task using fearful, angry and neutral expressions. They detected no significant

differences in height or extent of activation between the two scanners in this region and

suggest that greater susceptibility artifacts at higher strengths may attenuate potential



Chapter 1. Introduction 20

increases in task-related activation.

Overall, fear seems to be the emotion inducing the most reproducible activation in

the affect processing network in general and in the amygdala specifically. Moreover,

there is no clear evidence for an effect of field strength or type of paradigm design on

the reproducibility of activation in this region.
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2.1 Study overview

The CaliBrain project is a multicentre initiative with three participating research cen-

tres in Scotland aiming to assess the feasibility of multicentre structural and functional

MRI and to highlight the critical methodological and technical issues arising from a

prospective study using different scanners. Fourteen healthy volunteers had two brain

scans on each of three 1.5T MRI research machines in Aberdeen, Edinburgh and Glas-

gow. The scans usually took place 2-3 weeks apart. Each scan was performed using

an identical scanning protocol consisting of a detailed structural MRI (sMRI) and a

range of functional MRI (fMRI) paradigms. The Quality Assurance (QA) of scan-

ner performance was monitored in all three sites over the duration of the study using

a three-part protocol comprising a baseline assessment, regular measures and session

specific measures.

This project was conceived by myself as an idea for my doctorate degree. The main

precept was to try and minimise potential sources of variation as much as possible,

rather than explore the effects of using a wide variate of equipment, which was the

fBIRN approach. The study outline was devised by myself, with the input of other

members of the department’s imaging team and our collaborators from Aberdeen and

Glasgow. I also contributed to the writing of the grant application to the Chief Scientist

Office, which was successful and enabled us to fund the study.

I devised the detailed study protocol, seeking specialist advice as appropriate, e.g.

I relied on the advice of the participating medical physicists regarding the specifics of

imaging sequences and their potential suitability for multicentre imaging and discussed

paradigm design with fMRI specialists. Furthermore, I trained staff at the three sites

to the study protocol, conducted pilot studies, recruited and trained participants and

travelled to the sites as needed to facilitate data acquisition. I also devised a data man-

agement and organisation scheme appropriate for handling the study dataset, organised

data transfer and generally liaised with the study collaborators as needed to overcome

any arising difficulties in the management of the project. Finally, I devised and exe-

cuted the data analysis protocol for the fMRI motor task, which was also applied on

the working memory dataset by Victoria Gradin and Gordon Waiter in Aberdeen and

later by myself on the face processing dataset. I also collaborated with T. William

Moorhead on the development of the absolute distance metric and some of the struc-

tural data analysis and with Katherine Lymer on the implementation of the Signal to

Noise metric.
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2.1.1 Roles in the Calibrain study

People:

Edinburgh

VEG: Elvina Gountouna

KL: Katherine Lymer

DEJ: Dominic Job

SML: Stephen Lawrie

BM: Bill Moorhead

DMcG: David McGonigle

JH: Jeremy Hall

Glasgow

DB: David Brennan

Aberdeen

GW: Gordon Waiter

VG: Victoria Gradin

Project management:

Edinburgh

VEG: project management, project liaison, coordination of centers, meet-

ings

KL: QA logistics

DEJ: IT, data transfer, project liaison

SML: project finances.

Recruitment:

Edinburgh: VEG

Aberdeen: GW
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Glasgow: DB & VEG.

QA: Edinburgh:

Design: VEG, KL

Coding: VEG, KL

Testing: KL

Data acquisition: KL & VEG in Edinburgh, KL, DB & VEG in Glasgow and

KL, GW & VEG in Aberdeen.

Structural MR:

Design, Protocol: VEG, DEJ, GW, BM

Testing: VEG, DEJ, GW, BM

Analysis: VEG, DEJ, BM

Functional MR:

Design, Protocol: VEG, DB, GW, DMcG, JH

Visual ER: VEG

Motor: VEG

N-back: GW

Faces: JH

Breath Hold: VEG

Testing VEG

Analysis VEG, DEJ, VG

Visual ER: McG ( analysis not completed due to illness and staff leaving)

Motor: VEG

N-back: VG

Faces: VEG

Breath Hold (analysis not completed due DBs student taking different project)
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2.2 Quality Assurance

As a first step towards multi-centre imaging in Scotland, we sought to assess the perfor-

mance of the existing MRI research systems with the aim of using this information to

optimise and develop future acquisition and post-processing structural and functional

MRI protocols. The development of a Quality Assurance (QA) protocol suitable for

multi-centre imaging was an important component of the study design.

2.2.1 Design

The quality assurance (QA) of scanner performance was monitored in all three sites

over the duration of the study using a three-part protocol comprising a baseline assess-

ment, regular measures and session specific measures. Scanning parameters were kept

constant whenever possible to allow for direct comparisons of the datasets to be made.

A detailed assessment of scanner performance was conducted at baseline using a

commercially available phantom set to obtain a series of baseline measures. Measures

included signal to noise ratio (SNR)/contrast to noise (CNR), image uniformity, res-

olution, slice positioning, ghosting, geometric distortion and temporal stability. Data

acquisition was carried out by Katherine Lymer and myself in Edinburgh, K. Lymer,

David Brennan and myself in Glasgow and K. Lymer, Gordon Waiter and myself in

Aberdeen.

To facilitate direct comparison between scanners and allow assessment of scanner

stability, each site performed regular weekly and monthly QA using identical test phan-

toms and an identical protocol, which included measures of SNR, geometric distortion

and temporal stability. Data was acquired by local staff in the three sites.

Finally, SNR measurements were also performed immediately before and after

each human scanning session. To allow comparison of the SNR measurements from

the test objects to those taken from the healthy volunteers, as well as the weekly

and baseline QA data, all scans were acquired using the same image parameters. A

schematic representation of the design is presented in Figure 2.1.

2.2.2 Test objects

Two sets of test objects (phantoms) were purchased to facilitate this approach. Three

site-specific identically manufactured 3-D geometry MRI phantoms (Data Spectrum)

were purchased to be used in the regular and session-specific QA (Figure 2.2). Before



Chapter 2. The Calibrain study 26

Figure 2.1: Quality Assurance Protocol. A: Baseline QA images were acquired using stan-

dard flood field / geometry phantoms and protocols. B: Weekly and Monthly QA images were

acquired using the same procedure as those at baseline to allow comparison between the

datasets. C: Time of Scan QA. A single image was acquired at the time of subject scanning

to allow comparison to the baseline and routine QA.
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Figure 2.2: Data Spectrum 3-D geometry MRI phantoms used in routine QA.

distributing the geometry phantoms to the three Calibrain sites, each object was CT-

scanned to provide reference data sets for the geometric distortion measurements. A set

of standard flood field and geometry phantoms (MagNet) were also purchased to allow

detailed assessment of scanner performance at baseline (Figure 2.3). The MagNet set

includes a flood field SNR/Uniformity phantom, a Geometric Linearity/Distortion and

Slice Width phantom, a Spatial Resolution phantom, and a Slice Position phantom and

a Copper Sulphate filled bottle phantom.

2.2.3 Scanning protocol

For the baseline assessment the MagNet set was transported to the three sites the pre-

vious day to allow the phantoms to settle. The following measurements were taken

at each site. Scanner characteristics are presented in detail in section 2.4.1. For the

SNR/Uniformity measurements data was collected using the Flood Field phantom with

a T2-weighted fast spin echo sequence (T2FSE) in three planes (transverse, sagittal,

coronal) and using the following parameters: TE 102ms, TR 6300ms, NEX 2, FOV

240mm, Matrix 256x256, Slice width 5mm, 1 slice. SNR measurements were also

taken with the Data Spectrum 3D Geometry phantoms using the same parameters.
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Figure 2.3: Standard Magnet Phantom set for baseline QA including a ood eld SNR/Uniformity

phantom, a Geometric Linearity/Distortion and Slice Width phantom, a Spatial Resolution phan-

tom, and a Slice Position phantom and a Copper Sulphate lled bottle phantom

For the Geometric Distortion measurement the Geometric Linearity/Distortion and

Slice Width phantom was scanned in three planes (transverse, sagittal, coronal) using

a T2-weighted spin echo sequence (SE) with the following parameters: TE 30ms, TR

1000ms, NEX 1, FOV 250mm, Matrix 256x256, Slice width 5mm, 1 slice. Geometric

Distortion measurements were also taken with the Data Spectrum 3D Geometry phan-

toms using a T1-weighted fast spoiled 3D gradient echo sequence at 6 positions after

performing 15o rotations with the following parameters: TE min., TR min., NEX 1,

FOV 240mm, Matrix 256x256, Slice width 2mm, 116 slices.

For the Resolution measurement the Resolution phantom was scanned in three

planes (transverse, sagittal, coronal) using a T2-weighted spin echo sequence (SE)

with the following parameters: TE 30ms, TR 1000ms, NEX 1, FOV 250mm, Matrix

256x256 and 512x512, Slice width 5mm, 1 slice.

For the Slice position measurement the Slice position phantom was scanned in

the transverse plane using a T2-weighted spin echo sequence (SE) with the following

parameters: TE 30ms, TR 1785ms, NEX 1, FOV 250mm, Matrix 256x256, Slice width

5mm, 45 slices.

For the Ghosting measurement the Copper Sulphate filled bottle was scanned in

three planes (transverse, sagittal, coronal) using a T2-weighted multiple spin echo se-

quence (MSE) with the following parameters: TE 30/60/90/120ms, TR 1000ms, NEX

1, FOV 250mm, Matrix 256x256, Slice width 5mm, 1 slice.
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For the fMRI SNR and temporal stability measurement the Data Spectrum 3D Ge-

ometry phantoms were scanned in the transverse plane using a gradient-echo echo-

planar imaging sequence (EPI) with the following parameters: TE 40ms, TR 2500ms,

NEX 1, FOV 240mm, Matrix 64x64, Slice width 5mm, 30 slices. Three series were

acquired, one with 100 volumes and two with 300 volumes.

For the regular measurements the identical Data Spectrum 3D Geometry phan-

toms were always used. SNR T2 FSE and EPI measurements were collected weekly

and geometric distortion measurements were collected monthly, all using the same pa-

rameters described above for the baseline scans. T2 FSE SNR measurements were

collected at the start and end of each human scanning session again using the same

parameters.
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2.3 Participants

Fifteen healthy participants were initially recruited, out of which fourteen completed

the study. One participant was not able to complete the study due to time constraints

and another was scanned but subsequently excluded from some of the analyses due to

an artefact in the interhemispheric fissure, caused by physiological calcification in the

falx. Thirteen (nine male and four female; mean age 35.2 years, SD 7.3) were included

in the motor task analysis. All participants were native English speakers, right-handed

(self reported) and met the inclusion criteria for the study: no cardiac pacemakers,

metallic implants and prostheses, aneurysm clips, metal teeth braces, pregnancy or

potential pregnancy, history of diagnosed neurological disorder or major psychiatric

disorder or treatment with psychotropic medication, including treatment for substance

misuse. The participants were not paid, but they were reimbursed for travel and sus-

tenance. On one occasion a participant was also reimbursed for loss of pay. Two

participants were also reimbursed for an overnight stay away from home.

2.3.1 Recruitment

Due to the nature of the study, the recruitment of participants presented a challenge.

Participation required multiple scans and extensive travel within the space of a few

months. The schedule was not particularly flexible because of the demands placed

by the counterbalancing of the order of scans and the fact that all scans were to be

conducted before noon on working days. Furthermore, each scanning session lasted

more than an hour and included five functional runs, which the pilot scans showed

to be rather demanding, due to the fatigue caused by the long total duration of the

functional component (>45min). Recruiting additional participants to replace people

unable to continue would have been difficult, so it was important to find reliable vol-

unteers. Recruitment was therefore actively done by researchers in all three centres,

through posters and word of mouth. Some of the participants were staff or postgrad-

uate students based in one of the three participating universities and were able to take

time off in order to take part in the study. During the briefing it was explained to all

volunteers what participation entailed and it was made clear that they could withdraw

from the study at any time. All subjects provided written informed consent and the

study was approved by the Grampian Research Ethics committee.
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2.3.2 Training

All participants received a detailed briefing and training. Participants were informed of

the purpose of the study and they were made aware of the effect of certain substances,

like alcohol, caffeine and nicotine on the reproducibility of results. They were not

asked to refrain from consumption, but to be consistent on the days of scanning and the

night before. They were also trained on all fMRI tasks, by practising shorter versions

of all tasks on a laptop on a different day from that of their first scan, and they were

given the opportunity to ask questions.

Because training was conducted locally at the three sites, it was not possible for all

participants to be trained by the same person. To ensure consistency, a training protocol

was devised (Appendix B). David Brennan and Gordon Waiter received training by

myself and were responsible for training in Glasgow and Aberdeen respectively. In

Edinburgh training was done by myself.
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2.4 Design

The main aim of the study was to test a range of tasks that cover the span of tasks

currently used in psychiatric fMRI research studies. This is limited by the amount of

time a subject can stay in a scanner for health reasons, and may also be limited by the

subject’s ability to attend to multiple lengthy tasks, and endure the physical aspects

such as noise and the cramped conditions of the scanner enclosure. Also limited by the

cost of MR scanning - approximately £550/hour. These factors, namely cost, health

and safety, and attention span drove the selection of tasks. Priority was given to tasks

that would produce the most useful results with respect to potential future multicentre

studies, between the same centres in the study and in a more general case.

The minimum number of scanners required to allow for reproducibility testing is

three. As a rule-of-thumb, the minimum number of subjects in fMRI in general is ap-

proximately fourteen, although more recent publications have suggested sixteen sub-

jects would be a safer minimum (Friston, 2012).

All participants had six scanning sessions, two at each of the three sites.The ini-

tial design included two more scans in the Glasgow 3T scanner, but this was dropped

in favour of conducting a separate 3T study at a later date. The order of visits was

counterbalanced to avoid practice effects, for more details see section 2.7. Each ses-

sion was identical and consisted of a localiser scan, two field mapping scans, six func-

tional scans, a clinical T2-weighted scan and a high resolution anatomical T1-weighted

scan. A phantom was scanned at the beginning and end of each session using the T2-

weighted sequence. Scanning parameters were kept constant across scanners, with

some minor variations arising due to hardware and software differences. The technical

characteristics of the equipment used are presented in section 2.4.1 and the full scan-

ning protocol is presented in section 2.4.2. The functional component included five

tasks. The task design is presented in section 2.5. Pilot sessions were run at each site

before the start of the data acquisition phase, these are briefly presented in section 2.6.

2.4.1 Equipment

Three General Electrics 1.5T scanners were used in this study, with some differences in

hardware and software versions. A projector and Presentation software were used for

the delivery of stimuli in Aberdeen and Glasgow and an LCD screen and IFIS/E-Prime

in Edinburgh.

In Aberdeen scanning was conducted with a General Electrics (GE) 1.5T Signa
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NVi/CVi scanner (software version 9.1; Echospeed gradients with max. amplitude

40mT/m and max. slew rate 150T/m/s; standard quadrature head coil). The ADW

console (version 4.1) was used for the acquisition and reconstruction of fMRI data. A

projector was used for the presentation of stimuli. Presentation v9.9 (Neurobehavioural

Systems) was used for the delivery of stimuli and recording of behavioural responses,

which were collected using an MR-compatible 4-button response unit.

In Edinburgh scanning was conducted with a General Electrics (GE) 1.5T Signa LX

scanner (software version 9.1M4; Echospeed gradients with max. amplitude 22mT/m

and max. slew rate 120T/m/s; standard quadrature head coil). The ADW console

(custom installation) was used for the acquisition and reconstruction of fMRI data. The

delivery of stimuli and the recording of behavioural responses was handled by IFIS-

SA (Invivo), IFIS software vR14 with E-Prime v1.1SP3 (Psychology Software Tools).

Stimuli were presented using an LCD screen, part of the IFIS system, mounted on the

head coil and responses were collected with an MR-compatible 5-button response unit.

In Glasgow scanning was conducted with a General Electrics (GE) 1.5T Signa

scanner (software version 11M3/11M4SP1; Echospeed gradients with max. amplitude

40mT/m and max. slew rate 150T/m/s; standard quadrature head coil). The main

console was used for the acquisition and reconstruction of fMRI data. A projector was

used for the presentation of stimuli. Presentation v9.9 (Neurobehavioural Systems)

was used for the delivery of stimuli and recording of behavioural responses, which

were collected using an MR-compatible 2-button response unit. Detailed scanner and

fMRI equipment characteristics are presented in Table 2.1.

2.4.2 Scanning protocol

The scanning parameters were kept constant across the three scanners, allowing for

some minor deviations arising from differences in scanner hardware and software. Ta-

bles with detailed scanning parameters for the three sites are presented in Appendix

A.

A localiser scan in three planes was followed by two scans using an echoplanar

imaging (EPI) sequence to be used for field mapping2. These were acquired with the

following parameters: orientation parallel to the AC/PC plane; repetition time (TR)

2500ms; echo time (TE) 30/40ms; slice thickness 5mm without a gap; matrix 64x64;

1The software was upgraded on 4/8/2006.
2It was at a later date discovered that the parameters for the field mapping sequence were incorrect,

rendering them unusable.
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field of view (FOV) 240mm2; flip angle 90o; 30 slices; 1 volume.

Six functional runs were performed with the same sequence. These were acquired

with the following parameters: orientation parallel to the AC/PC plane; repetition time

(TR) 2500ms; echo time (TE) 40ms; slice thickness 5mm without a gap; matrix 64x64;

field of view (FOV) 240mm2; flip angle 90o; 30 slices; number of volumes varied in the

different tasks (finger tapping 160; n-back 260; face processing 129; visual perception

100; breath holding 124). The first four images of each functional run were discarded

to allow for stabilisation of the signal.

Two anatomical scans were also performed. A T2-weighted clinical scan was ac-

quired using a fast spin echo (FSE) sequence with the following parameters: orienta-

tion parallel to the AC/PC plane; repetition time (TR) 6300ms; echo time (TE) 102ms;

slice thickness 5mm with a 1.5mm gap; matrix 256x256; field of view (FOV) 240mm2;

flip angle 90o; 19 (Aberdeen; Glasgow) or 20 (Edinburgh) slices. A high resolution

T1-weighted scan was acquired using a 3D inversion recovery-prepared fast gradient

echo volume sequence with the following parameters: orientation coronal; repetition

time (TR) 5.9ms (Aberdeen; Glasgow) or 8.2ms (Edinburgh); echo time (TE) 1.9ms

(Aberdeen) or 3.3ms (Edinburgh) or 1.4ms (Glasgow); slice thickness 1.7mm without

a gap; inversion time (TI) 600ms; matrix 256x192; field of view (FOV) 220mm2; flip

angle 15o; 128 slices.

At the beginning and end of each scanning session one volume was acquired using

the 3D geometry phantoms (see section 2.2.2) and the same sequence as that of the

human T2-weighted clinical scan.
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2.5 fMRI tasks

In each visit participants performed a finger tapping task (section 2.5.1), a N-Back task

(section 2.5.2), a face processing task (section 2.5.3), a simple visual perception task

(section 2.5.4) and a breath holding task (section 2.5.5). Each task consisted of one

run, except for the emotional task, which consisted of two runs. Details of the task

properties are summarised in Table 2.2.

2.5.1 Finger tapping

The finger tapping task employed a block design with three conditions, ‘sequential

tapping’, ‘random tapping’ and ‘rest’. For the sequential condition participants were

instructed to tap the fingers of their right hand sequentially in time with a flashing ‘#’

symbol, starting with the thumb and finishing with the little finger. For the random

condition participants were asked to tap their fingers in a random way in time with a

flashing ‘?’ symbol. During the rest condition they were asked to just fix their gaze on

a flashing ‘+’ symbol.

In all conditions the symbol was flashing with a frequency of 1Hz. Each block

had a duration of 30s and included 28 trials and a 2s verbal prompt at the beginning

with the words ‘sequence‘, ‘random’ and ‘rest’ respectively. Each run included four

repetitions of each tapping condition and five repetitions of the rest condition.

2.5.2 N-Back

The N-back task employed a parametric block design with four conditions of increas-

ing difficulty, ‘0-Back’, ‘1-Back’, ‘2-Back’ and ‘3-Back’. Consonants of the Latin

alphabet were used as stimuli. In the control condition (‘0-Back’) participants were

asked to press the middle finger button whenever the letter ‘X’ appeared and the index

finger button for any other letter. In the ‘1-Back’ condition participants were asked to

press the middle finger button if the letter on the screen was the same as the imme-

diately previous one and the index finger button if not. In the ‘2-Back’ and ‘3-Back’

conditions participants were asked to press the middle finger button if the letter on

the screen was the same as the one two or three letters back and the index finger but-

ton if not. Each block had a duration of 40s which included a 5s verbal prompt and

comprised 14 trials. Each trial had a duration of 2.5s, stimuli were presented for 1.5s

followed by a blank screen. Blocks were always presented in a fixed order, ‘0-Back’ –
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‘1-Back’ – ‘2-Back’ – ‘3-Back’, and each run comprised four complete cycles.

2.5.3 Face processing

The face processing task employed a block design with three conditions, ‘fear’, ‘neu-

tral’ and ‘rest’. In the fear condition faces expressing the emotion of fear were pre-

sented and in the neutral condition faces with a neutral emotional expression were

presented (see 2.4, bottom). During rest periods subjects were instructed to look at

a fixation cross. In each face block six greyscale pictures of faces from the Ekman

and Friesen series (Ekman and Friesen, 1976) were presented in a random order, three

male and three female. Participants were asked to press the index finger button if they

thought the face presented was male and the middle finger button if they thought the

face was female. The two response choices (‘Male’ and ‘Female’) were displayed in

the bottom part of the screen during the presentation of each face. The same individ-

uals were shown in both the fear blocks and neutral blocks which differed only in the

emotion shown on the faces.

Fear blocks and neutral blocks were alternated and had a duration of 25s, which

included a 1s visual prompt with the word ‘gender?’. Rest blocks had a duration of

12.5s and included a 1s visual prompt with the word ‘rest’. Each trial had a duration of

4s, the face was presented for 3.5s followed by a blank screen. Each run consisted of 4

fear blocks, 4 neutral blocks and 9 interleaved rest blocks. The participants completed

two runs of the task in each visit.

2.5.4 Visual perception

For the visual perception task an event-related design was used. The stimulus was

a black and white checkerboard (see 2.4, top) flickering at 8Hz and each trial had

a duration of 1s. The remainder of the time a simple fixation cross appeared in the

centre of the screen. Participants were asked to focus on the cross and just look at the

image whenever it appeared. Each run contained 24 events with a pseudo-randomised

inter-stimulus interval (ISI) varying between 4 and 14s.

2.5.5 Breath holding

A block design was used for the breath holding challenge with conditions, ‘rest’ and

‘breath holding’. During rest periods a fixation cross appeared on the screen and par-
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Figure 2.4: Functional task stimuli. Top: Black and white checkerboard flickering at 8Hz.

Bottom: Pictures of faces with a neutral (left) or fearful (right) expression.
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ticipants were asked to focus on the cross and ‘breath normally’. When the ’breath

out and hold’ prompt appeared they were asked to breath out naturally and hold their

breath for the whole duration of the block, while focussing on a ‘#’ symbol.

Rest blocks had a duration of 30s and breath holding blocks had a duration of 15s.

Both types of blocks included a 1s verbal prompt. Each run included 7 rest and 6

breath holding blocks.



Chapter 2. The Calibrain study 41

2.6 Pilots

Pilot scans were conducted before the onset of the data acquisition phase. The same

subject (myself) was scanned at all sites with the full scanning protocol to check for

inconsistencies and to qualitatively assess the differences in the subjective scanning

experience at the three sites. Some minor revisions of scanning parameters and debug-

ging of the stimulus presentation scripts followed the pilot scans.
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2.7 Data acquisition

Data were acquired using three GE 1.5T Signa scanners (GE Medical, Milwaukee,

Wisconsin), in Edinburgh (SFC Brain Imaging Research Centre, Division of Clinical

Neurosciences, University of Edinburgh), Glasgow (Department of Clinical Physics,

Institute of Neurological Sciences, Southern General Hospital) and Aberdeen (Depart-

ment of Radiology, University of Aberdeen). Technical characteristics of the three

scanners and other equipment used are presented in section 2.4.1, scanning parame-

ters in section 2.4.2. The order of scans was counterbalanced to avoid practice effects,

with five participants having their first scan in Edinburgh, four in Aberdeen and four in

Glasgow. Some scans were done out of order due to scheduling restrictions. While an

effort was made to keep the interval between scans constant, this was not possible in

practice due to the difficulties presented by the necessity to reconcile the busy sched-

ules of scanning sites and participants. The mean interval between visits was 25.2 days

with an SD of 17.8 days. Details of the data acquisition schedule are presented in Table

2.3.
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2.8 Data management

The study required a significant amount of work in terms of electronic data manage-

ment. This includes the issues of data transfer, presented in section 2.8.1, as well as

the naming and physical organisation of data, presented in section 2.8.2.

2.8.1 Data transfer

The transfer of scanning data from the scanning centres to the UoE DoP data server

was accomplished in different ways. Data acquired in Edinburgh was transferred im-

mediately after the scan over the university computer network, using an established

secure and automatic procedure. This was not possible at the other centres, due to

security restrictions and policies of hospitals and universities. From Aberdeen all data

was transferred using optical disks (DVD). In Glasgow data had to be manually copied

to a different computer and transferred over the internet to the data server using the

secure SSH protocol.

2.8.2 Data organisation

The large quantity of data dictates that most operations on the data are accomplished

by batch scripting. To facilitate ease of data manipulation and minimise error, the

consistent organisation and naming of data was deemed necessary. A method was

devised that is independent of scanning site and clearly denotes the contents of each

directory and file, which are uniquely named. It is also appropriate for use with regular

expressions and filters to select directories and files for processing and analysis.

A simple structure was created for the hierarchy of directories on the file system,

illustrated in Figure 2.5. A root directory was created for the study containing one di-

rectory per exam (scanning visit). Each exam directory contains all image and analysis

files for that exam in clearly named directories. All directory and file names are coded

by subject, site, visit and exam (e.g. S001a1 10071 motor img). Some files created

by the analysis software are not assigned unique names. The ones used in further anal-

yses, like contrast images and statistical parametric maps, are renamed using a shell

script (e.g. S001a1 10071 motor 1stlevel pstcon 0005.img).

Each exam directory name consists of the subject code, the site code and the cor-

responding visit number, followed by the date of the exam (e.g. S001a1 240806 ).

This directory contains all image and analysis data for this exam, coded by subject
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Root Data Directory

......

......Series Directory B Analysis Directory A�

Exam Directory BExam Directory A

Series Directory A

Figure 2.5: Data Structure. Diagram showing the organisation of image data on the le system.

code, site code and visit number, followed by the exam number assigned by the scan-

ner and a descriptive name (e.g. S001a1 10071 t1 img, S001a1 10071 motor img,

S001a1 10071 motor 1stlevel pst). The file name for each raw image consists of the

parent directory name and volume number (e.g. S001a1 10071 motor imgı0001.img).

A short prefix is then added to the name of processed images by the batch scripts. Some

files created by the analysis software are not assigned unique names. The ones used

in further analyses, like contrast images and statistical parametric maps, are renamed

using a shell script (e.g. S001a1 10071 motor 1stlevel pstcon 0005.img).

2.8.3 File format conversion

Due to differences in the way EPI data acquisition was handled at the three sites, the

raw data came in different formats. The raw data from Edinburgh and Aberdeen were

acquired using the ADW console and came in a proprietary GE format. They were

converted to SPM compatible ANALYZE format using the GE2SPM SPM extension,

version 3.1 (Souheil Inati, http://www.fil.ion.ucl.ac.uk/spm/ext/). In Glasgow EPI data

were acquired using the main console and the raw images came in DICOM format.

They were converted to SPM compatible ANALYZE format using the SPM2 DICOM

toolbox.
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3.1 Overview

Ensuring that the reproducibility of data collected at different sites and over time is an

important component of multicentre imaging. In order to address this issue, Quality

Assurance (QA) data was collected using both test object and human images to assess

the stability of the three scanners used in the CaliBrain study.

The signal to noise ratio (SNR) is the most often cited measure in QA protocols,

since it is easy to calculate and provides a sensitive if non-specific measure of the

performance of an MR system (Lerski et al., 1998). However, it is not clear what

the optimal frequency of SNR measurements should be. The frequency of SNR mea-

surements was varied during Calibrain, in order to determine the most appropriate

sampling interval. In addition, the relationship between the variability of in-vitro and

in-vivo measurements was investigated in order to determine which measures would

most accurately reflect data quality.

The Quality assurance (QA) analysis presented here was performed by Katherine

Lymer using methods developed in collaboration by her and myself.
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3.2 Methods: Signal to Noise

Fourteen healthy volounteers were scanned twice on each of the three scanners, at ap-

proximately three monthly intervals. At each site, in-vitro SNR measurements were

taken at three discrete frequencies: (1) Once at study baseline; (2) once a week as part

of the longitudinal QA; (3) immediately before and after each subject was scanned.

Identical test objects were scanned at each site to allow direct comparison of the result-

ing data using a standard T2-weighted sequence with identical acquisition parameters

for both the in-vivo and in-vitro scanning except for the number of slices. Details of

the protocol are presented in 2.2.

Regions of interest (ROI) were placed within the high-signal region of the test-

object image and away from the internal structural boundaries. ROIs of the same size

were placed bilaterally in the white matter (WM) of the longitudinal fasiculi in each

subject. This homogenous WM region was chosen to approximate position of the

single slice from the test object. Individual ROIs were drawn for each subject / test

object image to ensure correct placement. The mean and SD of the signal intensities

were computed in each of these regions and the SNR was calculated using SNR=

(signal/SDsignal)(Firbank et al., 2000). The variance was analysed to identify any

significant differences between data series.

The temperature dependence of the T1 in paramagnetic salts has been well docu-

mented (Lerski et al., 1998) and so to allow the effects of temperature to be separated

from real system changes, each site was asked to record the magnet room temperature

at the time of scanning. Since the test-objects were permanently stored in this room,

the room temperature was believed to be an accurate reflection of that in the test object.
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Figure 3.1: Signal to Noise (SNR) data for all subjects at each of the three sites.

3.3 Results: Signal to Noise

3.3.1 Variance of in-vivo SNR measurements

The SNR measurements acquired from the healthy subjects in each of the three sites

are shown in Figure 3.1. Comparison of the variance between these measurements

showed no significant differences between those obtained in Aberdeen and Edinburgh

but significant differences between the SNR measures from Glasgow and the both

Aberdeen and Edinburgh. This is due to the much larger variance of the Glasgow

data (var = 28.80 compared to var = 6.38 in Aberdeen and var = 5.77 in Edinburgh).

3.3.2 Variance of test-object SNR measurements

The weekly SNR measurements for all three sites are plotted in Figure 3.2. There

are significant differences between the variance of the Aberdeen SNR (var = 3.55)

compared to both that in Edinburgh (var = 28.40) and Glasgow (var = 13.50). Despite

these large variances, the coefficients of variation (CV) for these measurements are all

≤10%, namely 5% for Aberdeen, 10% for Edinburgh and 9% for Glasgow.

Full data sets from the in-vitro SNR measurements were only available for two of

the three centres (Aberdeen and Edinburgh) as a considerable proportion of the ‘time

of scan’ data is missing from Glasgow. A summary of these results are presented in

Figure 3.3 and Figure 3.4. The scanning room temperatures in both Edinburgh and
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Figure 3.2: Weekly SNR measurements in all three Calibrain sites.

Aberdeen we stable for the duration of the study, with both sites recording temperature

changes of ±1oC.

There was no significant difference between the before and after ‘time of scan’ in-

vitro variances from either Aberdeen or Edinburgh. This was also true of the compar-

ison of the variance between the weekly QA and both the time of scan measurements

in the Edinburgh data set. There were, however, significant differences between the

weekly QA and the both the time of scan SNR variances in Aberdeen, with the ‘before

scan’ and ‘after scan’ SNRs showing much higher levels of variance (25.92 and 36.26

respectively compared to the weekly QA variance of 3.55).

Comparison of the variance of the in-vivo SNR results to all of the in-vitro mea-

surements showed no significant differences in Edinburgh dataset. However, in Ab-

erdeen there were significant differences between the variance of the in-vivo SNR

measures and those recorded immediately before and after scanning with the in-vitro

measurements showing much larger degrees of variance (before scanning = 25.9, after

scanning = 36.2, in-vivo = 6.38). Comparison of the weekly SNR and in-vivo variances

showed no significant differences.
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Figure 3.3: SNR results for the Aberdeen scanner, showing in vivo and in vitro data acquired

during subject scanning and in vitro data acquired during routine weekly QA.

Figure 3.4: SNR results for the Edinburgh scanner, showing in vivo and in vitro data acquired

during subject scanning and in vitro data acquired during routine weekly QA.
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Figure 3.5: SNR measures in Aberdeen in reference to planned maintenance and repair.

3.3.3 Effect of scanner service

To date, only Aberdeen has provided data on the planned maintenance of the MRI

scanner during the scanner period for Calibrain. Preliminarily results from the SNR

measurement are shown in Figure 3.5 and suggest no observable change even following

hardware replacement.
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4.1 Overview

In this chapter I present the methods and analysis results for structural Magnetic Res-

onance Imaging (sMRI). Structural imaging data acquired as part of the CaliBrain

project was used to examine scanner differences at the three sites and to assess the

practicality of pooling scans for multicentre VBM studies. T1-weighted sequences

from all sites were analysed to assess within scanner variability and between scanner

differences in structure. A metric was developed to correct for between scanner differ-

ences by adjusting the probability mappings of tissue priors, used in SPM5 for tissue

classification, resulting in scanner specific tissue priors.

Voxel Based Morphometry (VBM) analyses and our metric tests were used to as-

sess how scanner specific priors reduced tissue classification differences between scan-

ners and we compare those remaining differences to within scanner variability, the

ideal for scanner harmonisation.

I reviewed existing methods, composed the acquisition protocol, and prepared the

raw data for processing. The sMRI data analysis and harmonisation method develop-

ment was done by T. William Moorhead, the absolute distance metric and sMRI data

analysis were developed by both T. William Moorhead and myself. For completeness

the full details of the metrics, analysis and methods are given here. This work was

published in Moorhead et al. (2009), included in Appendix E.
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4.2 Methods: Multicentre Voxel Based Morphometry

As VBM draws its inferences from voxel-wise comparisons it is necessary to apply

fine grain corrections of the sMRI tissue classification to avoid any need for validity

masking. To compensate for scanner differences separate sets of segmentation priors

were developed for each CaliBrain scanner using proportional feedback. These scanner

specific priors were created from the first visit scans of six subjects and were tested

using our metrics and VBM analyses on the seven subjects who were excluded from

the priors adjustment protocol. Metric tests were applied to quantify within scanner

variability and between scanner differences. The absolute distance metric assesses

the absolute distance between segmentations. The metrics are applied at the voxel

level and are averaged to report an overall distance inclusive of noise and systematic

differences. These metrics were applied at baseline and on the adjusted segmentations.

The method presented here is in keeping with this existing work as corrections were

implemented at a scale that is close to the analysis scale for VBM.

4.2.1 VBM Preprocessing and Segmentation

The sMRI data, (T1-weighted images), were pre processed using SPM5 (Wellcome

Department of Cognitive Neurology and collaborators, Institute of Neurology, Lon-

don, UK; http://www.fil.ion.ucl.ac.uk/spm/software/spm5/) running on Matlab Version

XXXXXX (Mathworks, Natick, MA, USA).

Prior to segmentation all the scans were co-registered and resliced to ensure that

they were aligned to the anterior-posterior commissure axis (ACPC) in the standard

MNI template space. As part of this process the scans were re-sampled to a resolution

of 1 1 1 mm.

The T1 images were segmented to produce baseline grey and white tissue maps and

CSF maps. Creating study specific tissue priors specifically for a study cohort acquired

at one scanning centre is an established practice (Wilke et al., 2003; Moorhead et al.,

2004; Job et al., 2006; Spencer et al., 2008; Wilke et al., 2008). Here we extend this

approach of adjusting the priors so that they compensate for multiple scanners differ-

ences. To achieve this goal, an iterative adjustment method that employed proportional

feedback to develop scanner specific priors for each scanner, was applied.

The SPM priors used in the baseline tissue classifications were taken from a study

of psychosis which employed a scan sequence that was equivalent to that used for

the CaliBrain acquisitions (McIntosh et al., 2007). These scanner specific priors in
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the psychosis study were drawn from scans of young adults with a family history of

schizophrenia and control subjects with no family history of psychosis. All 93 subjects

used to create these priors were well at time of scanning.

The final adjusted segmentations were obtained using the scanner specific priors,

derived in our priors adjustment procedure, details in the next section. The SPM5 seg-

mentations were run using the default settings, the ‘Number of Gaussians per class’

was set to [2 2 2] and the ‘Bias regularization’ was set to ‘medium’. In keeping with

the established practice in research in normal controls, the segmented results were out-

put as unmodulated and normalized to the MNI template. The normalization employed

the SPM5 default normalization with the ‘Nonlinear Frequency Cutoff = 25’. Also, in

keeping with established VBM practice in tissue density analyses the SPM5 segmen-

tations were smoothed using an isotropic 12 mm Full Width Half Maximum (FWHM)

kernel.

4.2.2 Procedure for creating Scanner Specific Priors

Our procedure compensates for scanner differences using proportional feedback to

iteratively create sets of scanner specific priors where each set is a small adjustment to

the previous segmentation to partially reduce scanner differences.

The process flow diagram in Figure 4.1 gives an overview of this procedure. One

scanner is designated as the target scanner and a second as the object scanner. The

scans from the target scanner are segmented and for this segmentation the priors were

taken from our psychosis study (McIntosh et al., 2007). The priors applied to the

target scanner remain unchanged throughout the iterative procedure. The object scan-

ner segmentation is also initialized with the priors taken from our psychosis study

(McIntosh et al., 2007). During our iterative procedure these object scanner priors are

incrementally adjusted. These adjustments are set to compensate for the segmentation

differences between the target and object scanners.

The process illustrated in Figure 4.1 adjusts the object priors through comparisons

based upon grey and white segmentations. This dependence of the adjusted priors

on both grey and white tissue is implemented by alternating the prime comparison

between the grey and white tissue types. When grey is the prime comparison segment

we adjust the grey prior to correct for the voxel level differences found between the

target and object scanners. Also, at the voxel level, we apply a balancing adjustment

to the white or CSF prior to ensure that the sum of the priors at the voxel level is



Chapter 4. Structural MRI 57

Figure 4.1: Process Flow diagram. Process Flow for procedure that develops scanner specific

priors to correct for segmentation differences between the object and target scanners. Adjust-

ment of the object scanner priors is used to minimise the difference between the scanners. The

final adjusted object scanner priors are output as the scanner specific priors.
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maintained at its nominal sum of unity. Similarly when the prime comparison is made

upon the white segment we adjust the white prior to correct for the differences between

the target and object scanner and we apply a balancing adjustment to the grey or CSF

prior.

On a subject by subject basis the prime comparison segmentations obtained from

the target and object scanners are subtracted at the voxel-level. These subtractions were

averaged across the subjects included in the priors adjustment process. The averaged

voxel-level differences were used to form a difference image that was then smoothed to

reduce sampling noise and subject bias. Next a proportion of the smoothed difference

image is used to adjust the grey, white and CSF priors applied to the object scanner.

These adjusted priors are then used in the next iteration of the procedure.

This process is repeated until the segmentations given by the object scanner con-

verge with those given by the target scanner. We assess this convergence through the

use of metrics described below.

The evaluation of the prime difference image, Pgdiff for the grey segment G is

given in equation (4.1), and Pwdiff for the white segment W, is given by equation

(4.2). In these calculations of the prime difference images, the processed scans are

designated by subscripts (subject, visit, scanner), with N = 6, the number of compared

subjects. These comparisons were limited to the first round scans. The averaging

across the adjustment subjects reduces individual differences.

Pgdiff =
1
N

N

∑
n=1

(G(n,visit,Ob ject))− (G(n,visit,Target)) (4.1)

Pwdiff =
1
N

N

∑
n=1

(W(n,visit,Ob ject)− (W(n,visit,Target) (4.2)

adjGPrior = curGprior− sPgdiff∗beta (4.3)

adjWPrior =

{
curWPrior+(sPgdiff∗beta) i f (curWPrior > curCPrior

0 i f (curCPrior >= curWPrior

}
(4.4)

adjCPrior =

{
curCPrior+(sPgdiff∗beta) i f (curCPrior >= curWPrior

0 i f (curWPrior > curCPrior

}
(4.5)

When the primary segment is grey the adjusted prior adjGprior is given by equation

(4.3). In this voxel-level process the current grey prior curGprior has a proportion
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beta of the smoothed prime difference sPgdiff image subtracted. When the prime

comparison segment is grey the evaluations of the adjusted white adjWprior and CSF

priors adjCprior are given by equations (4.4) and (4.5). In these equations, the changes

applied to the grey prior are balanced by equivalent additions to the white or CSF

priors. At the voxel level we test the relative occupancy of the white and CSF priors

and assign the balancing adjustment to which ever prior exhibits greater occupancy.

When the prime comparison segment is white, the adjusted priors evaluations are

equivalent to those given in equations (4.3), (4.4) and (4.5) with the exceptions that

the prime difference image is given by Pwdiff and the grey and white priors are inter-

changed. This averaged difference images Pgdiff and Pwdiff are smoothed using an

isotropic kernel, with a FWHM of 10 mm.

Smoothing at this level reduces sampling noise and limits the subject bias that

results from the relatively small number of subjects that we have used to create the

scanner specific priors.

The value of beta determines the proportion of the difference image that is used

to adjust the priors for each iteration of the protocol, and therefore has an important

bearing on this protocol. A high setting for beta could lead to instability whilst using

value that is too low could result in slow convergence. As part of the development of

this method, we experimented with the beta setting and found that setting beta to 0.33

or greater could lead to instability in the priors adjustment process. We found that a

beta setting of 0.15 allowed for stable convergence of the segmentations from different

scanners. We found that further reductions of the beta value did not improve the degree

of convergence that was obtained from the adjustment process. The reductions in beta

did increase the number iterations required to attain convergence.

Key to this process is our between scanner distance metric, which assesses the

degree of convergence between the target and object scanners. We terminated the

adjustment procedure when the incremental change in the between scanner distance

was less than 0.1% and remained at this level in subsequent iterations.

4.2.3 Testing Scanner Specific Priors Procedure

We tested the operation of this method, (our priors adjustment procedure), by randomly

selecting six subjects from the available data. We applied the scanner specific priors

adjustment method to the 1st round scans of these subjects. These priors were then

used to segment all the T1 scans for our final analyses. Our metrics and VBM contrast
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analyses were used to assess the scanner differences at baseline and for subsequent it-

erations of partially adjusted segmentations. The seven subjects that were not included

in the six subjects from the scanner specific priors adjustment process, formed a test

group upon which we could assess the viability of our protocol.

We designated the scanners in the CaliBrain project as scanners A, B and C. Scan-

ner A was set as the target scanner and scanner B as the object scanner and we devel-

oped a set of scanner specific priors for scanner B. We also developed scanner specific

priors for scanner C with scanner A set as the target scanner.

Throughout these adjustment procedures the priors set used for scanner A was

fixed as the priors drawn from our study of psychosis (McIntosh et al., 2007). The

scanner specific priors developed for scanners B and C were initialised with the priors

from our psychosis study. The choice of scanner A as the target scanner was based

upon the baseline metric results that indicated that scanner A has a low within scanner

Variability and that it exhibited the lowest overall between scanner differences.

4.2.4 VBM Statistical Analysis

Using SPM5 we implemented VBM statistical analyses of the grey and white segmen-

tations at baseline and for our adjusted segmentations. In these we treated the visits

and scanners as separate grouping components and thus formed a factorial analysis

matrix that was composed of six groups. We designated the Independence variable as

’NO’ to account for the fact that we have repeated measures on the same subjects. We

reported the overall F-test for main effect of scanner in the CaliBrain study. Also, we

used this design matrix to report t-test contrast results for within scanner variability

and between scanner differences.

The t-tests for between scanner differences were made by combining the two vis-

its at each scanner. All t-tests and the F-test were carried out with an uncorrected

threshold of 0.001, and we reported Family wise error (FWE) correction for multiple

comparisons. All groups were composed of the same subjects and as the scans were

all acquired within a six month period there was no requirement to covary for age or

gender.

4.2.5 Voxel-wise distance metrics

We employed a percentage distance metric to quantify the within scanner variability

and between scanner differences. In SPM, tissue occupancy is assigned at the voxel
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level for grey, white and CSF as full occupancy or as partial volumes. At full occu-

pancy the voxel is assigned as either grey or white or CSF with occupancy of 1.0. At

the interface between tissue types partial occupancy is assigned on a continuous scale

from 0.0 to 1.0 and the sum of the assigned occupancy for each voxel does not exceed

1.0. In order to evaluate the distance between two tissue classifications we computed

as a percentage the absolute distance.

The general form of the absolute percentage distance computation is illustrated in

equation (4.6) where we compare two voxels V1 and V2. This reports the percentage

absolute difference with respect to the average value of the compared voxels. We chose

this metric because it accentuates the differences in the compared segmentations.

AbsolutePercentageDistance =
200∗ |V 1−V 2|

(V 1+V 2)
(4.6)

In keeping with established VBM analyses the metrics were applied to the smoothed

segmentations and limited to valid-voxels where the compared segments had occu-

pancy of greater than 0.05. The summary value reported by the metric is an average

of the absolute percentage difference found at the valid voxels in the normalised and

smoothed segmentations. The metrics are applied on a subject basis and for each sub-

ject we evaluate the within scanner variability for scanners A, B and C and we evaluate

the between scanner differences for the scanner pairs AB, AC and BC. A paired sam-

ple t-test is used to compare the baseline and adjusted metric results and to report the

mean difference and its significance.
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Table 4.1: Grey matter metric results for the subjects used in priors generation

Scanner Comparison Baseline* Adjusted* MD** (paired sample significance)

AA 2.1 (0.5) 2.1 (0.5) 0.00 (p < 1.00)

BB 3.0 (0.5) 3.0 (0.4) 0.02 (p < 0.79)

CC 2.1 (0.6) 2.1 (0.5) 0.02 (p < 0.36)

AB 7.2 (0.8) 3.7 (0.4) 3.5 (p < 0.001)

BC 8.0 (0.8) 4.0 (0.6) 4.0 (p < 0.001)

AC 3.1 (0.4) 2.3 (0.3) 0.8 (p < 0.001)

Grey matter metric results averaged over the six subjects used to generate the scanner specific

priors. For the within and between scanner comparison both baseline and adjusted absolute

percentage distances are recorded. *Absolute Percentage distance % (std dev) **Mean Differ-

ence

4.3 Results: Multicentre Voxel Based Morphometry

4.3.1 Metric Results

We applied the percentage distance metric to the grey matter segmentations to obtain

measures of within scanner variability and between scanner differences. The metric

was applied at baseline and after adjustment using the scanner specific priors. Table 4.1

gives the grey matter metric results averaged across the six subjects used to generate the

scanner specific priors. Table 4.2 gives the grey matter metric results averaged across

the seven subjects who were excluded from the process that developed the scanner

specific priors. In Tables 4.1 and 4.2 we note the mean difference between baseline

and adjusted analyses and we give the p value for the paired sample t-test as measure

of significance in the adjustment process.

4.3.2 Baseline VBM Results

The F-test for the baseline (unadjusted) grey matter analysis, uncorrected threshold

of p < 0.001, main effect Maximum Intensity Projection (MIP), is shown in Figure

4.2. This reveals significant scanner effects in the frontal lobes, temporal poles, the

thalamus, brain-stem, parietal lobes and occipital lobes. The results of the baseline

grey matter F-test are given in Table 4.3. In this we report the significant maximal

voxels, their MNI coordinates, and the anatomical location. We also report the Family
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Table 4.2: Grey matter metric results

Scanner Comparison Baseline* Adjusted* MD** (paired sample significance)

AA 2.8 (0.6) 2.8 (0.6) 0.00 (p < 1.00)

BB 3.4 (0.6) 3.4 (0.6) 0.00 (p < 1.00)

CC 2.6 (0.7) 2.5 (0.7) 0.05 (p < 0.078)

AB 7.3 (0.6) 5.1 (0.7) 2.2 (p < 0.001)

BC 8.2 (0.8) 5.5 (0.8) 2.7 (p < 0.001)

AC 4.0 (0.6) 3.6 (0.5) 0.36 (p < 0.003)

Grey matter metric results averaged over the seven subjects excluded from the scanner specific

priors adjustment procedure. For the within and between scanner comparisons both baseline

and adjusted absolute percentage distances are recorded. *Absolute Percentage distance %

(std dev) **Mean Difference

Wise Error (FWE) corrected p-value and the extent of the cluster associated with the

maximal voxel.

These baseline grey matter differences were investigated by applying t-test con-

trasts. T-test comparisons of 1st and 2nd round scans of each scanner revealed that

there were no significant within scanner differences. T-test comparisons between the

scanners revealed that there were no significant differences between scanners A and

C. T-test comparisons between scanners B and C were shown to correspond to the dif-

ferences reported in the F-test for main effect of scanner. T-test comparisons between

scanners B and A also corresponded to the differences reported in the F-test for main

effect of scanner. The F-test results for the baseline white matter VBM analysis are

given in Figure 4.3 and Table 4.4. This illustrates the spatial distribution of the be-

tween scanner differences with significant differences in the right middle frontal gyrus

and the thalamus. We investigated sources of these baseline white matter differences

by applying t-test contrasts. Comparing 1st and 2nd round scans demonstrated that

there were no within scanner differences. In the between scanner tests we found no

significant differences for the A-C contrasts and we found significant differences in

the A-B and B-C contrasts. The B-C white matter differences were more extensive

that those found in the A-B contrasts.
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Figure 4.2: Grey Matter Baseline Results. Grey Matter Baseline Maximum Intensity Projection

for the CaliBrain Project. Illustrates the regions where the scanners differ when the uncorrected

threshold is p<0.001.
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Table 4.3: VBM Grey matter baseline tests for the effect of scanner

F-test Cluster Anatomical location Maximal voxel MNI coordinate FWE p-corrected

Right Temporal Pole 34, 15, -33 0.001

Left Temporal Pole -35, 16, -36 0.001

Left Inferior Parietal lobule -55, -48, 47 0.001

Left Inferior frontal gyrus -42, 45, -11 0.001

Thalamus 13, -10, -1 0.006

Right Inferior Parietal lobule 56, -48, 40 0.009

Left Middle frontal gyrus -43, 20, 46 0.014

Left Middle frontal gyrus -44, 44, 24 0.023

Cingulate gyrus 0, 46, 32 0.04

Brain stem -1, -30, -28 0.045

Right Superior frontal gyrus 15, 40, 49 0.052

VBM Grey matter baseline tests for the effect of scanner. Reporting the extent of the F-test

cluster for an uncorrected threshold of p < 0.001. Giving the anatomical location of the maximal

voxel, the MNI coordinate of this maximal voxel and the p-corrected significance.

Table 4.4: VBM White matter baseline tests for the effect of scanner

F-test Cluster Anatomical location Maximal voxel MNI coordinate FWE p-corrected

Right Middle frontal gyrus 18, 45, -19 0.021

Thalamus 15, -10, 0 0.053

VBM White matter baseline tests for the effect of scanner. Reporting the extent of the F-test

cluster for an uncorrected threshold of p < 0.001. Giving the anatomical location of the maximal

voxel, the MNI coordinate of this maximal voxel and the p-corrected significance.
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Figure 4.3: White Matter baseline Results. White matter baseline Maximum Intensity Projection

for the CaliBrain project, Illustrates the regions where the scanners differ when the uncorrected

threshold is p<0.001.
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4.3.3 Adjusted VBM Results

We applied VBM analyses to the adjusted segmentations obtained from the seven sub-

jects who were excluded from the scanner specific priors development process. We

applied the same tests as applied in the baseline tests. In these F-tests for the main

effect of scanner we found that there were no significant differences for either the grey

or white matter analyses. We repeated the adjusted VBM analyses with all 13 Cali-

Brain subjects for whom we had complete records and these analyses confirmed that

no significant differences remained between the pooled scanners.
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5.1 Overview

In this chapter I present the methods and analysis results for the fMRI motor task.

Data was analysed using standard methods for each site and visit separately and then

the reproducibility of the resulting activation maps was assessed within and between

subjects, visits and sites. A components of variance analysis was performed to deter-

mine the contributions to the variance of the factors subject, visit and site.
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5.2 Methods: Data analysis

5.2.1 Preprocessing

The fMRI data for the motor task was preprocessed using SPM2 (Wellcome Depart-

ment of Cognitive Neurology and collaborators, Institute of Neurology, London, UK;

http://www.fil.ion.ucl.ac.uk/spm/software/spm2/) running on Matlab Version 6.5 R13

SP1 (Mathworks, Natick, MA, USA).

EPI volumes were realigned to the mean image in the series using a rigid body

transformation. This step estimates and attempts to correct subject movement through-

out the time-series. The graphical output of the realignment procedure was visually

inspected for large spikes or periodic changes. No subjects had to be excluded due to

excessive movement (>3mm in less than 20 volumes) or large correlations (> 0.5) be-

tween movement parameters and task regressors. All subjects exhibited considerably

less movement than the pre-established exclusion criteria.

The images were then normalized to the standard SPM2 MNI EPI template. This

step is necessary for performing group analyses and reporting coordinates of activation

foci in a standardised space. Normalisation parameters were estimated using the mean

image for each run and these were applied to all volumes of that run. A linear affine

transformation was applied followed by non-linear deformations using the SPM2 de-

fault parameters and a custom bounding box for writing the output images (-95:95

-112:105 -80:95 in mm, relative to the anterior commisure) .

Normalized images were spatially smoothed with a 8mm3 FWHM (full width half

maximum) Gaussian kernel. This step helps reduce the effect of noise and alleviate

differences arising due to functional and anatomical variations between subjects.

5.2.2 Subject-level statistics

Statistical analysis at the subject level was performed using the General Linear Model

as implemented in SPM2, the default settings were used unless otherwise specified.

The design matrix included three conditions, random tapping, sequential tapping and

rest. The six movement parameters estimated in the realignment step were also in-

cluded as covariates of no interest. The canonical heamodynamic response function

(hrf) was convolved with the regressors to model the data. A high-pass filter with a

180s cut-off was applied to remove low-frequency components. Serial autocorrela-

tions were modelled using AR(1).
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A mask image containing only voxels with an intensity at least 80% of the global

mean is created by default in SPM to constrain the analysis space. Regions of signal

drop-out like the orbitofrontal cortex are thus sometimes excluded from the analysis.

Taking into account the added issue of potential differences between sites, it was de-

cided to use an explicit mask. A generous analysis mask was created by thresholding

the default SPM EPI template at 0.30. This mask was used in all subject-level analyses

and is presented in Figure 5.1.

5.2.3 Data quality assessment

To assess data quality the raw and preprocessed images and the 1st-level maps were in-

spected visually. Sessions with visible problems or unusual maps were explored further

using the ArtRepair tools version 2.1 (http://spnl.stanford.edu/tools/ArtRepair/ArtRepair.htm).

All sessions of one subject were excluded due to signal drop-out in the interhemi-

spheric fissure caused by a physiological artefact. One session of another subject was

excluded due to an irreparable artefact caused by a scanner instability, which caused an

excessive signal increase a few volumes after the start of the scan. Two further sessions

contained volumes with less severe artefacts and were repaired using the ArtRepair

software. The ArtRepair tool box was used to correct slices or images by averaging

the slices/images either side of the problematic slice/image.

5.2.4 Group-level statistics

Contrast images for the sequential tapping versus rest and random tapping versus rest

conditions were taken forward to random effects group analyses. The first and sec-

ond visits to the three scanners were treated separately and six one-sample t-tests were

performed using the default SPM settings. A one-sample t-test is used to test whether

a population mean is significantly different from some hypothesized value. A tighter

mask was created for these analyses by creating a mean image of the smoothed nor-

malised mean images of all sessions and thresholding it by eye to exclude non-brain

voxels. To assess within-scanner inter-session differences repeated measures t-tests

were performed. All statistical maps were thresholded at a level of P<0.05 corrected

for multiple comparisons using the False Discovery Rate method (FDR) and using a

20 voxel cluster size threshold.
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Figure 5.1: Mask comparison. Top: Default SMP mask. Bottom: Custom mask created by

thresholding the default SPM EPI template at 0.30.
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5.3 Methods: Assessment of scanner effects

5.3.1 Registration evaluation

One issue that was explored was whether systematic differences in registration existed

after normalisation between images acquired in the three scanners. In order to investi-

gate this a ‘grand mean’ image per visit was created from the normalised mean images

of all subjects using the SPM ImCalc function. Six difference images were then created

using ImCalc by subtracting one image from the other. This was done for each scan-

ner separately comparing the first and second visit and the three paired comparisons

between the first visits in Aberdeen and Edinburgh, Edinburgh and Glasgow, Glasgow

and Aberdeen. These difference images were inspected visually to locate any obvious

areas of misregistration qualitatively.

To assess the degree of overall differences in registration within and between scan-

ner a sum of absolute difference metric was employed. To obtain a summary value the

absolute values of all voxels in the difference images were summed and then divided

by the total number of voxels. Custom matlab scripts were written to implement the

analysis.

This procedure was initially carried out on the original unscaled data to assess

global intensity differences. Then images were scaled to the global mean and nor-

malised to 100 using the spm global function and the procedure was repeated. This

was done to reflect the process followed by SPM2 during statistical analysis, where all

volumes are scaled to the session mean intensity and normalised to a value of 100.

5.3.2 Reproducibility

To assess the reproducibility of statistical parametric maps an overlap and a size mea-

sure were used (Rombouts et al., 1998). The overlap ratio:

Ri j
overlap = 2∗V i j

overlap/(Vi +Vj) (5.1)

where Vi represents the voxels with t-values exceeding the defined threshold in the

statistical map ıi and V i j
overlap the intersection of both maps; and the size ratio:

Ri j
size = 2∗V i j

smallest/(Vi +Vj) (5.2)

where V i j
smallest is the smallest of the two volumes compared and V i j

size the intersec-

tion of both maps. Values for both ratios range between 0 and 1 with 1 indicating
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perfect agreement. Statistical parametric maps were thresholded at 0.001 uncorrected

and reproducibility was assessed at both the subject and the group level, within and

between scanner. Custom matlab scripts were written to implement the analysis.

5.3.3 Voxel-wise Intraclass Correlation Coefficients

Reliability was assessed using approaches similar to those described previously (Specht

et al., 2003; Aron et al., 2006). Measures were computed for all within and between

scanner comparisons, comparing either the two visits on the same scanner or the first

visit on a pair of different scanners. ICC values, representing the ratio of between sub-

ject variance to the total variance, were calculated on a voxel-by-voxel basis on contrast

images representing sequential versus rest and random tapping versus rest. The result-

ing 3D ICC maps of ICC values were then masked with a binary image representing

the main network of regions robustly activated by the task. The mask was generated

by performing a one sample t-test on subjects at visit 1 and at visit 2 on each scanner

as described in section 5.2.4. The resulting group activation maps were thresholded at

0.05 (p corrected FDR, cluster extent 20 voxels), and a binary mask was created. ICC

maps therefore only present voxels that were activated at all six visits.

5.3.4 Components of variance

To examine the impact of systematic variability contributed by different subjects, visits

and scanning sites on the data, a components of variance analysis was performed. The

model fits each parameter as a random effect (with a mean and normal distribution)

and implicitly assumes that the patients, scanners and visits are taken randomly from

a larger population. Although the number of potential scanners is finite in Scotland,

whether this effect was modelled as a fixed or random effect had little influence on the

solution obtained.

Data for this analysis was extracted from both contrast images and statistical para-

metric maps in three regions of interest, the primary motor area, the supplementary

motor area and the basal ganglia. The images were masked so that only voxels in these

areas that were significant in all visits across scanners at p < 0.001 uncorrected were

included.

Variance components were estimated using the MIVQUE0 method (Hartley et al.,

1978) as implemented in SAS PROC VARCOMP (SAS version 9, Cary, NC). The

following model was employed:
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Yi jk = mean+ site j + visiti + sub jectk + sub jectk ∗ site j +unexplainedi jk (5.3)

with Yi jk denoting the dependent measure for visit i, site j, and subject k. All fac-

tors were treated as random effects. More complex models including other interactions

between scanners, visits and and subjects were also examined, but their inclusion had

very little effect, so the simpler model was preferred. An alternative method of estima-

tion employing a Restricted Maximum Likelihood algorithm was also explored, with

similar results.

Reproducibility of the measurements within and between sites was calculated using

Intraclass Correlation Coefcients (ICCs):

ICCwithin = (V Dsub ject +V Dsite +V Dsub jectbysite)/Total Variance (5.4)

ICCbetween = V Dsub ject/Total Variance (5.5)

where ‘V Dsub ject’ sigifies ‘variance due to subject’. While the size and overlap

ratios provide useful information on the reproducibility of activation patterns at the

whole brain level, this analysis allows us to examine testretest and between site repro-

ducibility and to get more detailed information about the effect of including data from

multiple sites.
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5.4 Results: Single centre analysis

The sequential tapping versus rest and random tapping versus rest contrasts were ex-

amined separately. Data were grouped by scanning site and visit in that site, resulting

in six one-sample T-tests per contrast, presented below. The inverse contrasts, rest ver-

sus sequential tapping and rest versus random tapping are not presented in detail here.

The statistical parametric maps were visually inspected and the results were found to

conform to what is predicted by the relevant literature. The within scanner repeated

measures analyses yielded no significant results for any of the three scanners.

Thirteen datasets were included in the Aberdeen and Edinburgh analyses and twelve

datasets were included in the Glasgow analyses. One Glasgow dataset was not avail-

able for the reasons stated in section 5.2.3.

5.4.1 Sequential tapping versus Rest

The sequential tapping versus rest contrast demonstrated activations in areas com-

monly associated with the task in all analyses, including peaks in the primary and

premotor cortices, the superior and inferior parietal lobules, the basal ganglia, and the

cerebellum. Details of the results are presented in Tables 5.3 to 5.8.

In the analysis examining the first visit in Aberdeen several activation peaks were

noted in a large cluster covering parts of the left precentral, inferior frontal and post-

central gyri and the inferior parietal lobule, including peaks in the primary motor,

premotor and supplementary motor areas. Smaller foci of activation were observed in

the right precentral and postcentral gyri. Bilateral activations were observed on the

superior and inferior banks of the anterior sylvian fissure and the insula. Activation

was also observed in the left striatum and thalamus, the right inferior occipital gyrus

and the cerebellum bilaterally.

Similar results were obtained in the analysis examining the second visit in Ab-

erdeen. Several activation peaks in the left primary premotor and supplementary mo-

tor areas, the inferior frontal gyrus, middle sylvian fissure, the insula, the superior and

inferior parietal lobules. Weaker activations were observed in some homologous right

hemisphere areas, including the right precentral gyrus, the anterior sylvian fissure,

insula and inferior parietal lobule, as well as a right inferior occipital gyrus region. Bi-

lateral activations were also observed in the striatum, the thalamus and the cerebellum.

The analysis of the first Edinburgh visit yielded a large cluster covering parts of

the left frontal and parietal lobes, the insula, the basal ganglia and extended to cover
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part of the right medial precentral gyrus. Distinct activation peaks in this cluster were

observed in the left primary motor and premotor areas, the supplementary motor area

bilaterally, the left inferior frontal gyrus, middle sylvian fissure and insula, the left

postcentral gyrus and inferior parietal lobule, the left inferior and middle occipital gyri,

the left basal ganglia and the left thalamus. In the right hemisphere, weaker activations

were observed in the premotor area, the postcentral gyrus and inferior parietal lobule,

the sylvian fissure, insula and basal ganglia, and a stronger activation in the inferior

and middle occipital gyri. Bilateral activations were also evident in the cerebellum.

The analysis of the second Edinburgh visit demonstrated smaller and more fo-

cussed clusters. In the left hemisphere activation peaks were observed in the premotor,

primary motor and supplementary motor areas, the inferior parietal lobule and the syl-

vian fissure. In the right hemisphere peaks were observed in the precentral, inferior

frontal, superior temporal and inferior occipital gyri. Clusters were also noted in the

left thalamus and bilateral basal ganglia and cerebellum.

In the analysis results of the first Glasgow visit activation peaks were noted in

the left premotor, primary motor and supplementary motor areas, the anterior inferior

bank of the sylvian fissure, the superior and inferior parietal lobules, the thalamus and

the basal ganglia. In the right hemisphere activations were observed in the precentral

and postcentral gyri and the inferior parietal lobule. Bilateral activations were also

observed in the cerebellum.

No significant voxels were found in the analysis of the second Glasgow visit at

the 0.005 FDR corrected threshold. When the threshold was lowered to 0.01 FDR

corrected a similar pattern to the other analyses emerged. At the lower threshold acti-

vation left-hemispheric peaks were observed in the premotor, primary motor and sup-

plementary motor areas, the anterior cingulate, the postcentral gyrus, the insula and

the posterior part of the superior temporal gyrus. In the right hemisphere peaks were

observed in the inferior frontal, anterior and middle cingulate, precentral, superior and

middle temporal, inferior and middle occipital and lingual gyri. Activations were also

observed in the left thalamus, bilateral basal ganglia and bilateral cerebellum.

In summary, the sequential tapping vs. rest contrast demonstrated activations in

areas commonly associated with the task in all analyses, including peaks in the pre-

central and postcentral gyri, the superior and inferior parietal lobules, the basal ganglia

and the cerebellum.
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5.4.2 Random tapping versus Rest

The random versus rest contrast demonstrated activations in regions commonly asso-

ciated with this finger tapping task including clusters in the frontal and parietal lobes,

the basal ganglia and the cerebellum. Some additional areas in the frontal cortex were

observed, not seen in the sequential tapping condition contrast. SPMs of the six group

analyses are presented in Figure 5.2. Detailed listings of results are presented in Tables

5.9 to 5.14.

In the analysis examining the first visit in Aberdeen activation peaks were noted

in the left middle and inferior frontal, precentral, and postcentral gyri and the inferior

parietal lobule, including the primary motor, premotor and supplementary motor areas.

Foci of activation were also observed in the right middle frontal, precentral and post-

central gyri. Bilateral activations were observed on the superior and inferior banks of

the anterior sylvian fissure and the insula. Activation was also observed in the basal

ganglia and the cerebellum bilaterally.

In the analysis of the second visit in Aberdeen several activation peaks were noted

in the left primary motor, premotor and supplementary motor areas, the inferior frontal

gyrus, middle sylvian fissure and the superior parietal lobules. In the right hemisphere

peaks were oserved in the right middle and inferior frontal gyrus and the anterior cin-

gulate, the anterior sylvian fissure, insula, the inferior parietal lobule, as well as the

right inferior temporal sulcus. Bilateral activations were also observed in the basal

ganglia and the cerebellum.

In the first Edinburgh visit bilateral activation peaks were observed in the middle

and inferior frontal gyri, precentral gyrus, superior parietal lobule and the banks of

the sylvian fissure. Activation was also noted in the right anterior cingulate cortex.

Bilateral activations were evident in the basal ganglia and the cerebellum.

In the analysis of the second Edinburgh visit the clusters were small compared to

the other analyses for this contrast, but in the same regions. In the left hemisphere

activation peaks were observed in the middle frontal gyrus, the premotor, primary mo-

tor and supplementary motor areas, the insula and the sylvian fissure. No significant

voxels were observed in the right hemisphere. Bilateral activations were observed in

the cerebellum.

In the analysis results of the first Glasgow visit activation peaks were noted in the

left middle and inferior frontal gyri, the premotor, primary motor and supplementary

motor areas, the banks of the sylvian fissure, the superior and inferior parietal lobules,
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the precuneus the thalamus and the basal ganglia. In the right hemisphere activations

were observed in the middle and inferior frontal gyri, the precentral and postcentral

gyri, the banks of the sylvian fissure, the superior parietal lobule and the basal ganglia.

Bilateral activations were also observed in the cerebellum.

In the second Glasgow visit activation left-hemispheric peaks were observed in the

premotor, primary motor and supplementary motor areas, the postcentral gyrus, the

middle cingulate gyrus, the superior parietal lobule and the left inferior occipital gyrus.

In the right hemisphere peaks were observed in the inferior and middle frontal gyri,

anterior and middle cingulate, the insula, and the inferior temporal gyrus. Activations

were also observed in the left thalamus, bilateral basal ganglia and bilateral cerebellum.

The random vs. rest contrast demonstrated activations in regions associated with

this finger tapping task including clusters in the frontal and parietal lobes, the basal

ganglia and the cerebellum, demonstrating a very similar pattern to the sequential tap-

ping contrast. Overall, stronger activations were observed in this condition. Some

additional areas were also observed, bilaterally in the dorsolateral prefrontal cortex.
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Figure 5.2: Group maps using neurological convention for the random tapping vs. rest contrast,

with a threshold at a voxel level of p<0.0001 uncorrected and using a 20 voxel cluster extent

threshold for illustration purposes.
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5.5 Results: Harmonisation evaluation

5.5.1 Registration

Image registration was evaluated qualitatively by visually inspecting mean visit differ-

ence images within and between scanner and numerically by a distance metric. The

original intensity images were examined first.

Within scanner, in Edinburgh and Glasgow some small differences were observed

in areas prone to signal drop-out and distortions like the orbitofrontal cortex. In Ab-

erdeen, a slight displacement was apparent between the first and second visit which

manifested as an edge effect around the left and right side of the image.

Between scanner, the most striking difference is between Glasgow and both Edin-

burgh and Aberdeen, caused by an overall large difference in intensity, masking any

potential more subtle effects. Between Aberdeen and Edinburgh, the same displace-

ment is observed as the Aberdeen within scanner comparison.

The comparison between scaled images displays a very similar pattern within scan-

ner. Between scanner, the alleviation of the large difference in signal intensity between

the Glasgow scans and the others allows more information to be viewed. First visit Ab-

erdeen images seem to have the same displacement in comparison to Edinburgh and

Glasgow, similar to the within scanner result but more pronounced. Differences be-

tween Edinburgh and Glasgow are local, most notably in the orbitofrontal cortex and

the cerebellum.

Image registration was then evaluated numerically using an absolute difference

metric within and between scanner. Comparing the original mean images difference

values within scanner were 292.61 for Aberdeen, 360.09 for Edinburgh and 288.8 for

Glasgow, with Edinburgh showing the greatest difference and Glasgow the smallest.

For scaled data difference values within scanner were 2.41 for Aberdeen, 1.74 for

Edinburgh and 3.08 for Glasgow, with Edinburgh showing the smallest difference and

Glasgow the greatest.

Between scanner comparisons using the original data yielded difference values of

1360 between Aberdeen and Edinburgh, 7410 between Aberdeen and Glasgow and

6300 between Glasgow and Edinburgh. Glasgow showed a big difference in overall

intensity compared to Edinburgh and Aberdeen. For scaled data the difference between

Aberdeen and Edinburgh was 7.02, between Aberdeen and Glasgow 6.69 and between

Glasgow and Edinburgh 3.68. When global intensities are taken into account Aberdeen

shows the greatest difference.
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Figure 5.3: Difference images - Original Intensity. Image registration comparison using mean

visit difference images within and between scanner.
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Figure 5.4: Difference images - Scaled Intensity. Image registration comparison using mean

visit difference images within and between scanner after scaling.
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Figure 5.5: Sum of absolute difference. Graphical representation of the absolute difference

metric results evaluatiing image registration within and between scanners. Top: original intensity

mean images. Bottom: Scaled intensity mean images.
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Table 5.1: Sum of absolute difference results

Comparison Raw Intensity Scaled Intensity

Aberdeen within scanner 292.61 2.41

Edinburgh within scanner 360.09 1.74

Glasgow within scanner 288.80 3.08

Aberdeen - Edinburgh 1360 7.02

Aberdeen - Glasgow 7410 6.69

Edinburgh - Glasgow 6300 3.68

Image registration was evaluated using an absolute difference metric within and between scan-

ner comparing mean images of both original and scaled intensities.

5.6 Results: Reproducibility

5.6.1 Size and Overlap ratios

Overlap and size ratios within and between sites were similar for all analyses. Mean

size ratios ranged from 0.60 to 0.75 within sites and 0.65 to 0.73 between sites for

the single subject analyses. Mean overlap ratios for the single subject analyses ranged

from 0.41 to 0.50 within sites and from 0.44 to 0.48 between sites. The reproducibility

of group maps was generally higher. Size ratios for group maps ranged from 0.73 to

0.97 within sites and from 0.71 to 0.95 between sites. Overlap ratios for group maps

ranged from 0.55 to 0.67 within sites and from 0.58 to 0.67 between sites. A summary

of this data, with means across subjects, is presented graphically in Figure 5.6.

5.6.2 Voxel-wise Intraclass Correlation Coefficients

ICC maps for the regions activated for the sequential tapping versus rest and random

tapping versus rest contrasts within and between scanner are presented in Figure 5.7

for groups of voxels activated at all visits. ICC values for the sensorimotor and supple-

mentary motor cortices were medium to high, while values in the thalamus and basal

ganglia ranged from medium-low to negative. Negative ICCs can occur when the

between-subject variance is relatively small compared to the within-subject variance.
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Figure 5.6: Reproducibility of statistical parametric maps within and between sites at subject

and group levels, for the random tapping vs. rest and sequential tapping vs. rest contrasts. Left:

mean ratios for subjects level analyses with standard error bars. Right: ratios for the group level

analyses.

5.6.3 Components of variance

The percentage of total variance in our three regions (significant in all group analyses)

contributed by the site component varied between 0% and 13.3% across all analyses,

while that of visit varied between 0% and 6.3%. The contribution of the subject by site

interaction ranged from 0% to 14.3% while that of subject alone was larger, varying

between 15.6% and 61.0% with unexplained variance from 23.0% to 81.0%. The

analysis of contrast images yielded ICCs within sites from 0.23 for the striatum to

0.72 for the precentral ROI, and ICCs between sites from 0.23 for the striatum to

0.61 for the precentral ROI. The equivalent analysis of T-statistic images gave lower

reproducibility values, within sites from 0.17 for the striatum, to 0.55 for the precentral

ROI, and between sites from 0.16 for the striatum, to 0.54 for the precentral ROI. These

results are presented in Table 5.2.
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Figure 5.7: Intraclass Correlation Coefficient maps. ICC maps for the regions activated for the

sequential tapping versus rest and random tapping versus rest contrasts within and between

scanner.
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Table 5.2: Percentage of total variance and reproducibility estimates

Anat. area Site Visit Subject Subject by site Error ICCwithin ICCbetween

Random vs. rest

Contrast mean

Precentral 0.00 4.97 57.76 14.29 22.98 0.72 (g) 0.58 (f)

SMA 13.31 0.00 49.43 0.76 36.50 0.63 (g) 0.49 (f)

Striatum 0.00 3.28 31.15 0.00 65.57 0.31 (p) 0.31 (p)

T-statistic mean

Precentral 0.00 6.35 50.62 0.00 43.04 0.51 (f) 0.51 (f)

SMA 8.00 0.00 39.12 0.00 52.88 0.47 (f) 0.39 (p)

Striatum 2.71 2.46 15.57 0.00 79.26 0.18 (p) 0.16 (p)

Sequence vs. rest

Contrast mean

Precentral 1.39 4.53 60.98 10.11 23.00 0.72 (g) 0.61 (g)

SMA 3.61 3.61 54.22 0.00 38.55 0.58 (f) 0.54 (f)

Striatum 0.00 3.57 23.21 0.00 73.21 0.23 (p) 0.23 (p)

T-statistic mean

Precentral 0.69 5.89 54.04 0.00 39.38 0.55 (f) 0.54 (f)

SMA 0.00 2.68 41.31 0.00 56.01 0.41 (f) 0.41 (f)

Striatum 0.00 1.81 17.28 0.00 80.91 0.17 (p) 0.17 (p)

Variance components as percentage of total variance contributed by site, visit, subject by site

interaction and unexplained variance. Intraclass Correlation Coefficients (ICCs) within and be-

tween site. The analysis was run in a region of interest (ROI) in the fusiform gyrus bilaterally in

the fearful faces vs. rest contrast images and statistical parametric maps. According to a priori

criteria we use ‘p’, ‘f’ and ‘g’ to refer to ‘good’, ‘fair’ and ‘poor’ for the ICCs (Cicchetti, 2001).



Chapter 5. Functional MRI: Motor task 89

Table 5.3: Sequential tapping versus rest Aberdeen 1st visit

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L precentral gyrusb 12.21 -54 -2 44
R precentral gyrus 222 <0.001 8.61 58 2 34
R precentral gyrus 5.64 60 0 20
R precentral gyrusc 5.92 24 0 42
R rolandic operculumd 6.62 62 6 8
parietal lobe:
L postcentral gyrusb 6886 <0.001 16.88 -36 -36 46
L postcentral gyrus 15.40 -38 -30 52
R postcentral gyrus 241 <0.001 7.27 60 -20 36
R postcentral gyrus 5.70 52 -20 28
temporal and limbic lobe:
L temporal operculum 191 <0.001 11.77 -52 -4 6
L insula 31 0.001 6.16 -36 0 10
L insula 34 0.001 5.97 -28 -16 20
L insula 5.27 -34 -18 10
R temporal operculumd 295 0.001 6.67 50 0 -2
R temporal operculum 6.02 50 8 -6
R insula 29 0.001 6.38 38 16 6
R insulac 44 0.001 6.16 24 -8 34
R superior temporal gyrus 129 0.002 5.74 52 -44 10
R superior temporal gyrus 5.19 60 -42 10
R inferior temporal sulcus 41 0.002 5.78 56 -36 -18
occipital lobe:
R inferior occipital gyrus 115 <0.001 7.20 26 -102 -8
subcortical structures:
L globus pallidus 408 <0.001 9.20 -24 -8 -6
L putamen 6.34 -32 -16 -4
L putamen 5.18 -24 4 10
L thalamus 176 0.001 6.19 -16 -26 2
Non-brain voxel 5.31 -12 -20 -8
cerebellum:
L cerebellum 223 <0.001 10.01 -26 -66 -60
L cerebellum 5.69 -18 -76 -54
L cerebellum 31 0.003 5.29 -24 -60 -24
R cerebelllum 1562 <0.001 14.99 24 -52 -26
R cerebellum 10.37 12 -60 -16
R cerebellum 925 <0.001 13.69 18 -66 -58
R cerebellum 10.70 32 -56 -60
R cerebellum 7.06 26 -48 -56
a Subjects included = 13.
b-d Part of the same clusters.

Brain activations for the sequential tapping vs. rest contrast: Aberdeen 1st visit. P-values FDR

whole brain corrected. MNI space.
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Table 5.4: Sequential tapping versus rest Aberdeen 2nd visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L precentral gyrus 99 0.001 7.14 -60 6 20
L precentral gyrus 0.002 5.64 -60 2 34
L precentral gyrusb <0.001 11.95 -38 -28 62
L precentral gyrus 21 0.002 6.18 -4 -36 78
R rolandic operculum 564 <0.001 10.45 44 2 4
R rolandic operculum <0.001 8.07 58 8 12
R rolandic operculum 0.001 7.74 34 2 8
parietal lobe:
L postcentral gyrusb 4788 <0.001 34.14 -60 -20 18
L postcentral gyrus <0.001 11.33 -40 -28 52
L superior parietal lobule 22 0.003 5.3 -36 -60 -58
R inferior parietal lobule 215 0.001 6.82 56 -34 30
R central sulcus 0.002 5.69 56 -20 36
R inferior parietal lobule 0.003 5.47 62 -40 24
R postcentral gyrus 64 0.002 5.93 62 -20 20
temporal lobe:
L temporal operculumc 1299 <0.001 12.32 -50 -4 2
occipital lobe:
R inferior occipital gyrus 201 <0.001 8.75 32 -98 -10
R inferior occipital gyrus 0.001 7.43 22 -100 -10
R inferior occipital gyrus 0.001 6.52 40 -92 -8
subcortical structures:
L putamenc <0.001 8.19 -26 -8 12
L putamenc 0.001 7.47 -28 -4 -2
cerebellum:
L cerebellum 269 <0.001 8.94 -36 -54 -30
L cerebellum 0.003 5.27 -28 -66 -56
L cerebellum 28 0.001 6.26 -4 -80 -16
R cerebelum 1237 <0.001 11.92 26 -54 -24
R cerebellum <0.001 9.27 2 -60 -8
R cerebellum 0.001 7.72 12 -58 -18
R cerebellum 215 0.001 7.08 26 -60 -62
R cerebellum 0.004 5.12 12 -68 -44
a Subjects included = 13.
b,c Part of the same clusters.

Brain activations for the sequential tapping vs. rest contrast: Aberdeen 2nd visit. P-values FDR

whole brain corrected. MNI space.
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Table 5.5: Sequential tapping versus rest Edinburgh 1st visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L precentral gyrus 10780 <0.001 13.91 -34 -28 58
L precentral gyrus <0.001 11.24 -28 -26 68
L precentral gyrus <0.001 11.11 -26 -18 54
L rolandic operculumb <0.001 7.16 62 6 14
R precentral gyrus 330 <0.001 8.18 42 -6 56
R precentral gyrus 21 0.002 5.33 58 2 44
parietal lobe:
R postcentral gyrus 1062 <0.001 6.73 64 -18 28
R inferior parietal lobulec 0.001 6.58 48 -36 36
R superior parietal lobule 26 0.002 5.24 36 -54 62
temporal and limbic lobe:
L temporal operculum 383 <0.001 7.82 -48 -4 2
L temporal operculumb 507 <0.001 7.48 62 4 26
L temporal operculum 0.001 6.02 46 2 18
L insula 22 0.001 5.44 -40 6 12
L superior temporal sulcus 25 0.004 4.58 -50 -56 10
R superior temporal gyrusc 0.001 6.38 60 -36 12
occipital lobe:
L middle occipital gyrus 31 0.001 5.6 -24 -104 0
L calcarine sulcus 189 <0.001 7.22 -8 -100 -12
L inferior occipital gyrus 0.002 5.15 -36 -92 -14
subcortical structures:
R putamen 452 <0.001 7.48 22 4 16
R globus pallidus <0.001 7.19 18 -2 6
cerebellum:
L cerebellum 503 <0.001 16.24 -30 -64 -58
L cerebellum <0.001 6.7 -18 -94 -20
L cerebellum 180 0.001 6.44 -16 -26 -22
L cerebellum 0.001 6.14 -10 -22 -18
L cerebellum 906 <0.001 13.21 -30 -68 -24
R cerebellum 5541 <0.001 12.95 10 -62 -14
R cerebellum <0.001 11.52 22 -62 -58
R cerebellum <0.001 10.97 16 -66 -20
a Subjects included = 13.
b,c Part of the same clusters.

Brain activations for the sequential tapping vs. rest contrast: Edinburgh 1st visit. P-values FDR

whole brain corrected. MNI space.
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Table 5.6: Sequential tapping versus rest Edinburgh 2nd visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L central sulcusb 3582 0.002 9.27 -52 -14 44
L medial frontal gyrus 0.002 8.98 -8 -8 58
L rolandic operculumc 0.003 5.58 -58 4 6
R inferior frontal gyrus 52 0.002 5.98 58 6 34
parietal lobe:
R postcentral gyrus 99 0.002 8.08 66 -18 22
temporal lobe:
L temporal operculumb 0.002 8.55 -56 -22 8
L temporal operculumc 127 0.002 6.27 -50 2 -2
R superior temporal gyrus 57 0.003 5.78 60 -38 12
R superior temporal gyrus 0.004 5.2 68 -38 18
occipital lobe:
R inferior occipital gyrus 20 0.002 6.16 24 -96 4
subcortical structures:
L putamen 176 0.002 11.49 -26 2 -8
L thalamus 187 0.002 7.36 -10 -22 2
L thalamus 0.002 5.97 -6 -10 2
L thalamus 0.004 5.25 -16 -26 -6
R putamen 39 0.002 6.12 26 0 6
cerebellum:
L cerebellum 274 0.002 7.12 -42 -66 -26
L cerebellum 0.002 6.7 -28 -60 -30
L cerebellum 0.003 5.63 -16 -64 -28
L cerebellum 95 0.002 6.39 -30 -64 -56
R cerebellum 1802 0.002 9.84 36 -64 -30
R cerebellum 0.002 9.73 2 -54 -22
R cerebellum 0.002 8.36 24 -52 -28
R cerebellum 506 0.002 8.67 22 -66 -58
R cerebellum 0.003 5.38 30 -52 -56
R cerebellum 0.004 5.12 34 -48 -50
a Subjects included = 13.
b,c Part of the same clusters.

Brain activations for the sequential tapping vs. rest contrast: Edinburgh 2nd visit. P-values FDR

whole brain corrected. MNI space.
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Table 5.7: Sequential tapping versus rest Glasgow 1st visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L postcentral gyrus 3921 0.001 11.93 -38 -30 52
L medial frontal gyrus 0.001 11.44 -10 -16 60
L precentral gyrus 0.001 10.90 -54 -2 32
R precentral gyrus 152 0.001 8.79 58 6 42
R precentral gyrus 0.002 6.45 62 6 30
parietal lobe:
L superior parietal lobule 50 0.001 7.60 -16 -68 48
L superior parietal lobule 0.002 6.75 -18 -62 42
R postcentral sulcus 32 0.002 6.47 34 -36 36
R postcentral gyrus 78 0.002 6.45 60 -18 32
R inferior parietal lobule 24 0.003 5.92 52 -32 46
subcortical structures:
L thalamus 49 0.002 6.80 -22 -4 10
L thalamus 339 <0.001 16.62 -8 -18 -8
L thalamus 0.002 6.94 -12 -22 6
L putamen 0.002 6.49 -12 -26 18
cerebellum:
L cerebellum 38 0.002 6.25 -34 -60 -28
L cerebellum 25 0.003 5.94 -24 -62 -56
R cerebellum 1692 0.001 12.09 24 -52 -24
R cerebellum 0.001 12.03 34 -56 -34
R cerebellum 0.001 11.24 14 -64 -26
a Subjects included = 12.

Brain activations for the sequential tapping vs. rest contrast: Glasgow 2nd visit. P-values FDR

whole brain corrected. MNI space.
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Table 5.8: Sequential tapping versus rest Glasgow 2nd visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L precentral gyrusb 4168 0.006 9.73 -30 -16 64
L anterior cingulate gyrus 37 0.006 6.31 -12 34 2
R inferior frontal gyrus 41 0.006 6.12 40 20 4
R precentral gyrus 44 0.006 5.87 58 4 44
R precentral gyrus 0.006 5.65 54 -2 52
R middle cingulate gyrus 69 0.006 7.94 16 16 34
R anterior cingulate gyrus 0.006 5.85 8 14 20
parietal lobe:
L postcentral gyrusb 0.006 8.99 -38 -30 54
L superior parietal lobule 56 0.006 5.72 -36 -48 62
temporal lobe:
L temporal operculumb 0.006 8.34 -42 -38 12
L temporal operculum 102 0.006 5.63 -48 0 2
L temporal operculum 0.009 4.9 -48 -10 0
R superior temporal gyrus 21 0.007 5.47 52 12 -10
R middle temporal gyrus 43 0.006 6.21 68 -40 6
R middle temporal gyrus 0.010 4.71 60 -44 2
occipital lobe:
R inferior occipital gyrus 329 0.006 8.55 32 -98 -8
R lingual gyrus 0.006 7.94 18 -102 -10
R middle occipital gyrus 0.006 5.96 24 -100 6
subcortical structures:
L putamen 624 0.006 6.72 -20 -4 8
L putamen 0.006 6.36 -22 2 -10
L putamen 0.006 6.13 -30 10 4
L thalamus 287 0.006 8.24 -14 -24 4
R putamen 133 0.006 5.62 20 -6 12
cerebellum:
L cerebellum 80 0.006 6.43 -30 -58 -28
L cerebellum 33 0.006 5.51 -26 -68 -56
R cerebellum 296 0.006 7.17 30 -60 -56
R cerebellum 0.006 6.47 16 -66 -58
R cerebellum 856 0.006 7.15 22 -66 -24
R cerebellum 0.006 7.07 22 -52 -24
R cerebellum 0.006 6.76 6 -62 -14
a Subjects included = 12.
b Part of the same cluster.

Brain activations for the sequential tapping vs. rest contrast: Glasgow 1st visit. P-values FDR

whole brain corrected. MNI space.
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Table 5.9: Random tapping versus rest Aberdeen 1st visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L precentral gyrus 14233 <0.001 14.96 -34 -26 68
L superior frontal sulcus <0.001 13.65 -22 -10 54
L precentral gyrus <0.001 13.03 -34 -16 64
L superior frontal sulcus 13 0.002 5.06 -30 38 20
R middle frontal gyrus 68 0.002 5.11 36 34 32
R precentral gyrusb 3872 <0.001 14.07 60 2 32
parietal lobe:
R intraparietal sulcus 437 0.001 6.31 20 -68 52
R superior parietal lobule 0.001 6.29 32 -62 56
R inferior occipital gyrus 19 0.002 5.12 34 -86 -16
temporal lobe:
R temporal operculum <0.001 8.36 50 0 2
R superior temporal gyrus 329 <0.001 7.97 66 -42 14
R superior temporal gyrus <0.001 6.60 54 -38 14
R superior temporal sulcus 0.001 5.94 50 -46 8
R middle temporal gyrus 107 <0.001 7.23 48 -34 -16
subcortical structures:
L caudate nucleus 18 0.003 4.84 -16 22 -2
R putamenb <0.001 8.19 28 -2 14
cerebellum:
L cerebellum 711 <0.001 10.47 -22 -68 -58
L cerebellum <0.001 9.42 -34 -56 -58
R cerebellum 3724 <0.001 12.60 30 -56 -60
R cerebellum <0.001 11.08 18 -66 -58
R cerebellum <0.001 10.74 26 -54 -28
a Subjects included = 13.
b Part of the same cluster.

Brain activations for the random tapping vs. rest contrast: Aberdeen 1st visit. P-values FDR

whole brain corrected. MNI space.
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Table 5.10: Random tapping versus rest Aberdeen 2nd visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L middle frontal gyrus 102 0.001 6.16 -40 34 30
L central sulcusb 11285 <0.001 16.50 -36 -28 62
L precentral gyrus <0.001 12.10 -32 -16 62
R inferior frontal gyrus 48 0.002 5.13 38 36 2
R inferior frontal sulcus 11 0.003 4.86 36 26 28
R anterior cingulate gyrus 35 0.001 5.88 10 14 30
parietal lobe:
L postcentral gyrusb <0.001 12.68 -60 -20 16
L superior parietal lobule 25 0.001 6.00 -18 -62 44
R postcentral sulcus 1780 <0.001 7.49 58 -24 32
R postcentral sulcus 0.001 6.90 40 -40 46
R postcentral sulcus 0.001 6.87 46 -36 50
temporal lobe:
R inferior temporal sulcus 125 0.001 5.79 58 -64 -12
R inferior temporal sulcus 0.002 5.55 56 -52 -8
subcortical structures:
L globus pallidus 1645 <0.001 10.65 -16 -6 2
L putamen <0.001 10.29 -24 -12 8
L putamen <0.001 8.60 -24 0 14
R putamen 553 <0.001 8.37 16 -4 10
R putamen 0.001 6.18 24 16 8
R globus pallidus 56 0.002 5.39 20 -20 -6
R globus pallidus 0.003 4.84 10 -26 -8
R amygdala 188 0.001 6.07 32 0 -18
R amygdala 0.001 6.02 24 -8 -14
R amygdala 0.002 5.66 12 -6 -12
cerebellum
L cerebellum 342 <0.001 8.83 -20 -72 -56
L cerebellum <0.001 7.32 -28 -66 -56
L cerebellum 403 0.001 7.17 -34 -54 -28
L cerebellum 0.001 6.22 -30 -62 -24
R cerebellum 1745 <0.001 10.56 26 -56 -28
R cerebellum <0.001 10.37 30 -48 -32
R cerebellum <0.001 9.58 18 -72 -24
R cerebellum 645 <0.001 9.22 26 -58 -62
R cerebellum <0.001 9.00 20 -66 -60
R cerebellum <0.001 8.10 32 -56 -48
a Subjects included = 13.
b Part of the same cluster.

Brain activations for the random tapping vs. rest contrast: Aberdeen 2nd visit. P-values FDR

whole brain corrected. MNI space.
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Table 5.11: Random tapping versus rest Edinburgh 1st visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L precentral gyrus 6250 <0.001 17.84 -26 -18 56
L precentral gyrus <0.001 11.79 -34 -28 62
L superior frontal sulcus <0.001 8.83 -30 -12 72
L central sulcus 84 0.001 5.95 -60 8 26
R anterior cingulate 22 0.001 6.14 10 16 40
R inferior frontal gyrus 201 0.002 5.90 58 8 24
R frontal operculum 0.002 5.46 52 6 16
R middle frontal gyrus 10 0.004 4.91 38 38 32
R central sulcus 85 0.001 5.92 62 -16 32
parietal lobe:
L superior parietal lobule 49 0.001 6.10 -14 -68 54
L superior parietal lobule 0.003 5.30 -20 -70 64
R supramarginal gyrus 287 0.001 6.33 54 -38 30
R supramarginal gyrus 0.002 5.88 62 -38 32
R postcentral sulcus 0.002 5.64 50 -30 42
R superior parietal lobule 41 0.002 5.63 36 -54 64
temporal lobe:
L temporal operculum 171 0.001 7.17 -50 -2 2
L superior temporal gyrus 0.002 5.46 -54 8 -10
R superior temporal gyrus 36 0.002 5.61 58 -38 12
R temporal operculum 45 0.003 5.23 52 8 -2
subcortical structures:
L thalamus 1230 <0.001 8.49 -18 -14 12
L thalamus 0.001 7.64 -14 -22 6
L putamen 0.001 7.09 -26 12 10
R putamen 784 <0.001 8.99 20 2 14
R putamen <0.001 7.81 28 6 12
R globus pallidus 0.001 7.11 18 -2 -2
cerebellum:
L cerebellum 422 <0.001 22.58 -28 -68 -56
L cerebellum 0.002 5.48 -16 -68 -46
L cerebellum 623 <0.001 12.91 -30 -66 -26
R cerebellum 1840 <0.001 11.66 28 -52 -28
R cerebellum <0.001 11.23 12 -66 -16
R cerebellum 0.001 7.53 26 -70 -22
R cerebellum 633 <0.001 8.31 22 -64 -54
R cerebellum <0.001 7.90 14 -68 -54
R cerebellum <0.001 7.88 30 -54 -60
a Subjects included = 13.

Brain activations for the random tapping vs. rest contrast: Edinburgh 1st visit. P-values FDR

whole brain corrected. MNI space.
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Table 5.12: Random tapping versus rest Edinburgh 2nd visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L precentral gyrusb 798 0.005 8.06 -26 -16 64
L precentral gyrus 0.005 8.02 -36 -28 56
L middle frontal gyrus 55 0.005 6.81 -54 -18 48
L suppl. motor area 109 0.005 8.05 -4 -10 60
L suppl. motor area 22 0.005 6.63 -10 -10 74
parietal lobe:
L supramarginal gyrusb 0.005 7.41 -40 -38 48
L postcentral gyrus 104 0.005 7.72 -60 -22 30
temporal and limbic lobe:
L insula 24 0.005 7.45 -36 16 6
L temporal operculum 58 0.005 6.93 -58 4 4
L superior temporal sulcus 0.005 6.58 -54 8 -12
cerebellum:
L cerebellum 106 0.005 6.85 -34 -66 -26
L cerebellum 68 0.005 6.97 -30 -66 -56
R cerebellum 229 0.005 7.29 22 -54 -26
R cerebellum 0.005 6.66 32 -60 -30
R cerebellum 0.005 6.23 26 -68 -26
R cerebellum 292 0.005 8.56 22 -68 -58
R cerebellum 0.005 7.30 32 -52 -56
a Subjects included = 13.
b Part of the same cluster.

Brain activations for the random tapping vs. rest contrast: Edinburgh 2nd visit. P-values FDR

whole brain corrected. MNI space.



Chapter 5. Functional MRI: Motor task 99

Table 5.13: Random tapping versus rest Glasgow 1st visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L superior frontal sulcus 86 0.001 7.52 -34 38 40
L middle frontal gyrus 0.003 5.45 -32 40 28
L inferior frontal gyrus 0.001 7.63 -38 22 2
L central sulcus 334 0.001 7.11 -58 6 22
L precentral gyrus 0.001 7.03 -56 -4 34
L precentral gyrus 0.002 6.32 -56 6 38
R superior frontal sulcus 25 0.001 8.06 34 40 30
R superior frontal gyrus 10 0.002 5.87 18 -16 68
R precentral gyrus 393 0.001 7.45 30 -10 60
R precentral gyrus 0.001 7.14 26 -12 52
R central sulcus 0.001 6.64 36 -12 52
R inferior frontal gyrus 345 0.001 7.38 60 8 18
R precentral gyrus 0.001 7.33 54 4 44
R precentral gyrus 0.003 5.49 60 10 36
parietal lobe:
L postcentral gyrus 5725 <0.001 13.73 -38 -28 58
L postcentral gyrus <0.001 12.11 -38 -42 58
L postcentral gyrus 0.001 10.88 -58 -22 22
L precuneus 32 0.002 6.06 -10 -66 50
L superior parietal lobule 0.003 5.40 -14 -72 54
L superior parietal lobule 0.004 5.00 -20 -68 58
R postcentral gyrus 177 0.001 7.73 64 -18 42
R postcentral sulcus 0.001 6.97 66 -22 30
R postcentral gyrus 0.002 6.41 58 -20 28
R postcentral sulcus 267 0.001 6.59 44 -34 42
R supramarginal gyrus 0.003 5.42 48 -36 56
R superior parietal lobule 61 0.002 6.08 28 -60 64
R superior parietal lobule 0.004 5.06 22 -68 60
temporal and limbic lobe:
L temporal operculum 571 0.001 9.62 -52 8 -6
L insula 0.001 8.86 -36 12 4
R superior temporal gyrus 26 0.001 6.74 60 -38 12
R temporal operculum 54 0.003 5.67 52 12 -2
subcortical structures:
L thalamus 219 0.001 8.31 -10 -20 0
R putamen 54 0.003 5.69 26 2 -2
R putamen 0.004 5.05 22 6 6
cerebellum:
L cerebellum 176 0.001 7.45 -26 -64 -28
L cerebellum 0.002 6.19 -38 -58 -30
L cerebellum 269 0.001 7.42 -22 -74 -56
L cerebellum 0.001 6.72 -32 -58 -56
R cerebellum 842 <0.001 15.49 24 -52 -24
R cerebellum 0.001 10.94 16 -56 -20
R cerebellum 0.001 10.39 38 -60 -32
R cerebellum 596 0.001 9.49 16 -68 -56
R cerebellum 0.001 7.66 30 -54 -58
a Subjects included = 12.

Brain activations for the random tapping vs. rest contrast: Glasgow 1st visit. P-values FDR

whole brain corrected. MNI space.
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Table 5.14: Random tapping versus rest Glasgow 2nd visita

Anatomical Area Extent Voxel p Voxel T x y z
frontal lobe:
L precentral gyrusb 0.001 11.93 -32 -18 66
R superior frontal gyrus 23 0.002 5.82 12 52 -18
R middle frontal gyrus 217 0.001 6.27 36 42 30
R inferior frontal gyrus 21 0.001 6.22 28 14 36
L middle cingulate gyrus 23 0.001 6.61 -14 -30 38
L middle cingulate gyrus 89 0.001 6.69 -16 -14 34
R middle cingulate gyrus 0.001 6.37 2 -16 30
R anterior cingulate gyrus 35 0.002 5.60 18 32 16
R middle cingulate gyrus 31 0.002 5.75 10 -4 34
temporal and limbic lobe:
L inferior temporal gyrus 27 0.002 5.41 -50 -22 -20
L inferior temporal gyrus 0.003 4.88 -44 -18 -24
L superior temporal sulcusb 15536 0.001 12.22 -58 2 -10
R insula 0.001 11.43 44 10 -6
R inferior temporal gyrus 50 0.002 5.93 52 -24 -20
R inferior temporal gyrus 0.003 5.12 50 -34 -20
parietal lobe:
L superior parietal lobule 118 0.001 7.53 22 -64 66
R supramarginal gyrus 1109 0.001 7.39 58 -26 28
R central sulcus 0.001 6.90 62 -20 32
R supramarginal gyrus 0.001 6.58 56 -36 34
L superior parietal lobule 34 0.003 5.14 -22 -66 66
L superior parietal lobule 0.004 4.75 -18 -72 62
occipital lobe:
L inferior occipital gyrus 28 0.001 6.26 -34 -94 -14
cerebellum:
L cerebellum 462 0.001 7.62 -32 -56 -30
L cerebellum 0.001 6.69 -22 -68 -26
L cerebellum 0.001 6.02 -14 -66 -28
L cerebellum 373 0.001 7.59 -28 -76 -54
L cerebellum 0.002 5.95 -26 -82 -48
L cerebellum 0.002 5.31 -14 -72 -50
R cerebellum 673 0.001 10.93 16 -66 -58
R cerebellum 0.001 9.52 30 -60 -60
R cerebellum 0.002 5.28 10 -74 -52
R cerebellum 1850 0.001 9.90 6 -40 -26
R cerebellum 0.001 8.77 26 -56 -26
R cerebellum 0.001 8.55 22 -66 -26
a Subjects included = 12.
b Part of the same cluster.

Brain activations for the random tapping vs. rest contrast: Glasgow 2nd visit. P-values FDR

whole brain corrected. MNI space.



Chapter 6

Functional MRI: Face processing

101



Chapter 6. Functional MRI: Face processing 102

6.1 Overview

In this chapter the data for the face processing fMRI task is presented. Data was

analysed using the methods given in chapter 5 for the motor task. Each visit was

examined separately and reproducibility was assessed within and between subjects,

visits and sites. In addition, an analysis was performed to examine habituation effects

in the amygdala.
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6.2 Methods: Data analysis

6.2.1 Preprocessing

The fMRI data for the faces task was preprocessed using SPM8 running on Matlab

Version 7. EPI volumes were realigned to the mean image in the series using a rigid

body transformation. The graphical output of the realignment procedure was visually

inspected for large spikes or periodic changes. No subjects had to be excluded due

to excessive movement (> 3mm in less than 20 volumes). All subjects exhibited con-

siderably less movement than the pre-established exclusion criteria. The images were

then normalised using the coregistered anatomical image to determine transformation

parameters. Normalised images were spatially smoothed with a 8mm3 FWHM (full

width half maximum) Gaussian kernel.

6.2.2 Subject-level statistics

Statistical analysis at the subject level was performed using the General Linear Model

as implemented in SPM8, the default settings were used unless otherwise specified.

The design matrix included three conditions, fearful faces, neutral faces and rest. The

six movement parameters estimated in the realignment step were also included as co-

variates of no interest. The canonical haemodynamic response function (hrf) was con-

volved with the regressors to model the data. A high-pass filter with a 180s cut-off was

applied to remove low-frequency components. Serial autocorrelations were modelled

using AR(1).

6.2.3 Data Quality Assessment

Data for four sessions of different subjects were not available due to scanner prob-

lems. Data for eighty sessions total were included in the faces task analysis. To assess

data quality the raw and preprocessed images and the 1st-level maps were inspected

visually. Sessions with visible problems or unusual maps were explored further using

the ArtRepair tools. Three sessions of different subjects were excluded due to large

scanner artefacts.
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6.2.4 Group-level analyses

Data for 77 sessions total were included in the group level analyses, 14 in both visits

in Aberdeen, 13 in each Edinburgh visit, 12 repeated, 11 in the first Glasgow visit and

12 in the second, 9 repeated.

Contrast images for the fearful faces versus rest condition were taken forward to

random effects group analyses. The first and second visits to the three scanners were

treated separately and six one-sample t-tests were performed using the default SPM

settings. A one-sample t-test is used to test whether a population mean is significantly

different from some hypothesised value. All statistical maps were thresholded at a

level of p < 0.001 uncorrected for multiple comparisons and using a 20 voxel cluster

size threshold. Clusters were deemed significant at a level of p < 0.05 corrected for

multiple comparisons using the False Discovery Rate method (FDR). Small volume

corrections were applied in three a priori areas, reported by Fusar-Poli et al. (2009)

to be activated in this contrast, bilateral amygdala, bilateral fusiform gyrus and right

medial frontal cortex. Masks for these analyses were created using the WFU PickAtlas

software and results were deemed significant at p < 0.05 corrected for multiple com-

parisons using the Family-Wise Error method (FWE). Analyses were also performed

the same way on the data from the first visit in each scanner examining habituation

effects in the amygdala between runs in the fearful faces condition with the method

used in Hall et al. (2008) (Figure 6.1).

6.2.5 Reproducibility

To assess the reproducibility of statistical parametric maps an overlap and a size mea-

sure were used (Rombouts et al., 1998). The overlap ratio:

Ri j
overlap = 2∗V i j

overlap/(Vi +Vj) (6.1)

where Vi represents the voxels with t-values exceeding the defined threshold in the

statistical map ıi and V i j
overlap the intersection of both maps; and the size ratio:

Ri j
size = 2∗V i j

smallest/(Vi +Vj) (6.2)

where V i j
smallest is the smallest of the two volumes compared and V i j

size the intersec-

tion of both maps. Values for both ratios range between 0 and 1 with 1 indicating

perfect agreement. Statistical parametric maps were thresholded at 0.001 uncorrected



Chapter 6. Functional MRI: Face processing 105

Figure 6.1: Design matrix for the habituation analysis, contrasting the first versus the second

run for the fear versus rest contrast.

and reproducibility was assessed at both the subject and the group level, within and

between scanner. Custom matlab scripts were written to implement the analysis.

6.2.6 Analysis of Variance

A components of variance analysis was also performed, as exemplified in section 5.3.4.

The model fits each parameter as a random effect (with a mean and normal distribution)

and implicitly assumes that the patients, scanners and visits are taken randomly from a

larger population.

Data for this analysis was extracted from both contrast images and statistical para-

metric maps in the only a priori area (Fusar-Poli et al., 2009) where significant acti-

vation was observed consistently, bilateral fusiform gyrus. The images were masked

so that only voxels in these areas that were significant in any visits across scanners at

p < 0.001 uncorrected were included.

Variance components were estimated using the Restricted Maximum Likelihood

method as implemented in SAS PROC VARCOMP (SAS version 9, Cary, NC). The

following model was employed:

Yi jk = mean+ site j + visiti + sub jectk + sub jectk ∗ site j +unexplainedi jk (6.3)

with Yi jkl denoting the dependent measure for visit i, site j, and subject k. All
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factors were treated as random effects.

Reproducibility of the measurements within and between sites was calculated using

Intraclass Correlation Coefcients (ICCs):

ICCwithin = (V Dsub ject +V Dsite +V Dsub jectbysite)/Total Variance (6.4)

ICCbetween = V Dsub ject/Total Variance (6.5)

where ‘V Dsub ject’ sigifies ‘variance due to subject’.
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6.3 Results

6.3.1 Single visit group analysis

Activations were detected in expected areas in most groups in response to the pre-

sentation of fearful faces. In the first visit across scanners extensive activations were

detected in the occipital lobe bilaterally, also the fusiform gyrus bilaterally, the striatum

bilaterally, left hemisphere motor areas, and the medial frontal gyrus among others.

Reduced activation was observed in the second visits across scanners, especially

in the fontal region, possibly suggesting learning effects. Consistent significant acti-

vations were still present in the occipital lobe and the fusiform gyrus bilaterally and

in the left hemisphere motor areas. Statistical maps of the analyses are presented in

Figure 6.2, detailed listings of results are presented in Tables 6.2 to 6.7.

After small volume corrections were applied, significant clusters were detected for

the amygdala bilaterally in all sites and visits except for the Edinburgh second visit

results, where the right amygdala cluster did not reach significance. In the second

visit significant activation was detected only in the right amygdala in the Aberdeen

analysis. For the fusiform gyrus, significant clusters were detected bilaterally in both

visits across all scanners. For the right medial frontal gyrus, significant clusters were

detected in the first visit only across all scanners.

None of the habituation analyses in the first visit groups for the three scanners

yielded significant results.

6.3.2 Reproducibility

Mean size ratios for the fearful faces contrast were at similar levels within and between

sites. The mean size ratios for the single subject analyses ranged from 0.63 to 0.79

within sites and from 0.6 to 0.8 between sites. Mean overlap ratios were lower for

the within site comparisons, ranging from 0.52 to 0.61, while between sites they were

in the range of 0.58 to 0.73. For the group analyses size ratios ranged within sites

from 0.5 to 0.68 and between sites from 0.68 to 0.89. Group level overlap ratios were

similar, with a range of 0.45 to 0.61 within sites and 0.6 to 0.62 between sites. The

data is presented graphically in Figure 6.3.
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A1 A2

C1 C2

B1 B2

Figure 6.2: Group maps using neurological convention for the fearful faces vs. rest contrast.

Threshold at a voxel level p < 0.001 uncorrected and 20 voxel cluster extent. From top to

bottom: sites A=Aberdeen, B=Edinburgh and C=Glasgow. Left: visit 1. Right: visit 2.
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Figure 6.3: Reproducibility of statistical parametric maps within and between sites at subject

and group levels, for fearful faces vs. rest contrast. Left: mean ratios for subjects level analyses

with standard error bars. Right: ratios for the group level analyses.

6.3.3 Components of variance

The percentage of total variance contributed by the site component in the region of

interest analysis was minor, 0.04% for the left and 0.19% for the right fusiform gyrus

in the contrast image analysis, while that of visit was 1.65% and 3.31% respectively.

A larger part of the variance was explained by the subject factor, 23.9% and 40.89%,

with the largest part remaining unexplained (74.4% and 55.61%). In the analysis of

statistical maps, no contribution was found by the site factor. Visit (7.9% and 15.54%)

and subject (24.14% and 9.49% explained some of the variance, with the largest part

again remaining unexplained, at 67.95% and 74.98% respectively. ICCs were poor in

most cases, though better or worse within and between sites. ICCs were 0.24 in the

left fusiform for contrast and statistical map analyses, while in the right they were 0.41

for the contrast images but 0.09 for the statistical maps.
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Table 6.1: Variance Components

Anat. area Site Visit Subject Subject by site Error ICCwithin ICCbetween

Contrast mean

Fusiform L 0.04 1.65 23.90 0.00 74.40 0.24 (p) 0.24 (p)

Fusiform R 0.19 3.31 40.89 0.00 55.61 0.41 (f) 0.41 (f)

T statistic mean

Fusiform L 0.00 7.90 24.14 0.00 67.95 0.24 (p) 0.24 (p)

Fusiform R 0.00 15.54 9.47 0.00 74.98 0.09 (p) 0.09 (p)

Variance components as percentage of total variance contributed by site, visit, subject by site

interaction and unexplained variance. Intraclass Correlation Coefficients (ICCs) within and be-

tween site. The analysis was run in a region of interest (ROI) in the fusiform gyrus bilaterally in

the fearful faces vs. rest contrast images and statistical parametric maps. According to a priori

criteria we use ‘p’, ‘f’ and ‘g’ to refer to ‘good’, ‘fair’ and ‘poor’ for the ICCs (Cicchetti, 2001).
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Table 6.2: Fearful faces vs. rest Aberdeen 1st visit

Anatomical Area Coordinates Cluster p Extent Voxel T

Right Occipital Inferior Gyrus [28;-88;-16] < 0.001 5999 14.88

Right Fusiform Gyrus [40;-54;-22] 14.31

Right Occipital Middle Gyrus [28;-96;0] 12.33

Left Postcentral Gyrus [-58;-18;36] < 0.001 9480 13.53

Left Putamen [-20;0;12] 12.35

Left Postcentral Gyrus [-60;-14;24] 10.48

Left Inferior Occipital Gyrus [-24;-94;-6] < 0.001 3961 13.51

Left Fusiform Gyrus [-40;-76;-14] 11.80

Left Fusiform Gyrus [-42;-68;-14] 11.52

Right Hippocampus [34;-28;-10] < 0.001 3266 8.62

Right Putamen [26;4;-2] 8.52

Right Amygdala [26;-2;-10] 7.92

Left Supplementary Motor Area [-2;6;50] < 0.001 1184 7.75

Left Middle Cingulum [-6;-10;46] 5.76

Right Supplementary Motor Area [4;4;60] 5.53

Right Parietal Inferior Gyrus [34;-48;44] < 0.001 899 6.66

Right Angular Gyrus [36;-60;42] 6.25

Right Angular Gyrus [40;-58;32] 5.45

Brain activations for the fearful faces vs. rest contrast: Aberdeen 1st visit. P-values FDR ’whole

brain’ corrected. MNI space. Subjects included = 14.
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Table 6.3: Fearful faces vs. rest Aberdeen 2nd visit

Anatomical Area Coordinates Cluster p Extent Voxel T

Right Occipital Inferior Gyrus [34;-84;-8] < 0.001 4781 18.95

Right Middle Occipital Gyrus [36;-88;6] 12.85

Right Lingual Gyrus [24;-86;-16] 12.30

Left Occipital Inferior Gyrus [-26;-94;-6] < 0.001 3802 14.64

Left Occipital Inferior Gyrus [-34;-80;-10] 12.63

Left Occipital Middle Gyrus [-46;-84;-4] 8.03

Left Hippocampus [-28;-10;-10] < 0.001 1285 7.15

Left Thalamus [-14;-18;4] 6.69

Left Putamen [-28;-24;2] 6.29

Right Amygdala [22;-4;-12] 0.030 329 6.07

Right Putamen [26;8;-2] 4.24

Left Parietal Inferior Gyrus [-58;-20;48] 0.005 539 5.51

Left Parietal Inferior Gyrus [-46;-26;48] 5.33

Left Precentral Gyrus [-36;-20;64] 5.29

Brain activations for the fearful faces vs. rest contrast: Aberdeen 2nd visit. P-values FDR ’whole

brain’ corrected. MNI space. Subjects included = 14.
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Table 6.4: Fearful faces vs. rest Edinburgh 1st visit

Anatomical Area Coordinates Cluster p Extent Voxel T

Right Putamen [22;6;-10] 0.000 700 8.74

Right Putamen [24;16;0] 6.48

Right ParaHippocampal Gyrus [18;2;-22] 4.84

Right Frontal Superior Orbital Gyrus [8;64;-20] 0.002 443 8.60

Right Frontal Midddle Orbital Gyrus [22;50;-20] 5.96

Right Frontal Inferir Orbital Gyrus [42;42;-20] 5.27

Right Inferior Parietal Gyrus [38;-68;56] 0.011 290 8.00

Right Angular Gyrus [38;-60;48] 6.85

Right Angular Gyrus [36;-56;40] 6.70

Right Inferior Frontal Gyrus [48;30;4] 0.000 1480 7.93

Middle Frontal Gyrus [50;2;56] 7.78

Middle Frontal Gyrus [58;22;30] 7.36

Left Amygdala [-22;-2;-14] 0.000 1371 7.73

Left Putamen [-26;4;-4] 6.93

Left Insula [-26;16;4] 6.54

Right Supplementary Motor Area [12;10;54] 0.106 129 7.65

Left Supplementary Motor Area [-10;8;50] 0.028 221 7.46

Left Supplementary Motor Area [-8;0;60] 6.15

Middle Frontal Gyrus [42;52;-6] 0.039 193 6.29

Middle Frontal Gyrus [36;52;-12] 5.34

Brain activations for the fearful faces vs. rest contrast: Edinburgh 1st visit. P-values FDR ’whole

brain’ corrected. MNI space. Subjects included = 13.
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Table 6.5: Fearful faces vs. rest Edinburgh 2nd visit

Anatomical Area Coordinates Cluster p Extent Voxel T

Right Middle Occipital Gyrus [32;-92;10] 0.000 8925 22.43

Right Lingual Gyrus [24;-92;-12] 17.48

Left Middle Occipital Gyrus [-26;-100;2] 14.50

Left Postcentral Gyrus [-48;-28;66] 0.004 804 6.18

Left Postcentral Gyrus [-52;-24;60] 5.76

Left Postcentral Gyrus [-40;-24;52] 5.41

Brain activations for the fearful faces vs. rest contrast: Edinburgh 2nd visit. P-values FDR ’whole

brain’ corrected. MNI space. Subjects included = 13.
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Table 6.6: Fearful faces vs. rest Glasgow 1st visit

Anatomical Area Coordinates Cluster p Extent Voxel T

Left Lingual Gyrus [-20;-90;-14] 0.000 4249 18.88

Left Cerebelum [-38;-82;-28] 13.00

Left Cerebelum [-44;-70;-22] 12.90

Right Inferior Occipital Gyrus [34;-80;-8] 0.000 4936 16.80

Right Cerebelum [28;-52;-30] 13.94

Right Cerebelum [34;-44;-26] 11.66

Vermis [2;-76;-32] 0.002 262 15.41

Right Cerebelum [8;-72;-26] 7.23

Left Cerebelum [0;-82;-46] 4.69

Left Postcentral Gyrus [-40;-28;46] 0.000 3254 10.38

Left Precentral Gyrus [-30;-16;62] 9.03

Left Postcentral Gyrus [-48;-30;48] 9.00

Left Supplementary Motor Area [-2;4;48] 0.000 805 10.28

Left Supplementary Motor Area [-6;-4;54] 8.27

Right Supplementary Motor Area [8;-2;64] 6.40

Right Cerebelum [24;-58;-50] 0.059 106 9.02

Right Superior Frontal Orbital Gyrus [14;52;-16] 0.000 460 8.75

Right Inferior Frontal Orbital Gyrus [36;42;-20] 8.70

Right Superior Frontal Orbital Gyrus [24;38;-24] 7.92

Left Putamen [-28;8;-4] 0.000 624 8.61

Left Putamen [-26;-2;-6] 7.40

Left Amygdala [-20;-2;-16] 7.10

Right Putamen [22;16;0] 0.001 319 8.14

Right Amygdala [26;2;-14] 6.94

Brain activations for the fearful faces vs. rest contrast: Glasgow 1st visit. P-values FDR ’whole

brain’ corrected. MNI space. Subjects included = 11.
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Table 6.7: Fearful faces vs. rest Glasgow 2nd visit

Anatomical Area Coordinates Cluster p Extent Voxel T

Left Supplementary Motor Area [-6;6;56] 0.002 303 14.18

Right Supplementary Motor Area [8;14;56] 4.36

Right Cerebelum [18;-54;-24] 0.000 3025 8.86

Right Cerebelum [28;-84;-18] 7.57

Right Middle Occipital Gyrus [32;-92;2] 7.40

Left Inferior Occipital Gyrus [-24;-88;-10] 0.000 1933 8.09

Left Inferior Occipital Gyrus [-24;-98;-6] 6.91

Left Fusiform Gyrus [-44;-54;-22] 6.64

Brain activations for the fearful faces vs. rest contrast: Glasgow 2nd visit. P-values FDR ’whole

brain’ corrected. MNI space. Subjects included = 12.
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7.1 Project management

The CaliBrain study is a multicentre effort, involving sites in three different cities and

a large amount of collected data. Planning and implementing an imaging study of this

nature presented some challenges not typically relevant in a single site study.

7.1.1 Challenges of a geographically distributed project

The three sites participating in the project were located in Edinburgh, Aberdeen and

Glasgow. In order to organise meetings we had to arrange travel for the researchers

involved, which proved to be a challenge given everyone’s commitments, therefore

most of the communication took place by email. There were few meetings where all

participating researchers were present, but in many cases I travelled to the different

sites as needed to liaise with local research staff.

7.1.2 Design stage

In the initial design stages of the study there were various concepts and ideas explored

which had to be weighed against practical constraints such as financial costs, time

allocated for the project, staff experience with procedures involved and equipment

available. In order to cover expenses such as scanning costs, participant and researcher

travel expenses and occasionally overnight stays, a Project Grant was secured from

the Chief Scientist Office (CSO Scotland). In comparison to running a single site

project every stage of the study took longer to complete, on one hand because of the

challenges posed by the distributed nature of the project and on the other hand because

some of the work, like the development and implementation of scanning protocols and

the programming of the fMRI tasks, had to be done in duplicate or triplicate.

Staff at the different sites had various degrees of experience with running an fMRI

study. It also became evident that in each site specific procedures were followed which

could result in undesirable differences in the data collected. In order to resolve these

issues, a detailed site specific protocol was produced and extensive staff training was

conducted by Katherine Lymer for the QA component and by myself for the human

imagining in all sites.

The main factor influencing the specifics of the study was the equipment available

at each site. In all sites we used 1.5 T GE scanners which eliminated some potential

concerns, as using machines by different manufactures and of different field strength
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could introduce systematic differences in the data collected. However, some varia-

tions were unavoidable, such as differences in gradient strength and scanner software

versions, as well as differences in stimulus presentation and behavioural response col-

lection software and hardware available. One of the main study goals was to minimise

differences in the equipment used as much as possible. However, due to financial con-

straints and in view of realistic considerations in future projects, it was decided to use

already existing equipment in each of the sites.

7.1.3 Data acquisition stage

Due to the complexity of the study design it was not easy to find fifteen volunteers

who fulfilled the requirements and were able to commit to having six scans each, four

of which would involve travel to a different city in Scotland. Fifteen participants were

initially recruited, out of which fourteen completed the study, a satisfactory rate for a

project of this scale.

Another challenge was adhering to the scan schedule. Each participant had to

have the scans in a specific order within a certain time interval, which in many cases

conflicted with their personal time available and the busy scanner schedules. The study

protocol was long and demanding, so staff and participant training was conducted prior

to scanning in order to ensure good data quality. The process of collecting all the

data in a centralised location was also a consideration, due to large file sizes and the

confidential nature of the data, which was accomplished in different ways from each

site.

7.1.4 Analysis stage

A file naming convention and data filing system was developed to ensure anonymity

and facilitate automated data processing and analysis. The quality assurance data was

analysed in Edinburgh by Katherine Lymer and myself, the structural MRI data was

analysed in Edinburgh by T. William Moorhead, the motor fMRI data was analysed in

Edinburgh by myself, all using both standard software and locally developed methods.

The memory fMRI data was analysed in Aberdeen by Victoria Gradin and Gordon

Waiter using the same procedures followed for the motor task.
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7.1.5 General comments

For a project of this nature it is important to strike a balance between distributed and

centralised management with a clear allocation of tasks and responsibilities. Further-

more, it became evident that there is a need for detailed documentation, both at each

stage of the project and for the final data set in order to facilitate future uses of the data.
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7.2 Quality Assurance

The Quality assurance (QA) analysis discussed here was performed by Katherine Ly-

mer using methods developed in collaboration by her and myself. QA is an essential

part of multicentre studies as it provides an indication of the precision of the measure-

ments made in the absence of any systematic bias (Tofts, 2003). Since control subjects

are not always scanned as part of a study, test objects (phantoms), with their known

configuration and composition, are convenient for repeated scanning and accurate de-

termination of scanner performance (Tofts, 2003). However, QA is of practical use if

it can accurately reflect changes that may be observed in-vivo and for this reason it

was examined whether signal-to-noise (SNR) measures obtained from the human data

were reflected in any of the in-vitro SNR measurements.

7.2.1 Signal-to-noise measurements

The SNR is a non-specific measure of image quality and can be affected by a num-

ber of parameters but should remain stable when measured using the same coil and

sequence parameters (Koller et al., 2006), as used in Calibrain. The SNR measured in

the phantoms was consistently higher than that measured in the human data. Ideally,

the QA phantoms would have been scanned within an annuls to ensure that the resis-

tive loading of the test object match those of a human subject (Firbank et al., 2000).

However, this was not possible due to financial constraints. Although the in-vivo and

in-vitro SNR measurements cannot be compared directly, comparisons of the variance

of these measures are valid, since the scanning protocols were identical except for the

number of slices acquired.

More specifically, the variance in the weekly QA SNR and ’time of scan’ SNR data

was compared to that of the human data. Overall, the results suggest that in the Cali-

Brain data set weekly QA provides a more accurate indication of scanner performance

despite the shorter time interval between the human and ‘time of scan’ phantom scans.

In the absence of any significant system changes, as indicated by the absence of sub-

stantial change in the weekly QA, or changes in the scan room temperature, it is likely

that the large variance observed in the ‘time of scan’ measurements is due to operator

set-up of the phantom.
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7.2.2 Sources of variation

Accurate positioning of test objects is a known source of variance in QA and, as such,

preventative measures were taken in the form of explicitly marking the test object and

training the staff in the specific of the scanning protocol. However, it is possible that,

because of the time pressure when scanning human volunteers, phantom set-up in these

sessions was less reliable than in a dedicated QA session. In addition, staffing arrange-

ments varied across sites with some employing radiographers for all human scanning

and QA, physicists for all research human scanning and QA and radiographers for hu-

man scanning and physicists for QA. Since the before and after scans of the test objects

were acquired as part of the control subject scanning protocol, it is possible that this

change in staff with their potential inexperience of QA also contributed to the increase

in variance in the ‘time of scan’ SNR measurements observed in one of the sites.

Variations in the level of experience of the staff acquiring the data may also have

contributed to the differences in the variance observed in the in-vivo measurements.

For example, the variance in one of the sites was significantly higher and this may

reflect a relative inexperience of the scanning staff with this specific procedure. If

true, this re-enforces the importance of thorough staff training in both the human and

phantom components of the scanning protocol.

7.2.3 Conclusions

Finally, QA results also made it possible to confirm that routine maintenance in one

of the sites had no observable effect on scanner performance. Conducting regular

QA measurements will be useful for assessing the impact of planned and unplanned

hardware changes in future studies.

Overall, the weekly QA data suggests stable operation of all three Calibrain scan-

ners, with the SNR fluctuations falling within the expected range of 5 -10 % (Lerski

et al., 1998). Furthermore, these analyses suggest that the exact timing of data acqui-

sition is not critical for the purposes of scanner calibration. Practically, this provides

greater latitude to perform QA on a regular basis when convenient, in terms of scanner

load, rather than at a proscribed time.



Chapter 7. Discussion 123

7.3 Structural MRI

Structural imaging data acquired as part of the CaliBrain project was used to examine

scanner differences at the three sites and to assess the practicality of pooling scans for

multicentre VBM studies. The sMRI data analysis and harmonisation method develop-

ment was done by T. William Moorhead, the absolute distance metric was developed

by T. William Moorhead and myself. Detailed methods and results are presented in

Chapter 4 and were published in Moorhead et al. (2009), included in Appendix E.

7.3.1 Scanner Harmonisation

Previous research (ADNI; Hua et al., 2008; Jack et al., 2008; Leow et al., 2006; Han

and Fischl, 2007), recommend that to pool scans from multiple sites it is important to:

• minimise hardware differences in

– vendor

– field strength

– head coil

– sequences

• minimise

– software differences between sites

– protocol differences between sites

– by e.g. using an MR-RAGE sequence, or scanner ‘invariant’ sequences

• make global or regional corrections (limited to region of interest studies)

• use validity masking (limits the analyses to less than whole brain coverage)

For within scanner variation:

• correct RF inhomogeneity using B1 field mapping (requires extra scanning time)

In the CaliBrain project within scanner variability and between scanner differ-

ences were examined, aiming to reduce the between scanner differences to the level of

within scanner variability. In keeping with the ADNI recommendations it was sought
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to minimise the scanner differences in terms of vendor, field strength, head coil and

sequences.

We investigated this issue in the CaliBrain data set using T1-weighted images for

thirteen subjects scanned twice at each of three sites. Baseline analyses of the Cali-

Brain T1 segmentations indeed revealed significant differences between the scanners

and these differences were of an order that would require validity masking. However,

one of the scanners in the CaliBrain project does differ from the other two in terms

of maximum gradient amplitude and maximum slew rate. Therefore, while two of the

scanners are well matched and data from these two sites could be pooled without fur-

ther adjustment or compensation, the third scanner exhibits significant differences with

respect to the other two.

The method that we have proposed is in keeping with this existing work as we have

implemented corrections at a scale that is close to the analysis scale for VBM. How-

ever, B1 field mapping can be applied as an addition to the priors adjustments protocol

that we have developed. It is possible that the inclusion of field mapping would fur-

ther reduce the between scanner differences in the CaliBrain project. However, the

scan time acquisitions necessary for correction of the B1 field are not available in the

CaliBrain project.

Our findings indicate that the development of scanner specific adjusted priors for

use in VBM analyses can assist in the pooling of structural imaging data from different

sites. Six subjects were found to be adequate for the purpose of matching the scanners

in the CaliBrain project. In the typical clinical study the range of tissue presentations

would be expected to be greater than that seen here. Thus it is likely that in a clinical

study a larger number of travelling subjects would be required, with the exact number

depending on the diversity of tissue presentation in the study and the nature of the

differences in the scanners employed.

The method presented here may be limited to multi-site studies following a design

similar to CaliBrain, which provides an optimal environment for multiple site scan

pooling. Different field strengths and image acquisition protocols could have very

different tissue contrasts that would lead to marked differences in segmentation results.

In such cases the differences in tissue classification may well be beyond the scope of

this compensatory method. However, this development can facilitate data pooling and

allow for improvements in the statistical power of multicentre brain imaging studies

where there are no major hardware and acquisition protocol differences across sites.
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The metric results demonstrated that the use of scanner specific priors can reduce

the tissue classification differences between scanners. These reductions were not suf-

ficient to bring the between scanner differences down to the level of within scanner

variability. However, in VBM analyses of the segmentations based upon scanner spe-

cific priors it was found that the baseline differences which would previously have

required validity masking, were removed.

Combining structural MRI scans from different scanners could increase the statis-

tical power in VBM analyses. Our aim was to extend SPMs segmentation processes to

reduce the effects of scanner differences which currently limit multi-centre MRI pool-

ing (Stonnington et al., 2008; Meda et al., 2008). Although these scanners are well

matched we found significant between scanner differences in tissue segmentations, us-

ing standard methods. We have demonstrated that scanner specific priors can reduce

between scanner differences.

In the CaliBrain project we consider within scanner variability and between scanner

differences and our aim was to reduce the between scanner differences to the level of

within scanner variability. In keeping with the ADNI recommendations we have sought

to minimise the scanner differences in terms of vendor, field strength, head coil and

sequences. However, scanner B in the CaliBrain project does differ from scanners A

and C in terms of maximum gradient amplitude and maximum slew rate. Our baseline

results indicate that scanners A and C are well matched and scans from these two sites

could be pooled without further adjustment or compensation. However, our baseline

results also demonstrate that scanner B exhibits significant differences with respect to

both scanners A and C.

In order to reduce the differences between the scanners in the CaliBrain project we

have developed a procedure that employs proportional feedback to adjust the priors for

each of the scanners. We have scan records for 13 healthy subjects who were scanned

twice at three scanners within a six month period. We demonstrate our protocol for

creating scanner specific priors using the 1st round scans of six subjects. We test the

adequacy of these scanner specific priors through metric and VBM analyses. The tests

for adequacy are applied to the seven subjects who were excluded from the priors ad-

justment protocol. These tests are limited by the number of subject scans available

and we are unable to evaluate the full effects of subject variation expected in a multi-

centre clinical study. Clinical studies that could benefit from the scanner specific priors

method are expected to have subject numbers considerably greater than those available

for the CaliBrain project. In a multi-centre clinical study, with the exception of the
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travelling subjects used to develop the scanner specific priors, the subjects would be re-

cruited and scanned independently at the contributing centres. In such a clinical study

a test for adequacy of scanner harmonisation could be implemented through compar-

isons of the healthy control scans recruited from the contributing centres (Stonnington

et al., 2008; Meda et al., 2008).

The metric that we report assesses the absolute distance between segmentations.

The metrics are applied at the voxel level and are averaged to report an overall dis-

tance inclusive of noise and systematic differences. Metic results on the scans that

were used to implement the scanner specific priors procedure indicate that the within

scanner variability ranges from 3.0% in scanner B to 2.1% in scanners A and C. The

adjustment process gives rise to a reduction in the within scanner variability. However,

the paired-t tests reveal that these within scanner adjustments do not represent a sig-

nificant change. The baseline between scanner differences are at a maximum for the B

and C comparison. Here the adjustment procedure gave rise to significant reductions

in all three scanner comparison metrics.

We then consider the effects of the scanner specific priors on the scans of seven sub-

jects who were excluded from the priors adjustment process. At baseline the within

scanner variability and between scanner distances were equivalent to the baseline re-

sults in the first dataset. Consequently, the use of the scanner specific priors resulted in

significant reductions in all three scanner comparisons. However, for the comparisons

that include scanner B, the reductions are not sufficient to bring the between scanner

difference down to the level of within scanner variability.

The VBM analyses that we applied demonstrated that at baseline there are no sig-

nificant differences between scanners A and C, However, we found that comparisons

of scanners A and C with scanner B gave rise to differences that would require va-

lidity mapping such as that employed in VBM analyses by (Stonnington et al., 2008;

Meda et al., 2008). After developing scanner specific priors for scanners B and C and

re-segmenting the scans we found that the requirement for validity mapping was re-

moved, because we recorded no significant differences in the grey and white matter

F-tests for scanner effect.

7.3.2 Conclusions

Our results indicate the development of scanner specific priors for the SPM applica-

tion can assist in the pooling of scan resources from different research centres. This
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development can facilitate scan pooling and allow for improvements in the statistical

power of multi-centre brain imaging studies. Our results indicate that six subjects were

adequate for the purpose of matching the scanners in the CaliBrain project.

In the typical clinical study the range of tissue presentations could be greater than

that seen in our study of healthy controls. Thus it is possible that in a clinical study that

more than six travelling subjects would be required. The number of travelling subjects

required would depend upon the diversity of tissue presentation in the study and upon

the nature of the differences in the scanners pooled.

The method that we have suggested may also be limited to multi-site studies in

which there are :

• Minor hardware or acquisition protocol differences across sites

• scanners from the same vendor

• the same field strengths

• the same head coils

• and the same or matched sequences

This provides an optimal environment for multiple site scan pooling. Different field

strengths and image acquisition protocols could have very different tissue contrasts that

would lead to marked differences in segmentation results. In such cases the differences

in tissue classification may well be beyond the scope of our compensatory method.
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7.4 fMRI motor task

We investigated the reproducibility of a sequential and a random motor tapping task

across multiple sites and visits, examining it both in terms of single subjects and group

analyses. A detailed description of the methods and results can be found in Chapter 5

and in Gountouna et al. (2010), included in Appendix C. We found mostly consistent

activations in expected areas, including cortical and subcortical motor areas and the

cerebellum. As anticipated, comparison ratios were overall higher and more stable in

the group-level analyses than at the subject level. Reproducibility between sites was

similar to that of different visits within the same site. Reproducibility in overlap and

size estimates were similar between and within sites and acceptable at both group and

subject levels.

7.4.1 Reproducibility: Activation locations

Robust activations were observed in the left premotor, primary motor and supplemen-

tary motor areas. These were present across all sites and visits. Right-hemispheric

counterparts were also activated but are weaker and less consistent. The opposite pat-

tern was observed in the cerebellum, with generally consistent ipsilateral but weaker

contralateral activations. Left thalamus and basal ganglia were also detected in most

cases. Mattay et al. (1998) employed a sequential and random tapping task and re-

ported activations in the primary motor, somatosensory and premotor areas, the SMA,

parietal cortex, putamen and cerebellum. They also reported a prefrontal cluster (BA

9) in the random tapping condition, which was detected in some of our analyses. Yoo

et al. (2005) investigated the reproducibility of a sequential finger tapping task over

a longer period of time, also employing size and overlap ratios in selected regions of

interest. They found consistent activations in the primary motor, premotor, SMA and

cerebellum; activations were less consistent in the basal ganglia and thalamus. Scholz

et al. (2000) examined the reproducibility of functional activations in motor areas us-

ing a variety of motor tasks including finger tapping and also found relatively reduced

signal change and decreased reproducibility in the basal ganglia. Casey et al. (1998)

employed a task including a motor condition similar to this paradigm in a multicentre

study and reported reliable activations in the left premotor, primary motor and sup-

plementary motor areas and the right cerebellum and less reliable activations in the

thalamus and basal ganglia. These findings are compatible with our results and sug-

gest that in these smaller regions increased noise possibly has a negative effect on the
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reproducibility of activation. Alternatively, this could also be due to the signal being

less reliable in these regions.

7.4.2 Reproducibility: Overlap and size ratios

A qualitative evaluation of the results indicates that at the group level, location and

extent of activation is robust, both within and between sites. Quantitatively the results

were within the range reported by studies examining the reproducibility of similar tasks

on a single scanner (e.g. Ramsey et al., 1996). Furthermore both size and overlap ratios,

and size by volume and size by volume and intensity, were found to be comparable

within and between sites. Other studies investigating between scanner reproducibility

also did not find large differences in comparisons within and between sites. Voyvodic

(2006) reported stable spatial patterns even between scanners of different strengths.

Vlieger et al. (2003) found that the average inter-scanner agreement did not differ

significantly from the average within scanner reproducibility of the site with the worst

reproducibility. Sutton et al. (2008) found similar spatial extent of activation across

scanners of the same strength.

The reproducibility in overlap and size ratios for both mean and maximum mea-

sures were comparable across all analyses with no clear advantage of the one over

the other. A similar pattern was found by Friedman et al. (2008) who compared me-

dian and maximum values. A clear difference however emerges when comparing the

reproducibility in overlap and size ratios in contrast and T-statistic images, with the

reproducibility in contrast values being consistently higher. This was hypothesised by

Friedman et al. (2008) who used a finite impulse response (FIR) method to get a sur-

rogate value for signal change and suggested the method employed here as a possible

alternative.

Much of the reproducibility literature to date has been focussed on the subject level,

but in many cases it is the group-level results that are given weight in the interpretation

of MRI results. Our analyses indicate that group-level maps for this task are overall

more reproducible, and the range of obtained values is much narrower. This is in

agreement with what has been reported in a single centre analysis (Seghier et al., 2004).

Critically, subject is a much greater source of variability than scanner, however subject

by scanner variance is low, and within subject variance (visit) is also low and of an

acceptable level. Merging of data across sites is therefore possible in studies where

the reproducibility of individual subject measurements is essential, e.g. in treatment
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response studies.

7.4.3 Variance components and reliability estimates

This outcome is supported by the results of the variance components analysis. The

contribution of the factors site and visit to the total variance was relatively small re-

gardless of measure used, and subject was the largest component. However a large

part of the variance remained unexplained in some of the analyses, notably in the stria-

tum, presumably due to the small volume of the region, although this variability could

also reflect a difference in the striatum’s more complex neurovascular dynamics and

the task used. ICCs were very similar within and between sites, compatible with the

results of the whole brain size and overlap ratios.

Friedman et al. (2008), reported a variance components analysis examining the ef-

fects of site, subject and visit in a dataset of five subjects who conducted repeated visits

in ten sites. Costafreda et al. (2007) also employed a variance components analysis to

examine the relative contributions of site and subject to the variance in a motor task in

five subjects across five scanners. Both found the effect of site to be small compared

to that of subject and residual unexplained variance. Suckling et al. (2008) performed

a similar study employing two versions of an affect processing task in twelve subjects

and two sites. They examined the contributions of site, visit, task and subject and also

found the contribution of site to the variance to be relatively small. Sutton et al. (2008)

scanned four subjects fifteen times in each of two sites employing a motor and visual

task. They found the contribution of site to the variance to be small compared to that

of subject, with most of the variance remaining unexplained. Bosnell et al. (2008)

conducted a clinical multicentre study across five sites using a hand tapping task com-

paring variability across seventeen multiple sclerosis patients and twenty two healthy

controls. They also scanned five healthy volunteers at each of four of the sites to as-

sess the contributions of site to the variance and found that variation between subjects

greatly dominated over variation between visits or sites.

It is of note that little site effect was observed in the striatal ROI in any of the

analyses performed. It is possible that the location of this structure near the middle of

the brain renders it less vulnerable to scanner specific distortions and therefore makes

it a suitable target area for future multicentre studies of clinical interest. However,

its small size means it is very susceptible to noise. A lot of the variance remained

unexplained in these analyses and reproducibility in overlap and size of activation was
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found to be poor in comparison to the larger neocortical ROIs. ICC values for these

analyses are similar or higher than those reported elsewhere (Friedman et al., 2008;

Kong et al., 2007).

Brown et al. (2011) performed a multicentre study employing a working memory

task in four sites and eighteen subjects. They found the contribution of site to the

variance to be small in most anatomical regions, however highlighted the potential

problems introduced by large site-by-subjects interactions even if the contribution of

the site factor is small. The trade-off between number of subjects and number of

averaged runs also is discussed, along with the possible effect of the nature of the

contrast used, low vs high level cognitive control, with the low level control possibly

offering better reliability. However in this case this coincided with a greater number of

runs. Also, the authors point out that effect size and ICCs don’t always go together and

stress the importance of examining both when planning multicentre studies. Finally

they discuss the possible effects of poor reliability on studies attempting to correlate

with an external variable, such as genotype.

7.4.4 Conclusions

In summary, the reproducibility of a finger tapping task was evaluated across three

sites in thirteen subjects on two visits each. Robust activations were detected in typ-

ical motor areas. Reproducibility of activation location and extent were similar for

the sequential and random tapping conditions. Reproducibility was comparable within

and between sites, and critically was acceptable within single subjects, the majority of

variance being between subjects and in unexplained variance. The contributions of site

and visit to the variance were low and reproducibility in overlap and size was similar

between and within sites. However, reproducibility was poor in smaller anatomical ar-

eas and mostly fair to good in the larger areas, representative of the difficulties that face

fMRI in general. This indicates that we can have confidence in the results produced by

multicentre functional MRI when a consistent scanning and analysis protocol is fol-

lowed, but that more work needs to be done and care taken in selecting homogeneous

subject groups and suitable tasks. Possible strategies to combine data in one analysis

include the use of one large mixed model or a more traditional meta-analysis approach.
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7.5 fMRI Working memory task

The n-back working memory data set was analysed by Victoria Gradin and Gordon

Waiter in Aberdeen using methods similar to those presented in 5 and in Gountouna

et al. (2010), included in Appendix C. A detailed discussion of methods and results can

be found in Gradin et al. (2010), included in Appendix D. The n-back working memory

task was implemented as a parametric design with different n-back levels occurring in

blocks. Subjects were presented with letters and had to respond by indicating whether

the letter matched the target or not up to three letters back (‘n’=number of letters back).

The difficulty of the task increased with ‘n’. Recorded behavioural measures were

letter choice, allowing determination of accuracy and reaction time. Data for fourteen

subjects across sites and visits was included in the analysis. One subject was found to

have an abnormality resulting in a loss of BOLD signal in a small region of the dorsal

anterior cingulate (dAC), however while data for this subject was excluded from the

analysis of the motor task, its inclusion here was not expected to affect the planned

tests. Behavioural responses and functional imaging data across sites were comparable

to findings of similar studies conducted in a single site.

7.5.1 Reproducibility: Behavioural responses

The behavioural responses which consisted of reaction times and accuracy data were

analysed using within-subject analyses of variance. Accuracy was compared between

two sites only as data was not recorded at one of the sites. As expected, mean reaction

times increased significantly with the n-back level of difficulty. Additionally though,

mean reaction times were significantly slower in one site. This is unlikely to be due

to practice effects as the order of visits was counterbalanced. Instead, this result could

be attributed to the fact that different software was used for the presentation of stimuli

and recording of responses in this site. Reaction times were not significantly affected

by whether a subject was visiting a scanner for the first or second time. Accuracy was

affected by both site, with data from one site having higher accuracy than the other, and

visit, with higher accuracy on a subject’s second visit than on the first visit, potentially

indicating a practice effect. Finally, as expected, accuracy tended to decrease with

increasing difficulty.
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7.5.2 Reproducibility: Activation locations

Changes in brain (de)activation with increasing n-back task difficulty were examined

at the group level for each scanner on each visit. Significant activations across groups

were found in the dorsal anterior cingulate (dAC), lateral anterior prefrontal cortex

(laPFC), dorsolateral prefrontal cortex (dlPFC), right posterior parietal lobe (PPL), in-

sula and cerebellum. Additionally, significant deactivations were found in the dorsal

posterior cingulate (dPC), retrosplenial cortex (RCS), medial anterior prefrontal cortex

(maPFC), hippocampal-amygdala complex (HAC) and auditory cortex. In summary,

significant and qualitatively similar patterns of (de)activation were found for each scan-

ner and visit, which are in agreement with the existing literature (Owen et al., 2005).

Using a within-subject analysis of variance, no significant effect of site, visit or their

interaction was found.

7.5.3 Reproducibility: Overlap and size ratios

Reproducibility measures yielded similar results to those obtained for the motor task

and an examination of the contribution of site to variance in functionally defined re-

gions of interest showed site to have a very small effect, which is in agreement with the

motor task data. For the brain activations, the best reliabilities were found in the dlPFC

and the insula bilaterally, the worst in the dAC and left laPFC. For the deactivations,

the RSC showed the best reliability, the dPC showed poor reliability and the auditory

cortex worst reliability. These results are in agreement with the findings of Caceres

et al. (2009), who examined the reproducibility of a very similar version of n-back and

found the dlPFC amongst the most reliable regions and the ventrolateral PFC the least

reliable. Wei et al. (2004) examined the reproducibility of an auditory n-back task in

a single site and found consistent activations in the dlPFC, anterior cingulate and the

insula. Casey et al. (1998) investigated the reproducibility of the n-back task across

four sites and also reported reliable activations in the right dlPFC.

7.5.4 Variance components and reliability estimates

For most brain regions examined by Gradin et al. (2010), a large part of the variance

was attributed to the subject factor or remained unexplained. Notably, the within-

scanner ICCs reported were similar to the between-scanner ICCs, reflecting the fact

that the scanner factor accounted for a small percentage of the total variance for all
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brain regions studied. Brown et al. (2011) employed an emotional working memory

task in a multicentre study across four sites and examined ICCs both voxel-wise and

in functionally defined ROIs. They found that between site reliability in areas with

large activations was comparable to within site, while poorer reliability was evident in

regions nearer the brain edges. They also report that averaging across runs increased

reliability substantially. The variance components reported in their ROI analysis are

comparable to those reported by Gradin et al. (2010), however the contributions of

site-by-subject interactions seem to be more pronounced in their results. This could

be explained by the fact that scan order was not counterbalanced in the Brown et al.

(2011) study, in contrast to the CaliBrain study.

7.5.5 Motor vs. working memory

In comparison to the motor task, the working memory task involves higher level cog-

nitive processes and could therefore be expected to show more variability due to in-

dividual differences between subjects, e.g. strategy, psychological state at the time of

the scan, or physiology (Miller et al., 2009). However, reproducibility measures were

very similar at the group level, with mean values for size and overlap ratios being com-

parable within and between scanners across both tasks. Reliability estimates were also

very similar within and between sites for both tasks. This result is encouraging in view

of future multicentre clinical studies, as the n-back task engages higher cognitive of

relevance to psychiatric research (e.g. Rose et al., 2006).

7.5.6 Other considerations

Manoach et al. (2001) however, compared the reproducibility of results between schizophrenic

patients and healthy controls using a different working memory task and found that

patients consistently showed less reliable activation than controls in regions associ-

ated with cognition including the dorsolateral prefrontal cortex and the insula. This

suggests that potential population differences in reproducibility should be investigated

when planning clinical studies. Furthermore, Krasnow et al. (2003) compared activa-

tion maps for a spatial n-back task between scanners of different strengths and found

substantial differences in activation volume for the higher strength scanner in a num-

ber of areas, including the frontal and parietal lobes. Similar findings were reported

by Zou et al. (2005) who employed a sensorimotor task across ten scanners of varying

strengths. While this was not a concern in the current study, it should be taken into
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account in future studies including scanners of different strengths.
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7.6 fMRI face processing task

The final Calibrain fMRI task to be examined here is a face processing task involving

the presentation of fearful and neutral faces. The task was analysed following the same

procedures as the other two tasks. A detailed presentation of methods and results can

be found in Chapter 6.

7.6.1 Reproducibility: Activation locations

The analysis of this dataset was focused on the fear versus rest contrast because it has

been reported to produce stronger and more reliable activation in the affect processing

network in general and the amygdala in particular (e.g. Fusar-Poli et al., 2009; Stark

et al., 2004; Johnstone et al., 2005). However amygdala activation did not prove to

be robust across sites and visits, with significant activations appearing in only one of

the second visit analyses. This was true also of frontal activations, which appeared

markedely reduced in the later visits. This result is in accord with previously reported

findings by Stark et al. (2004). In the first visit analyses activations were also ob-

served in both hemispheres across sites in other areas associated with this task, like the

putamen and the hippocampus.

A number of areas commonly associated with face processing (Fusar-Poli et al.,

2009) were consistently activated in the second visits as well; these include bilaterally

visual areas in the occipital lobe, the fusiform and the lingual gyri. Persistent activa-

tions were also observed in lefthemispheric motor areas around the central sulcus and

the cerebelum.

7.6.2 Reproducibility: Overlap and size ratios

Size ratios are similar across all analyses, whether within or between sites. Overlap

ratios appear overall lower in the group analyses, a reverse trend to the one observed

in the motor task results. However this is a higher level task and it is possible that

individual differences contribute to this.

Ratios of both size and overlap are lower than those observed in the motor and

n-back data, showing the poorest reproducibility of the tasks examined.
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7.6.3 Variance components and reliability estimates

Subject and visit were the factors found to contribute most of the explained variance

in the region examined, namely the fusiform gyrus bilaterally, as would be expected.

Reliability estimates were poor to fair. Plichta et al. (2012) also report poor reliability

estimates for an emotional face processing task, though in the amygdala rather than

the fusiform. They do report relatively robust activations in the amygdala, however

this is not directly comparable to this study, due to design differences. One thing to

consider is that while the data are grouped into first and second visit, this refers to

the local visit to the specific site, while in reality these are grouppings of visits 1-3

compared against 4-6, so that could also account for the more pronounced effects of

visit than those found by Suckling et al. (2008). Brown et al. (2011) report fair to

good reliability estimates for an emotional working memory task. However, this was

only achieved after averaging over a large number of runs within one scanning session.

Also, the task they employed was quite different and presumably more engaging than

the one presented here.

While the areas commonly asocciated with face processing were reproducible across

centres, those areas specific to fear processing didn’t show reliable activations over re-

peat sessions. This is an issue with the design of this task within the study as it is not

possible to differentiate within first to third actual visit or within fourth to sixth actual

visit and still enough subjects to do group analyses, i.e. it would be five subjects per

group. In order to definitevly assess this, it would be required to have a much larger

group of subjects, e.g. at least three times the current sample. One possible explan-

tion for these results could be fatigue, not just habituation to the task, but fatigue due

to travelling a distance and undergoing the same tedious and quickly learned task six

times.

7.6.4 Overview of the fMRI results across tasks

Because all other conditions are identical, any differences in reproducibility seen can-

not be attributed to any factor other than the nature of the task itself. All data was

acquired in the same scanning session on the same equipment with the same subjects.

Data was analysed using the same methods, allowing for minor differences in analysis

protocol dictated by logisitcs, like the version of available software.

The motor task appears very stable but is not as interesting from a clinical per-

spective as the other two. The face processing task, at least as implemented here, is
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not showing as much promise for use in a clinical multicentre trial, as reproducibil-

ity appears to be the poorest among the tasks examined. The n-back task is the most

promising, with possible clinical applications and a wide literature base. Despite it be-

ing a higher level cognitive task, the reproducibility is reasonable for ‘fMRI standards’

and between sites reproducibility is comparable to that within site.
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7.7 Strengths and limitations

7.7.1 Study design

This study allows us to examine the feasibility of multicentre MRI taking into account

certain limitations, some by design and others by necessity. In terms of equipment, it

was decided to use scanners of the same manufacturer and field strength and identical

head coils in all sites and any differences between scanning sequences were negligi-

ble. Although this made it possible to combine data with little difficulty, it does not

allow us to examine the possible effects of these factors. We made an effort to control

for systematic differences between sites and reduce variability; however, some differ-

ences in hardware and software, as well as more subtle sources of variation, e.g. site-

specific practices of the scanning staff, and differences in the displays used, could not

be avoided. These are inevitable and realistic in relation to future multicentre studies.

The strengths of the present study also include the use of a consistent staff and partic-

ipant briefing protocol and extensive staff and participant training. Practice effects in

the fMRI tasks were distributed evenly by the counterbalancing of visits.

While it was attempted to utilise a wide variety of tasks of possible clinical interest,

a language task was not included nor were any tasks employed using auditory stimuli.

It was decided during the design stage that while it would be interesting to incorporate

these, it was not feasible due to time constraints and technical considerations. Fur-

thermore, the possibility was considered to record respiratory data during functional

imaging, which could be potentially be used during analysis to aid harmonisation, but

it was not technically possible to employ this method in all sites, therefore it was not

included in the protocol. Finally, participants were not restricted from consuming sub-

stances such as alcohol, caffeine and nicotine on the night before and the morning of

the scan, but were instead instructed to be consistent in their consumption. While this

could be a possible additional source of variation in the data, it was more in keeping

with what could be expected in a clinical study.

7.7.2 Data analysis

The studies that have systematically examined the reproducibility of fMRI within and

between sites have typically employed small numbers of subjects and therefore do

not readily lend themselves to the examination of the reproducibility of results at the

group level. Here we obtained a data set with larger numbers of subjects in each group
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in order to better focus on group level analyses, which are of particular interest to

psychiatric studies.

A standard analysis protocol was used in the analysis of the fMRI data, with no

steps added to account for intersite differences. Future developments in this area are

likely to improve reproducibility further. One limitation of the reproducibility mea-

sures employed here (overlap and size rations) is their sensitivity to the threshold used

and the fact that they only give information about extent, not peak or amplitude. How-

ever, some indication of the effect of threshold and amplitude can be seen in the differ-

ences between the size by volume and the size by volume and intensity measures. It

can be seen that the volume by intensity measures are significantly more reproducible

than the size by volume measure alone. An analysis of all thresholds would be re-

quired to confirm this apparent effect. However, this still leaves the possibility that

between centre factors, such as peak and amplitude, could increase the total variance

sufficiently to obscure any effects, e.g. type II errors. Further to this, it is possible that

one site could contribute much more to the total signal so as to bias the results, leading

to type I errors. However, activation location and extent are important considerations

in multicentre studies and it is possible to interpret the findings in relation to what is

known about the reproducibility of activation maps within a single centre.

Despite the coarse level of information, evaluation of these measures at the group

level provided useful insights regarding the level of agreement that can be expected

between maps obtained from the same group of individuals on different occasions,

both in single and multiple sites. The whole brain approach adopted here does not

give information on specific regions; this was addressed in the subsequent variance

components analysis which allowed us to examine in detail the partition of the variance

and the reproducibility in overlap and size ratios of contrast images and statistical

parametric maps. It would be advisable to perform pilot studies and employ these or

similar measures to examine potential site effects and reproducibility in overlap and

size ratios in targeted brain areas when planning clinical multicentre studies.
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7.8 Future work

This project produced a large data set which was not possible to be fully utilised within

the given timeframe of this degree. The further exploration of this dataset will enable

us to identify the key characteristics in the acquisition and analysis of fMRI paradigms

which influence their suitability for multicentre MRI studies.

7.8.1 Analysis of the other functional tasks

In this study we have presented the analysis results of the motor and face processing

tasks and discussed the memory task. However, there was also data collected using an

event-related visual perception task and a breath holding task. These data sets can be

examined in the future to provide further insights. Analysis of the data collected using

the other tasks will allow the evaluation of reproducibility across different paradigm

designs and cognitive domains. The visual perception data set will allow us to examine

the feasibility of employing event related tasks in a multicentre setting. Finally, the

breath holding data can be used for the normalisation of the BOLD signal of other

functional tasks (Cohen et al., 2004; Friedman et al., 2006a; Chiarelli et al., 2007;

Thomason et al., 2007), which could further assist in harmonising functional imaging

data from different scanners.

7.8.2 fMRI image registration

Image registration was evaluated qualitatively and quantitatively in the motor data set

within and between scanner. An edge effect could be observed when comparing one

of the sites to the other two, which could be attributed to a slight displacement or

distortion of the data. The absolute difference metric values also reflected a lesser

degree of agreement in comparison to the other results. More work needs to be done

in order to better understand this issue and further improve registration between sites.

7.8.3 Smoothness equalisation

Friedman et al. (2006a) highlighted the potential importance of between scanner dif-

ferences in image smoothness and its relationship to activation effect size and proposed

a method for smoothness equalisation, demonstrated to reduce inter-scanner variation

in processed images. Most marked differences in the Friedman study were found be-

tween scanners of different manufacturer and field strength, none of which apply here.
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Costafreda et al. (2007) however used five 1.5T GE scanners and identical scanning

sequences and found that reducing the size of the smoothing filter reduced the amount

of variance explained by both the subject and the site factors in a random effects anal-

ysis. A comparison of image smoothness in the CaliBrain n-back data set revealed

significant differences between scanners (Gradin et al., 2010). It would therefore be of

interest to investigate whether applying the smoothness equalisation method proposed

by Friedman et al. (2006a) would further reduce between scanner variance in the data

analysis of the functional imaging data.

7.8.4 Noise estimation and reduction

The functional imaging data presented here was analysed using the most popular sta-

tistical methods as implemented in the SPM software package. However, a variety of

additional methods exist, some of which could potentially be of particular relevance in

analysing a multicentre data set. One potential method worth exploring was proposed

by Diedrichsen and Shadmehr (2005), which aims to detect and adjust for noise and

artifacts in functional imaging data using a weighted least squares method. While they

suggest that this method could be of use in data sets where a lot of movement artifacts

are likely, this way of estimating and accounting for noise could also be of special

interest in multicentre data sets.



Chapter 7. Discussion 143

7.9 Conclusions

7.9.1 CaliBrain outcomes

The CaliBrain project was initiated with the goal to assess the feasibility of multi-

centre structural and functional MRI and to highlight the critical methodological and

technical issues arising from a prospective study using different scanners. This is not a

simple question of whether it is possible or not, but a complex and multifaceted issue

dependent on a number factors. A major design decision was whether to use scanners

of the same strength or not. It was decided to use identical equipment and scanning

protocols in order to minimise systematic differences, which meant that these issues

could not be investigated within the scope of the study but went a long way towards

eliminating many potential problems from the start. A rich data set, which included

phantom and human imaging data, was collected in order to investigate other aspects

of the multicentre imaging challenge.

More specifically, Quality Assurance (QA) was identified as an area of special im-

portance in multicentre imaging and relevant practices were investigated. One main

point addressed was whether employing identical equipment and protocols and con-

ducting extensive staff training to avoid differences due to site specific practices would

be an adequate answer to the multicentre question, both for structural and functional

imaging. Another issue that was specifically targeted was whether functional activa-

tion by a variety of tasks in different anatomical areas would be affected by differences

between sites to the extent that it would invalidate analyses pooling data from these

sites.

A QA protocol appropriate for use in multicentre studies was created, which pro-

vides information on scanner performance over time, while being realistic for use in

busy research centres with limited scanning time available. High resolution anatom-

ical imaging data was collected for a group of healthy volunteers which can be used

to assess scanner harmonisation methods. One such method was developed using this

data set involving the creation of scanner specific segmentation priors for use in Voxel

Based Morphometry (VBM) analyses, which improved agreement between scanners.

An appropriate measure was created in order to quantify differences in images acquired

in different visits and sites. The absolute difference metric was used to assess the ef-

fectiveness of this harmonisation method and can also be used in the future to evaluate

other harmonisation methods and techniques.

Despite efforts to minimise differences between sites, some variations were un-
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avoidable, both in terms of scanner hardware and software and in terms of staff expe-

rience with the required procedures. For example, marked differences in the level of

variance in the QA data may reflect a different degrees of experience for the staff per-

forming the various procedures. In terms of hardware, differences in gradient strength

in one scanner could account for some differences observed in the analyses of the

structural data. It would be unrealistic to expect the complete elimination of even mi-

nor differences in any multicentre study. Instead these should be compensated for. This

could be achieved by conducting more extensive staff training to address the former

issue and by applying harmonisation methods, such as the one described above, to deal

with hardware related differences.

Finally, data was acquired using a variety of different functional tasks which were

likely to activate a wide range of typical areas of interest and were generally known to

have good reproducibility, to evaluate their suitability for use in a multicentre setting.

Two of these tasks have been analysed using standard methods and the results support

data pooling if scanners of the same strength and manufacturer are used.

The motor paradigm employed has been widely used and is well understood, while

the working memory paradigm is a task engaging higher cognitive process of clinical

interest in neuropsychiatric research. Appropriate measures for assessing fMRI repro-

ducibility in a multicentre setting were identified and implemented and an assessment

of the suitability of these tasks showed them to be appropriate for multicentre imaging

studies using scanners of the same strength and manufacturer. Reproducibility was

comparable within and between sites, and critically was acceptable within single sub-

jects, the majority of variance being between subjects and in unexplained variance.

However, reproducibility was poor in smaller anatomical areas and mostly fair to good

in the larger areas, representative of the difficulties that face fMRI in general. This in-

dicates that we can have confidence in the results produced by multicentre fMRI when

a consistent scanning and analysis protocol is followed, but that more work needs to

be done and care taken in selecting homogeneous subject groups and suitable tasks.

Moreover, further improvements can be achieved even in this optimised setting.

For example, differences in image smoothness were observed in the functional imag-

ing data and correcting for these differences would further improve the agreement be-

tween sites. Furthermore, systematic differences were also observed in the behavioural

data collected, which could be attributed to hardware and software differences between

sites. Determining the precise source of the problem and, if no other solution is possi-

ble, replacing the relevant component would address this issue.
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The analysis of the rest of the tasks will allow the assessment of the reproducibility

of activation in more anatomical areas of interest between sessions and sites. fMRI

in general is a rapidly evolving field and multicentre efforts are now becoming more

common, so advances in relevant preprocessing techniques and statistical models are

continuously being made. This data set can be used to test new methods suitable for

attenuating between scanner differences as they become available. Furthermore, it can

be used in the development and evaluation of a wider range neuroimaging analysis

methods and has been utilised in this capacity to assess the reproducibility of a struc-

tural MRI analysis method (Tijms et al., 2011).

The multicentre nature of the project also meant the collaboration and sharing of

resources, data and expertise between the participating researchers, who gained a better

understanding of the relevant issues. The centres involved gained valuable experience

and some of the infrastructure created as part of CaliBrain was useful for their partici-

pation in other multicentre imaging initiatives, such as Neuro/PsyGrid (Suckling et al.,

2011).

7.9.2 Designing prospective multicentre MRI studies

According to the existing literature, most notably the work done by the Biomedical

Informatics Research Network (BIRN) (see Zou et al., 2005; Magnotta et al., 2006;

Jovicich et al., 2006; Friedman et al., 2006b, 2008), employing a wide variety of

scanner strength and/or manufacturer, head coils, scanning sequences and sequence

parameters in a study substantially increases the obstacles that need to be overcome

post-acquisition in order to be able to pool the data in one analysis. It would therefore

seem advisable to avoid such complications whenever possible. While realistically

this may not always be feasible, adopting an ‘aggressive’ prospective harmonisation

philosophy and striving for consistency across sites in these areas from the beginning

should decrease unwanted influences.

It would also greatly benefit any multicentre endeavour to conduct extensive staff

training at each site to reduce variations in local practices. In addition, ensuring that

detailed and up to date documentation of protocols is available to all staff participating

in data collection and analysis would further aid in improving data quality and avoid-

ing errors and omissions. To facilitate this, it would be advisable to have a clearly

delineated organisational hierarchy, ensuring that staff exists at each site who is well

informed regarding the details of the study and is responsible for ensuring consistency.
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Before embarking on a large multicentre study involving a lot of time, effort and

financial cost, it would be advisable to test the protocol using a ‘human phantom’ data

set, such as the one presented here (see also Zou et al., 2005; Costafreda et al., 2007;

Suckling et al., 2008; Sutton et al., 2008; Bosnell et al., 2008). This can be used to

verify scanning sequences, test the functional paradigms and also perform power cal-

culations to determine the number of subjects needed at each site (e.g. Suckling et al.,

2008). In the undesirable case that considerable differences are observed in this data

set and steps cannot be taken to improve agreement to a satisfactory degree, ensuring

that similar numbers are scanned at each site should control for any differences.

Experience gained from the Calibrain project indicated that the automation of data

collection and quality assurance procedures would be essential in any large multicentre

effort. It was very time consuming to gather all the data in one central location, check

it and convert it to the same file formats, orientations etc. This work is usually only

necessary for one site and done using one procedure, however this was not the case

here, as each site had their own idiosyncrasies. This also increased the potential for er-

ror. This issue would be of even more critical importance in a clinical study involving

large numbers, as despite the large number of data collected for CaliBrain, this is only

a fraction of what can be expected in a clinical study examining differences between

patients and controls over time for example. Automating the transfer of data, establish-

ing clearly defined QA procedures, checking the data for compliance with the protocol

and using a consistent study specific file naming convention and file system structure

would greatly facilitate the manipulation and processing of data in large multicentre

studies.

7.9.3 5 simple rules for running a multicentre study

1) Ensure that hardware and software differences between sites are minimised,

that staff under go detailed training and have clearly defined roles. Automate file

transfer and checking.

Example from Calibrain: Roles were not defined well enough to ensure that all

members of staff have the time and the expertise to complete their roles.

2) All tasks and QA should be piloted at each site before the study begins, to

confirm that there are no significant issues that would prevent the study from

working.
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Example from Calibrain: B0 field mapping was collected, but not tested, and

due to a design error in the sequence used, the data was unusable.

3) QA is required primarily to ensure that all scanners used in the study are per-

forming as expected and that there are no unexpected changes during the study.

B0 field mapping could have been used to correct for scanner inhomogeneities.

Example from Calibrain: The Aberdeen scanner underwent maintenance during

the study, and the QA showed that there was no discernible impact.

4) Tasks should be selected that are known to be reproducible, including longi-

tudinally if that is part of the study design.

Example from Calibrain: The faces task showed poor reproducibility.

5) The smaller the number of staff or subjects, the greater the impact of absence.

Example from Calibrain: Multiple instances of staff changes resulted in data sets

not being analysed.

7.9.4 Practical considerations

People and reliability:

In a small study like ours the availability of resources, e.g. people with the neces-

sary expertise or available time on the scanner, has a critical impact upon the project.

Often with only one person per centre, usually in a speciality that does not cover all

areas of expertise necessary to solve all of the potential problems involved in a multi-

centre study, a small problem can cause significant errors or delays in data collection

and transfer. Additionally, if an analysis task assigned to an expert is not completed as

that expert becomes unavailable, it can be difficult to cover the task. For example, does

your physicist at site ’B’ know how to transfer data through the firewall to the central

database?

Scale and complexity of study:

Over and above the many considerations and recommendations that should be taken

into account, given in this study and according to those previously published by similar

studies, we would add these additional considerations, or perspectives.

The first is the question of scale. As the study changes, by numbers of staff, com-

plexity of the experiments, or the number of volunteers or patients, so the problems

change and the impact of various aspects of the study change. For example, our study

was relatively small in the number of staff and volunteers. This creates the potential
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for significant issues relating to staff or volunteer illness, or the ability to attend for

scans or meetings and the ability to cross multidisciplinary boundaries.

Consider the impact on the study as a whole of a volunteer or member of staff being

unavailable and cannot make a scan - how much redundancy do you have? Do you have

any contingency? If a member of staff is overloaded with work, how well might they

perform their part of the study or scan procedure if they have to, for example, leave

their family out of hours, or are called upon to attend a clinical emergency.

What contingency plans do you have if a member of staff has to leave the project?

Will there be someone who can cover their role? During the Calibrain multicentre

study, two members of staff left their posts, and were not replaced within the time

frame of the study. Additionally another member of the team had a long term ab-

sence, and one member of the project that was to be recruited was never recruited.

Fortunately some of these tasks were completed by the remaining staff, and by greatly

extending the time frame of the original study (by 4 years), but additional funds were

needed. Other components, primarily analyses, were not completed to their planned

conclusion.

As a study grows in the number of staff involved, it would be expected that the

project would be more resilient to loss of staff or expertise. As the study tasks or

logistics grow in complexity, it would be expected that the numbers of problems in

generating and gathering valid data would increase.

7.9.5 Potential applications

Structural and functional MRI have an important role to play in the diagnosis of neu-

ropsychiatric disorders, while objective brain imaging biomarkers of disease and trial

outcomes are likely to prove useful in the development and evaluation of new treat-

ments. Large multicentre clinical studies are common in other areas of medical re-

search, but most neuroimaging studies so far have been restricted to using small num-

bers of participants and are based in one imaging centre. Sufficient numbers of clinical

populations are difficult to recruit in one location, an issue that becomes even more

important in studies seeking to combine neuroimaging with genetics research. The

ability to conduct multicentre studies would increase flexibility in recruitment and the

potential increase in statistical power offered by multicentre studies (Suckling et al.,

2008) would allow the detection of more subtle differences between groups. Multicen-

tre imaging studies have great appeal as a means of generating large datasets relatively
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quickly and are complementary to initiatives that seek to develop clinical research net-

works.

Developments in this area would benefit other kinds of clinical research employing

neuroimaging as well. Bosnell et al. (2008) conducted a multicentre study investigat-

ing the reproducibility of fMRI activation in Multiple Sclerosis patients and healthy

controls, with a view towards using fMRI in a clinical therapeutic trial. Other areas

of research using neuroimaging could also benefit from advances in this field, namely

any research where recruitment from geographically distributed locations is desirable

or even necessary. One such field is cultural neuroscience, the study of cultural dif-

ferences in neurocognitive processes, where the ability to employ more than one site

would greatly facilitate recruitment (Sutton et al., 2008).

7.9.6 Summary

The ability to perform multicentre neuroimaging studies is an important and exciting

development which will expand the range of research possibilities in the field of psy-

chiatry. While we are still in the early days of multicentre neuroimaging, initial find-

ings indicate that running such studies is feasible if care is taken to employ appropriate

methods and ensure consistency in data collection and analysis techniques.

A more thorough understanding of the issues involved will allow the structural and

functional MRI research community to better plan future studies. These developments

would put researchers in the field in a stronger position to plan and conduct novel

multicentre MRI studies to improve our understanding and management of major neu-

ropsychiatric disorders.
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Appendix B

Participant Briefing/Training

Procedure

1. Make sure participant fits selection criteria:

• Right-handed

• No history of neurological or psychiatric disorders

• MRI safety criteria (pacemakers etc.)

2. Briefly explain study purpose and design. Participants will have 6 scans with an
approx. interval of three weeks, 2 each in Edinburgh, Glasgow and Aberdeen,
plus 2 more scans in Glasgow for which scheduling is more flexible.

3. Inform them that their anatomical scan will be checked by a radiologist and sent
to their GP.

4. Explain the effect of coffee, alcohol and other substances on the reproducibility
of the BOLD response and make sure they understand the importance of consis-
tency for this study. Do not ask them to refrain from coffee etc., but do ask them
to make sure they are consistent about it!

5. Give them the relevant documents and ask them to read them carefully. They
need to sign and return the consent form before their first scan. Screening forms
are included for information only. Document pack contains:

• Information sheet

• Volunteer consent form

• Edinburgh screening form

• Aberdeen screening form

• Glasgow screening form

• GP letter
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6. Get the following information:

• Name

• Date of Birth

• Address

• Telephone/Email

7. Describe what will happen during the scan and in what order and verbally explain
the functional tasks.

8. Do a run through the tasks using the ‘CaliBrain Practice’ version. Save the logs
using participant initials.
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Motor task publication
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Multicentre MRI studies offer great potential to increase study power and flexibility, but it is not yet clear
how reproducible the results from multiple centres may be. Here we present results from the multicentre
study ‘CaliBrain’, examining the reproducibility of fMRI data within and between three sites. Fourteen
subjects were scanned twice on three 1.5 T GE scanners using an identical scanning protocol. We present
data from a motor task with three conditions, sequential and random finger tapping and rest. Similar
activation maps were obtained for each site and visit; brain areas consistently activated during the task
included the premotor, primary motor and supplementary motor areas, the striatum and cerebellum.
Reproducibility was evaluated within and between sites by comparing the extent and spatial agreement of
activation maps at both the subject and group levels. The results were within the range previously reported
for similar tasks on single scanners and both measures were found to be comparable within and between
sites, with between site reproducibility similar to the within site measures. A variance components analysis
was used to examine the effects of site, subject and visit. The contributions of site and visit were small and
reproducibility was similar between and within sites, whereas the variance between subjects, and
unexplained variance was large. These findings suggest that we can have confidence in combined results
from multicentre fMRI studies, at least when a consistent protocol is followed on similar machines in all
participating scanning sites and care is taken to select homogeneous subject groups.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Magnetic Resonance Imaging (MRI) techniques have made major
contributions to the understanding of the brain in health and
disease. MRI is non-invasive, allows the examination of brain
structure and function, and is now widely available. Structural and
functional MRI have an important role to play in the diagnosis of
neuropsychiatric disorders, while objective brain imaging biomar-
kers of disease and trial outcomes are likely to prove useful in the

development and evaluation of new treatments. Most existing
studies however tend use small numbers of participants and are
based in one imaging centre. Multicentre imaging studies have great
appeal as a means of generating large datasets relatively quickly and
are complementary to initiatives that seek to develop clinical
research networks. Nevertheless, several technical and methodolog-
ical issues need to be addressed before data from different scanners
can be confidently combined to increase study power. In order to
understand the potential impact of the contribution of the inclusion
of different scanning systems, assessments need to be made in the
context of what is currently known about reproducibility of MRI at a
single site.

Comparatively little work has been done on the test–retest
reproducibility of fMRI within a single scanner, and even less on the
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reproducibility of findings between different systems. The most
widely used measures are those introduced by Rombouts (1998),
examining the stability of activation extent and spatial agreement of
statistical parametric maps (e.g. Yoo, 2005; Vlieger et al., 2003,
Harrington et al., 2006; Fernandez et al., 2003; Brannen et al., 2001;
Machielsen et al., 2000; Nybakken et al., 2002). Other approaches to
reproducibility have also been used, highlighting different aspects of
the issue, such as Intraclass Correlation Coefficients (Specht et al.,
2003; Aron et al. 2006; Zou et al., 2005), ROC curves (Le and Hu, 1997;
Manoach et al., 2001), kappa (Le and Hu, 1997; Thirion et al., 2007),
the Coefficient of Variation (Marshall et al., 2004), and the extra-sum-
of-squares F statistic (McGonigle et al., 2000), amongst others.

Regardless of the method used, it is consistently found that
regional patterns of activation are qualitatively repeatable within a
single scanner but are quantitatively of high variability, both within
(McGonigle et al., 2000) and between (Marshall et al., 2004)
individual subjects. Within session reproducibility of results tends
to be better than that of sessions performed on different days. For
example, Yoo et al. (2005) examined the long-term reproducibility of
motor activation over more than one year and found it to be
comparable to that of shorter intervals, but within-session agreement
was considerably higher. As predicted by Bernoulli's Theorem (the
law of large numbers), the reproducibility of activationmaps is shown
to be better at the group level than at the subject level (Yoo et al.,
2005; Chee et al., 2003).

Several studies have looked at inter-site reproducibility (Casey et
al., 1998; Vlieger et al. 2003; Voyvodic, 2003; Zou et al., 2005;
Costafreda et al., 2007; Friedman et al., 2008, Suckling et al., 2007).
Casey et al. (1998) qualitatively assessed the reproducibility of a
working memory task across four different 1.5 T scanners in different
subject groups and found good agreement in the patterns of
activation. Vlieger et al. (2003) examined the reproducibility of a
visual task within and between two scanners of the same field
strength and found inter-scanner and within-scanner reproducibility
ratios to be comparable. Voyvodic (2006) investigated the reproduc-
ibility of a handmotor task examining the effect of scanning sequence
(gradient echo vs. spiral) and field strength (1.5 T and 4 T) and found
that while activation level and spatial extent varied, location was
found to be consistent. Zou et al. (2005) examined the effect of many
factors, including field strength, manufacturer, subject and visit, on
the reproducibility of activation extent in a sensorimotor task and
found subject, field strength and k-space differences to have a
significant impact on reproducibility. Friedman et al. (2008),
Costafreda et al. (2007) and Suckling et al. (2007), employed a
variance components analysis to examine the relative contributions of
site and other factors to the variance in multicentre datasets. They
found the effect of site to be small compared to that of subject and
residual unexplained variance.

The studies that have systematically examined the reproducibility
of fMRI within and between sites have typically employed small
numbers of subjects and therefore do not readily lend themselves to
the examination of the reproducibility of results at the group level.We
have recently completed data collection to assess the feasibility of
multicentre fMRI in a detailed study of the performance of MR
scanners in three research centres in Scotland, under the name
‘CaliBrain’. The participating institutions are the Universities of
Aberdeen, Edinburgh and Glasgow. The dataset consists of a high
resolution brain volume and fMRI scans during five separate tasks in
fourteen subjects, each of whom had scans on two occasions on each
of the three 1.5 T MRI scanners at roughly fortnightly intervals. The
primary aim of the current investigation was to assess the reproduc-
ibility of whole brain activation maps at the subject and group levels,
within and between sites. In selected regions of interest we also
examined the respective contributions of the factors site, visit and
subject to the variance and assessed reproducibility using Intraclass
Correlation Coefficients (ICC).

Methods

Participants

Fourteen healthy participants (ten male, mean age 36.3 years, age
range 25–51 years) participated in the study. All participants were
native English speakers, right-handed (self reported), met the
standard MRI safety criteria and had no history of diagnosed
neurological disorder, major psychiatric disorder or treatment with
psychotropic medication, including substance misuse. All participants
provided written informed consent and the study was approved by
the appropriate research ethics committee.

All participants were made aware of the effect of certain
substances, like alcohol, caffeine and nicotine on the reproducibility
of results. They were not asked to refrain from consumption, but to be
consistent on the days of scanning and the night before, and all
scanning was performed in the morning. All subjects were trained on
all fMRI tasks, by practicing shorter versions of the tasks on a laptop
on a different day from that of their first scan. Training was conducted
locally at the three sites, so to ensure consistency a detailed briefing
and training protocol was devised.

Design

As a first step towards multicentre imaging in Scotland, we sought
to assess the performance of the existing MRI research systems with
the aim of using this information to optimise and develop future
acquisition and post-processing structural and functional MRI
protocols.

All participants had six scanning sessions in total, two at each of
the three sites. The order of visits was counterbalanced to evenly
distribute practice effects. Each session was identical and consisted of
a localiser, six functional runs, a T2-weighted structural, and a high
resolution anatomical T1-weighted volume. All scanning parameters
were kept constant across scanners, with some minor variations
arising due to hardware and software differences.

The finger tapping task employed a block design with three
conditions, ‘sequential tapping’, ‘random tapping’ and ‘rest’. For the
sequential condition, participants were instructed to tap the fingers of
their right hand sequentially in time with a flashing ‘#’ symbol,
starting with the thumb and finishing with the little finger. For the
random condition participants were asked to tap their fingers in a
random way in time with a flashing ‘?’ symbol. During the rest
condition they were asked to fixate on a flashing ‘+’ symbol. In all
conditions the symbol was flashing with a frequency of 1 Hz. Each
block had a duration of 30 s and included 28 trials (a trial being one
flash of a ‘#’, or ‘?’) and a 2 s verbal prompt at the beginning with the
words ‘sequence’, ‘random’ and ‘rest’ respectively. Each run included
four repetitions of each tapping condition and five repetitions of the
rest condition.

Data acquisition

Three General Electric (GE) 1.5 T scanners were used in this study,
with differences in hardware and software versions reflecting scanner
age. At site A scanning was conducted with a GE 1.5 T Signa NVi/CVi
scanner (software version 9.1; gradients with max. amplitude 40 mT/
m andmax. slew rate 150 T/m/s; standard quadrature head coil). The
ADW console (version 4.1) was used for the acquisition and
reconstruction of fMRI data. A projector and Presentation v9.9
(Neurobehavioural Systems) were used for the presentation of
stimuli. At site B scanning was conducted with a GE 1.5 T Signa LX
scanner (software version 9. 1M4; Echospeed gradients with max.
amplitude 22 mT/m and max. slew rate 120T/m/s; standard
quadrature head coil). The ADW console (custom installation) was
used for the acquisition and reconstruction of fMRI data. The delivery
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of stimuli was handled by IFIS-SA (Invivo), IFIS software vR14 with E-
Prime v1.1SP3 (Psychology Software Tools). Stimuli were presented
using an LCD screen, part of the IFIS system, mounted on the head coil.
At site C scanning was conducted with a GE 1.5 T Signa scanner
(software version 11M3/11M4SP1; gradients with max. amplitude
40 mT/m and max. slew rate 150 T/m/s; standard quadrature head
coil). The main console was used for the acquisition and reconstruc-
tion of fMRI data. A projector and Presentation v9.9 (Neurobeha-
vioural Systems) were used for the presentation of stimuli.

A localiser scan in three planes was followed by six functional runs,
performed using an echo planar imaging (EPI) sequence. These were
acquired with the following parameters: orientation parallel to the
AC/PC plane; repetition time (TR) 2500 ms; echo time (TE) 40 ms;
slice thickness 5 mm without a gap; matrix 64×64; field of view
(FOV) 240 mm2; flip angle 90°; 30 slices. 160 volumes were acquired
for the finger tapping task. The first four volumes of each functional
run were discarded to allow for the equilibration of T1 signal effects.

Data analysis

Motor fMRI
Due to differences in the way EPI data acquisition was handled at

the three sites, the raw data came in different formats. The raw data
from sites A and B were acquired using the ADW console and were
converted to SPM compatible ANALYZE format using the GE2SPM SPM
extension, version 3.1 (Souheil Inati, http://www.fil.ion.ucl.ac.uk/
spm/ext/). At site C EPI data was acquired using the main console and
was converted to SPM compatible ANALYZE format using the SPM2
DICOM toolbox.

The fMRI data for the motor task was preprocessed using SPM2
(Wellcome Department of Cognitive Neurology and collaborators,
Institute of Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/
spm/software/spm2/) using Matlab Version 6.5 R13 SP1 (Math-
works, Natick, MA, USA), on a Dell Precision 690 workstation with
RedHat Enterprise Linux WS v. 4. EPI volumes were realigned to the
mean image in the series using a rigid body transformation. Our pre-
established exclusion criteria were a correlation between movement
parameters and task regressors greater than 0.5, or excessive
movement of greater than 3 mm in less than 20 volumes. These
criteria represent our ‘best practice’, based on many previous fMRI
studies (e.g. Whalley et al., 2007), as it is much easier to correct for
slow drift in movement than a large single change. No subjects had
to be excluded by these criteria. The images were then normalised to
the standard SPM2 MNI EPI template. Normalisation parameters
were estimated using the mean image for each run and these were
applied to all volumes of that run. A linear affine transformation was
applied followed by non-linear deformations using the SPM2 default
parameters. Normalised images were spatially smoothed with an
8 mm3 full width half maximum (FWHM) Gaussian kernel, resulting
in a final estimated residual smoothness of approximately 12 mm
FWHM. No substantial differences in residual smoothness that could
be due to scanner differences, such as the k-space filters used, were
seen.

Statistical analysis at the subject level was performed using the
General Linear Model as implemented in SPM2; the default settings
were used unless otherwise specified. The design matrix included
three conditions, random tapping, sequential tapping and rest. The six
movement parameters estimated in the realignment step were also
included as covariates of no interest. The canonical haemodynamic
response function (hrf) was convolved with the regressors to model
the data. A high-pass filter with a 180 s cut-off was applied to remove
low-frequency components. Serial autocorrelations were modelled
using AR(1). A custom brain mask was used in all subject-level
analyses to exclude areas of non-brain tissue.

To assess data quality the raw and preprocessed images and the
1st-level T-maps were checked visually and quantitatively using

the ArtRepair toolbox version 2.1 (http://spnl.stanford.edu/tools/
ArtRepair/ArtRepair.htm). All sessions of one subject were excluded
due to a signal dropout artefact in the interhemispheric fissure,
caused by calcification in the falx cerebri. Part of the data for a
session of another subject was lost due to hardware problems, so
the entire session was excluded. One session of a third subject was
excluded due to a large and abrupt increase in mean signal several
volumes into the scan (total number of useable sessions, n=81).

Contrast images for the sequential tapping vs. rest and random
tapping vs. rest conditions were taken forward to random-effects
group analyses. The first and second visits to the three scanners were
treated separately and six one-sample T-tests were performed, each
representing a single subject's session on one occasion at one of the
centres. All statistical maps were thresholded at a voxel level of
pb0.001 uncorrected using a 20 voxel cluster extent threshold.
Clusters were deemed significant at pb0.05 corrected for multiple
comparisons.

Reproducibility
To assess the reproducibility of statistical parametric maps

(SPM T-maps) the widely used overlap and size measures (OS)
were employed (Rombouts et al., 1998): (1) the overlap ratio
Rijoverlap=2⁎Vij

overlap/(Vi∪Vj), where Vi and Vj represent the sets
of supra-threshold voxels in T-map images i and j respectively,
and Vij

overlap=Vi∩Vj, the intersection of both maps; and (2) the
size ratio Rijsize=2⁎Vij

smallest /(Vi∪Vj), where Vi and Vj are defined
as above and Vij

smallest is the smallest of the two volumes compared.
Values for both ratios range between 0 and 1, with 1 indicating
perfect agreement. The maps were thresholded at a voxel-wise
level of pb0.001 uncorrected and reproducibility was assessed at
both the subject and the group levels, within and between scanners.
Custom MATLAB scripts were written to implement the analysis.

Components of variance
To examine the impact of systematic variability contributed by

different subjects, visits and scanning sites on the data, a variance
component analysis was performed following the approach recom-
mended by Friedman et al. (2008). The model fits each parameter as a
random effect (with a mean and normal distribution) and implicitly
assumes that the participants, scanners and visits are taken randomly
from a larger population. Whether the effect of scanner was modelled
as a fixed or random effect had little influence on the solution
obtained. However, we adopted a random-effects model as this can
afford some protection against the inappropriate generalization of
results.

Data for this analysis was extracted from both contrast images (the
numerators of the T-maps) and SPM t-maps in three regions of
interest in the left hemisphere, the primary motor area, the
supplementary motor area and the striatum. Firstly, to assess the
size and overlap ratios, the images were masked so that only voxels in
these areas that were significant in all group analyses, across visits and
scanners, (pb0.001 uncorrected) were included. Secondly, to assess
the size of the activations, the images weremasked so that only voxels
in these three regions of interest, (pb0.001 uncorrected) were
included.

Variance components were estimated using Restricted Maximum
Likelihood (REML) in SAS PROC VARCOMP (SAS version 9, Cary, NC).
The following model was employed with Yijk denoting the dependent
measure for visit i, site j, and subject k:

Yijk = mean + sitej + visiti + subjectk + subjectkTsitej
+ unexplainedijk:

More complex models including other interactions between site, visit
and subject were also examined but these did not differ substantively
from the simpler model, so the simpler model was used.
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Reproducibility of the measurements within and between sites
was calculated using Intraclass Correlation Coefficients (ICCs):

ICCwithin = ðVD�subject + VD�site + VD�subject − by − siteÞ
= Total Variance

ICCbetween = VD�subject= Total Variance

where ‘VD_subject’ signifies ‘variance due to subject’. While the size
and overlap ratios provide useful information on the reproducibility of
activation patterns at the whole brain level, this analysis allows us to
examine test–retest and between site reproducibility and to get more
detailed information about the effect of including data from multiple
sites.

A simple General Linear Model (SPM2) voxel-wise analysis,
corresponding to a factorial design with three main factors of site,
subject and visit and their potential interactions was also implemen-
ted to see if there were any significant differences due to any of the
above factors or their interaction.

Results

Group-level activations

The sequential tapping vs. rest and random tapping vs. rest
contrasts were examined separately. Thirteen datasets were included
in the analyses for sites A and B and twelve in the analyses for site C.
Data were grouped by scanning site and visit in that site, resulting in
six one-sample T-tests per contrast, presented below.

The sequential tapping vs. rest contrast demonstrated activations
in areas commonly associated with the task in all analyses, including
peaks in the precentral and postcentral gyri, the superior and inferior
parietal lobules, the basal ganglia, and the cerebellum. The six group
analyses for this contrast are presented in Fig. 1. Strong activation in
the left precentral and postcentral gyri was present in all analyses,
with peaks in the premotor, primarymotor and supplementary motor
areas. Smaller foci of activation were observed in the right precentral
and postcentral gyri. Consistent activations were also noted on the
superior and inferior banks of the anterior sylvian fissure and the
insula bilaterally. Activation peaks in the left striatum and thalamus
were noted in all visits, while activations in their right-hemispheric
counterparts were mostly present in the second visits. Distinct peaks
were also noted consistently in the left inferior parietal lobule, with
the activation in some cases spreading to the superior parietal lobule,
while activations in the right inferior parietal lobule were weaker and
less consistent. Activation clusters were also present in the right
inferior occipital gyrus, sometimes extending into themiddle occipital
gyrus. Bilateral cerebellar activations were noted in all visits.

The random vs. rest contrast demonstrated activations in regions
associated with this finger tapping task including clusters in the
frontal and parietal lobes, the basal ganglia and the cerebellum,
demonstrating a very similar pattern to the sequential tapping
contrast. Overall, stronger activations were observed in this condition.
Some additional areas were also observed, bilaterally in the
dorsolateral prefrontal cortex. The six group analyses for this contrast
are presented in Fig. 2.

Overlap and size ratios

Overlap and size ratios within and between sites were similar for
all analyses. Mean size ratios ranged from 0.60 to 0.75 within sites and
0.65 to 0.73 between sites for the single subject analyses. Mean
overlap ratios for the single subject analyses ranged from 0.41 to 0.50
within sites and from 0.44 to 0.48 between sites. The reproducibility
of groupmapswas generally higher. Size ratios for groupmaps ranged
from 0.73 to 0.97 within sites and from 0.71 to 0.95 between sites.

Overlap ratios for group maps ranged from 0.55 to 0.67 within sites
and from 0.58 to 0.67 between sites. A summary of this data, with
means across subjects, is presented graphically in Fig. 3. A visual
representation of the activations and overlap of all group maps for
each scanner in the random tapping vs. rest contrast is shown in Fig. 4.

Components of variance

The percentage of total variance in our three regions (significant in
all group analyses) contributed by the site component varied between
0% and 13.3% across all analyses, while that of visit varied between 0%
and 6.3%. The contribution of the subject by site interaction ranged
from 0% to 14.3% while that of subject alone was larger, varying
between 15.6% and 61.0% with unexplained variance from 23.0 to
81.0%. The analysis of contrast images yielded ICCs within sites from
0.23 for the striatum to 0.72 for the precentral ROI, and ICCs between
sites from 0.23 for the striatum to 0.61 for the precentral ROI. The
equivalent analysis of T-statistic images gave lower reproducibility
values, within sites from 0.17 for the striatum, to 0.55 for the
precentral ROI, and between sites from 0.16 for the striatum, to 0.54
for the precentral ROI. These results are presented in Table 1.

The size of the activations in our three regions of interest,
percentage of total variance contributed by the site component varied
between 0% and 10.9%, while that of visit varied between 0% and 22.0%
across all analyses. The contribution of the subject by site interaction
ranged from 0% to 21.5% while that of subject alone was larger,
varying between 4.6% and 65.7% with unexplained variance from
14.6% to 77.1%. The analysis of contrast images yielded ICCs within
sites from 0.10 for the striatum to 0.83 for the precentral ROI, and ICCs
between sites from 0.09 for the striatum to 0.66 for the precentral ROI.
The equivalent analysis of T-statistic images gave lower reproducibil-
ity values, within sites from 0.07 for the striatum, to 0.50 for the
precentral ROI, and between sites from 0.05 for the striatum, to 0.50
for the precentral ROI. These results are presented in Table 2.

As expected the results for the size measures, taking only volume
without intensity into account, show much lower values. These
‘volume of activation’ results are given in Supplementary Table 1.

Our General Linear Model (SPM2) voxel-wise analysis,
corresponding to a factorial design with three main factors of site,
subject and visit and their potential interactions showed no
significant results due to site or visit, but as expected, extensive
variance between subjects. The interactions between factors did not
provide additional results.

Discussion

We investigated the reproducibility of a sequential and a random
motor tapping task across multiple sites and visits, examining it both
in terms of single subjects and group analyses. We found consistent
activations in expected areas, including cortical and subcortical motor
areas and the cerebellum. As anticipated, comparison ratios were
overall higher and more stable in the group-level analyses than at the
subject level. Reproducibility between sites was similar to that of
different visits within the same site. Reproducibility in overlap and
size estimates were similar between and within sites and acceptable
at both group and subject levels.

Robust activations were observed in the left premotor, primary
motor and supplementary motor areas. These were present across all
sites and visits. Right-hemispheric counterparts were also activated
but areweaker and less consistent. The opposite patternwas observed
in the cerebellum, with consistent ipsilateral but weaker contralateral
activations. Left thalamus and basal ganglia were also detected in
most cases. Mattay et al. (1998) employed a sequential and random
tapping task and reported activations in the primary motor,
somatosensory and premotor areas, the SMA, parietal cortex, puta-
men and cerebellum. They also reported a prefrontal cluster (BA 9) in
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Fig. 1. Groupmaps, using neurological convention, for the sequential tapping vs. rest contrast, with a threshold at a voxel level of pb0.0001 uncorrected and using a 20 voxel cluster extent threshold, for illustration purposes. From left to right:
sites A, B and C. Top: visit 1. Bottom: visit 2.
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Fig. 2. Group maps, using neurological convention, for the random tapping vs. rest contrast, with a threshold at a voxel level of pb0.0001 uncorrected and using a 20 voxel cluster extent threshold, for illustration purposes. From left to right:
sites A, B and C. Top: visit 1. Bottom: visit 2.
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the random tapping condition, which was detected in some of our
analyses. Yoo et al. (2005) investigated the reproducibility of a
sequential finger tapping task over a longer period of time, also
employing size and overlap ratios in selected regions of interest. They
found consistent activations in the primarymotor, premotor, SMA and
cerebellum; activations were less consistent in the basal ganglia and
thalamus. These findings are consistent with our results and suggest
that in these smaller regions increased noise has a negative effect on
the reproducibility of activation.

A qualitative evaluation of the results indicates that at the group
level, location and extent of activation is robust, both within and
between sites. Quantitatively the results were within the range
reported by studies examining the reproducibility of similar tasks on a
single scanner. Furthermore both size and overlap ratios, and size by
volume and size by volume and intensity, were found to be
comparable within and between sites. Other studies investigating
between scanner reproducibility also did not find large differences in
comparisons within and between sites. Voyvodic et al. (2006)
reported stable spatial patterns even between scanners of different
strengths. Vlieger et al. (2003) found that the average inter-scanner
agreement did not differ significantly from the average within-
scanner reproducibility of the site with the worst reproducibility.

Much of the reproducibility literature to date has been focussed on
the subject level, but in many cases it is the group-level results that
are given weight in the interpretation of MRI results. Our analyses
indicate, in agreement with the law of large numbers, that group-level
maps are overall more reproducible, and the range of obtained values
is much narrower. This is in agreement with what has been reported
in a single centre analysis (Seghier et al., 2004). Critically, subject is a
much greater source of variability than scanner, however subject by
scanner variance is low, and within subject variance (visit) is also low
and of an acceptable level. Merging of data across sites is therefore

Fig. 3. Reproducibility of statistical parametric maps within and between sites at the subject and group levels for the random vs. rest and sequence vs. rest contrasts. Values for the
size and overlap ratio measures range from 0 to 1 and aremeans across subjects. Columns labelled A–C 1 vs. 2 showwithin site comparisons. Columns labelled A vs. B, A vs. C and B vs.
C show between site comparisons. Top: size ratios. Bottom: overlap ratios. Left: mean ratios for all subjects with standard error bars. Right: ratios for the group-level comparisons.

Fig. 4. Orthogonal slices showing the activations and overlap of all group-level maps for
each scanner using neurological convention, at T≥5.0, in the random tapping vs. rest
contrast. The cross hairs are at x=−31, y=−18, z=62 (MNI coordinates, mm).
Activations where all 3 scanners overlap are shown in red, where two of the scanners
overlap activations are shown in blue, and where only one scanner has activated are
shown in green areas.
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possible in studies where the reproducibility of individual subject
measurements is essential, e.g. in treatment response studies.

This outcome is supported by the results of the variance
components analysis. The contribution of the factors site and visit to
the total variancewas relatively small regardless of measure used, and
subject was the largest component. However a large part of the
variance remained unexplained in some of the analyses, notably in the
striatum, presumably due to the small volume of the region, although
this variability could also reflect a difference in the striatum's more
complex neurovascular dynamics and the task used.

Friedman et al. (2008), reported a variance components analysis
examining the effects of site, subject and visit in a dataset of five
subjects who conducted repeated visits in ten sites. Costafreda et al.
(2007) also employed a variance components analysis to examine the
relative contributions of site and subject to the variance in a motor
task in five subjects across five scanners. Both found the effect of site
to be small compared to that of subject and residual unexplained
variance. Suckling et al. (2007) performed a similar study employing
two versions of an affect processing task in twelve subjects and two
sites. They examined the contributions of site, visit, task and subject
and also found the contribution of site to the variance to be relatively
small.

It is of note that little site effect was observed in the striatal ROI in
any of the analyses performed. It is possible that the location of this
structure near the middle of the brain renders it less vulnerable to
scanner specific distortions and therefore makes it a suitable target
area for future multicentre studies of clinical interest. However, its
small size means it is very susceptible to noise. A lot of the variance
remained unexplained in these analyses and reproducibility in
overlap and size of activation was found to be poor in comparison
to the larger neocortical ROIs. ICC values for these analyses are similar
or higher than those reported elsewhere (Friedman et al., 2008; Kong
et al. 2007).

The reproducibility in overlap and size ratios for both mean and
maximum measures were comparable across all analyses with no
clear advantage of the one over the other (Supplementary Table 2). A
similar pattern was found by Friedman et al. (2008) who compared
median and maximum values. A clear difference however emerges
when comparing the reproducibility in overlap and size ratios in
contrast and T-statistic images, with the reproducibility in contrast
values being consistently higher. This was hypothesised by Friedman

et al., (2008) who used a finite impulse response (FIR) method to get a
surrogate value for signal change and suggested the method
employed here as a possible alternative. ICCs were very similar
within and between sites, consistent with the results of the whole
brain size and overlap ratios.

Strengths and limitations

The strengths of the present study include the use of a consistent
briefing protocol. The scanners used were of the same field strength
and by the same manufacturer. We were able to employ identical
head coils and any differences between scanning sequences were
negligible. We made an effort to control for systematic differences
between sites and reduce variability; however, some differences in
hardware and software, as well as more subtle sources of variation,
e.g. site-specific practices of the scanning staff, and differences in the
displays used, could not be avoided. These are inevitable and realistic
in relation to future multicentre studies. Practice effects were
distributed evenly by the counterbalancing of visits. A standard
analysis protocol was used, with no steps added to account for inter-
site differences. Future developments in this area are likely to improve
reproducibility further.

One limitation of the reproducibility measures employed is their
sensitivity to the threshold used and the fact that they only give
information about extent, not peak or amplitude. However, some
indication of the effect of threshold and amplitude can be seen in the
differences between the size by volume and the size by volume and
intensity measures, in Supplementary Tables 1 and 2 respectively. It
can be seen that the volume by intensity measures are significantly
more reproducible than the size by volume measure alone. An
analysis of all thresholds would be required to confirm this apparent
effect. However, this still leaves the possibility that between centre
factors, such as peak and amplitude, could increase the total variance
sufficiently to obscure any effects, e.g. type II errors. Further to this, it
is possible that one site could contributemuchmore to the total signal
so as to bias the results, leading to type I errors. However, activation
location and extent are important considerations in multicentre
studies and it is possible to interpret the findings in relation to what is
known about the reproducibility of activation maps within a single
centre. Despite the coarse level of information, evaluation of these

Table 2
Size by volume and intensity, reproducibility estimates.

Anat. area Site Visit Subject Subject
by site

Error ICC within ICC between

Random vs. rest
Contrast mean
Precentral 0.00 2.65 61.68 21.05 14.61 0.83 (e) 0.62 (g)
SMA 10.94 0.00 62.34 0.00 26.72 0.73 (g) 0.62 (g)
Striatum 1.11 19.19 8.73 0.00 70.98 0.10 (p) 0.09 (p)

T-statistic mean
Precentral 0.00 6.38 49.55 0.00 44.08 0.50 (f) 0.50 (f)
SMA 7.39 0.00 40.62 0.20 51.79 0.48 (f) 0.41 (f)
Striatum 2.81 21.96 4.57 0.00 70.67 0.07 (p) 0.05 (p)

Sequence vs. rest
Contrast mean
Precentral 0.00 2.85 65.71 11.58 19.85 0.77 (e) 0.66 (g)
SMA 4.80 3.17 60.97 0.00 31.06 0.66 (g) 0.61 (g)
Striatum 0.00 9.56 15.25 0.00 75.19 0.15 (p) 0.15 (p)

T-statistic mean
Precentral 0.00 3.47 47.21 0.00 49.33 0.47 (f) 0.47 (f)
SMA 0.17 1.99 38.51 0.59 58.74 0.39 (p) 0.39 (p)
Striatum 0.00 5.06 17.85 0.00 77.09 0.18 (p) 0.18 (p)

Size by volume and intensity, as percentage of total variance contributed by site, visit,
subject, subject by site interaction and unexplained variance. Intraclass Correlation
Coefficients (ICCs) within and between sites. According to a priori criteria, (Cicchetti,
2001), we use ‘p’, ‘f’, ‘g’ and ‘e’, to refer to ‘poor’, ‘fair’, ‘good’ and ‘excellent’, respectively,
for the ICC values.

Table 1
Percentage of total variance and reproducibility estimates.

Anat. area Site Visit Subject Subject
by site

Error ICC within ICC between

Random vs. rest
Contrast mean
Precentral 0.00 4.97 57.76 14.29 22.98 0.72 (g) 0.58 (f)
SMA 13.31 0.00 49.43 0.76 36.50 0.63 (g) 0.49 (f)
Striatum 0.00 3.28 31.15 0.00 65.57 0.31 (p) 0.31 (p)

T-statistic mean
Precentral 0.00 6.35 50.62 0.00 43.04 0.51 (f) 0.51 (f)
SMA 8.00 0.00 39.12 0.00 52.88 0.47 (f) 0.39 (p)
Striatum 2.71 2.46 15.57 0.00 79.26 0.18 (p) 0.16 (p)

Sequence vs. rest
Contrast mean
Precentral 1.39 4.53 60.98 10.11 23.00 0.72 (g) 0.61 (g)
SMA 3.61 3.61 54.22 0.00 38.55 0.58 (f) 0.54 (f)
Striatum 0.00 3.57 23.21 0.00 73.21 0.23 (p) 0.23 (p)

T-statistic mean
Precentral 0.69 5.89 54.04 0.00 39.38 0.55 (f) 0.54 (f)
SMA 0.00 2.68 41.31 0.00 56.01 0.41 (f) 0.41 (f)
Striatum 0.00 1.81 17.28 0.00 80.91 0.17 (p) 0.17 (p)

Variance components as percentage of total variance contributed by site, visit, subject,
subject by site interaction and unexplained variance. Intraclass Correlation Coefficients
(ICCs) within and between sites. According to a priori criteria, (Cicchetti, 2001), we use
‘p’, ‘f’, and ‘g’ to refer to ‘poor’, ‘fair’ and ‘good’, respectively, for the ICC values.
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measures at the group level provided useful insights regarding the
level of agreement that can be expected betweenmaps obtained from
the same group of individuals on different occasions, both in single
and multiple sites. The whole brain approach adopted here does not
give information on specific regions; this was addressed in the
subsequent variance components analysis which allowed us to
examine in detail the partition of the variance and the reproducibility
in overlap and size ratios of contrast images and statistical parametric
maps (T-maps). It would be advisable to perform pilot studies and
employ these or similarmeasures to examine potential site effects and
reproducibility in overlap and size ratios in targeted brain areas when
planning clinical multicentre studies.

Future work

Analysis of the data collected using other tasks will allow the
evaluation of reproducibility across different cognitive domains and
tasks. The further exploration of this dataset will enable us to identify
the key characteristics in the acquisition and analysis of fMRI
paradigms which influence their suitability for multicentre MRI
studies. A more thorough understanding of the issues involved will
allow the fMRI research community to better plan future studies.
These developments would put researchers in the field in a stronger
position to plan and conduct novel multicentre MRI studies to
improve our understanding and management of major neuropsychi-
atric disorders.

Conclusion

The reproducibility of a finger tapping task was evaluated across
three sites in 14 subjects on two visits each. Robust activations were
detected in typical motor areas. Reproducibility of activation location
and extent were similar for the sequential and random tapping
conditions. Reproducibility was comparable within and between sites,
and critically was acceptable within single subjects, the majority of
variance being between subjects and in unexplained variance. The
contributions of site and visit to the variance were low and
reproducibility in overlap and size was similar between and within
sites. However, reproducibility was poor in smaller anatomical areas
and mostly fair to good in the larger areas, representative of the
difficulties that face fMRI in general. This indicates that we can have
confidence in the results produced by multicentre functional MRI
when a consistent scanning and analysis protocol is followed, but that
more work needs to be done and care taken in selecting homogeneous
subject groups and suitable tasks.
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Psychiatric neuroimaging techniques are likely to improve understanding of the brain in health and disease, but
studies tend to be small, based in one imaging centre and of unclear generalisability. Multicentre studies have
great appeal but face problems if functionalmagnetic resonance imaging (fMRI) data fromdifferent centres are to
be combined. Fourteen healthy volunteers had two brain scans on different days at three scanners. Considerable
effort was first made to use similar scanning sequences and standardise task implementation across centres. The
n-back cognitive task was used to investigate between- and within-scanner reproducibility and reliability. Both
the functional imaging and behavioural results were in good accord with the existing literature. We found no
significant differences in the activation/deactivationmapsbetween scanners, orbetween repeatvisits to the same
scanners. Between- and within-scanner reproducibility and reliability was very similar. However, the
smoothness of images from the scanners differed, suggesting that smoothness equalization might further
reduce inter-scanner variability. Our results for the n-back task suggest it is possible to acquire fMRI data from
different scanners which allows pooling across centres, when the same field strength scanners are used and
scanning sequences and paradigm implementations are standardised.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Structural and functional magnetic resonance imaging (sMRI and
fMRI) show promise in their ability to facilitate the early diagnosis of
disorders such as schizophrenia and dementia (Job et al., 2006;
Whalley et al., 2006), and neuroimaging biomarkers of disease and
clinical outcome data are increasingly regarded as useful in the
development and evaluation of new treatments. However, psychiatric
imaging studies tend to be small and based in one imaging centre.
Multicentre studies, involving recruitment of subjects at several
scanning centres, therefore have great appeal, but data pooling faces
potential problems related to differences in scanner field strength and
pulse sequences (Zou et al., 2005; Friedman et al., 2008).

Before undertaking large psychiatric multi-centre fMRI studies, it is
important to investigate the extent to which it is possible to obtain
reproducible and reliable data, taking account of both between-scanner
and within-scanner (over time) variability. If most of the variance in
images were due to scanner-related differences, rather than to subject-
and task-related factors of interest, imaging data would be largely
scanner-dependent and of unclear generalisability (Costafreda et al.,
2007). Such heterogeneity would raise questions about pooling fMRI
data. Whilst a number of previous studies have focused either on
within-scanner or between-scanner effects, to our knowledge, only two
recent studies have examined both between- and within-scanner fMRI
variability in the same subjects (Friedman et al., 2008; Suckling et al.,
2008) as here. As will be discussed, a limited amount of work has been
done on within-scanner reliability and less on between-scanner
reproducibility. Here we report the results of an analysis of the n-back
cognitive task (Owen et al., 2005) fMRI data, obtained as part of the
Scottish ‘CaliBrain’ multi-centre's MRI and fMRI initiative.
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Our first hypothesis was that significant patterns of brain activation
would be found with the three scanners. This was a prerequisite to
testing our second hypothesis, which was no significant within- and
between-scanner image differences with regard to these significant
patterns of activity. Investigation of reproducibility and reliability of
brain activation is a central focus of this study. Our third hypothesis was
that after attention to ‘scanner harmonization’ (using the same field
strength scanners and implementing the task in as similar a way as
possible at each scanner), reproducibility values would be in the range
reported for single scanner studies, andwithin-scanner reliabilitywould
be similar to between-scanner reliability.

2. Methods

2.1. Subjects

The study was approved by local ethics committees. Fifteen healthy
right-handed volunteers from the participating laboratories gave
written informed consent. However, data for only one scanning session
were obtained for one subject, so that subject was excluded from
analysis. Ten subjectsweremale. Themean age for thewhole groupwas
36.3, range 25–51 years. Volunteers were not taking medications or
drugs thatmight alter brain activity and did not have a current illness or
a history of a serious head injury that might alter brain function.
Previous psychiatric disorder was not an exclusion criterion. The order
of the two visits to each of the three scanners was counterbalanced
across sites. The mean time between scans at different centres was
3 weeks and themean time between the two visits to the same scanner
was 8 weeks.

2.2. Image acquisition

Participants were not asked to be abstinent from smoking or
drinking caffeine as this would be difficult to achieve in clinical fMRI
studies with psychiatric patients. However, subjects were asked to be
consistent in their use before each scan. As is common in psychiatric
studies, all scanningwas done at a similar time of day (between 10 am
and mid-day). The three scanners were as follows:

‘ScannerA’: GEMedical Systems Signa 1.5 TNVi/CVi (software version
9.1M4; gradientswithmax. amplitude 40mT/mandmax.
slew rate 150 T/m/s; standard quadrature head coil). AGE
Medical Systems secondary console (Real Time Image
Processing, RTIP) was used for the acquisition and
reconstruction of the fMRI data. A projector and Presen-
tation v0.99 (Neurobehavioural Systems) were used for
the presentation of stimuli.

‘Scanner B’: GEMedical Systems1.5 TSignaLXscanner (softwareversion
9.1M4; Echospeed gradients with max. amplitude 22 mT/m
and max. slew rate 120 T/m/s; standard quadrature head
coil). The ADW console (custom installation) was used for
the acquisition and reconstruction of fMRI data. The delivery
of stimuli was handled by IFIS-SA (Invivo), IFIS software
vR14 with E-Prime v1.1SP3 (Psychology Software Tools).
Stimuli were presented using an LCD screen, part of the IFIS
system, mounted on the head coil.

‘Scanner C’: GE Medical Systems Signa 1.5 T (software version 11M3/
11M4SP1; gradients with max. amplitude 40 mT/m and
max. slew rate 150 T/m/s; standard quadrature head
coil). The main console was used for the acquisition and
reconstruction of the fMRI data. A projector and
Presentation v0.99 (Neurobehavioural Systems) were
used for the presentation of stimuli.

At each site, images were acquired parallel to the AC-PC plane with
a repetition time (TR) 2.5 s, echo time (TE) 40 ms, slice thickness
5 mm, each slice acquired contiguously, matrix 64 × 64, field of view

(FOV) 240 mm2, and a flip angle of 90o. Each of the 260 volumes for
the n-back task was made up of 30 slices. The first four volumes of
each functional run were discarded to allow the magnetization to
reach a steady state.

2.3. The n-back task and behavioural data acquisition

The n-back working memory task was implemented as a
parametric design with different n-back levels occurring in blocks.
Subjects were presentedwith letters and had to respond by indicating
whether the letter matched the target (an ‘x’ for n=0, the
immediately previous letter for n=1, similarly for two or three
letters back; n=2 and n=3, respectively) or not. The difficulty of the
task (“cognitive load”) increases with ‘n’. Each block consisted of 14
2.5-s trials (1-s stimulus, 1.5-s blank) with a total duration of 40 s,
which included a 5-s prompt. There were no fixation stimuli. Four
blocks starting with n=0 and endingwith n=3made up a cycle; four
such cycles were repeated. Recorded behavioural measures were
letter choice (allowing determination of accuracy) and reaction time.

2.4. Behavioural analysis

Reaction timeswere analyzed using a 3×2×4 (scan-centre × visit ×
n-back level) within-subject analysis of variance (ANOVA). Accuracy
was analyzed with a 2×2×4 (scan-centre×visit×n-back level) design
since only two centres (Scanner A and Scanner B) recorded the accuracy
of the responses. The threshold of significance was defined as Pb0.05.

2.5. Image analysis

Image datawere converted to Analyze format and visually inspected
to detect obvious abnormalities, scanner artefacts, and problems with
the conversion process. Statistical Parametric Mapping (SPM2) (Friston
et al., 2007) was used to implement a random effects event-related
analysis with a repeat measures ANOVA at the second level. For pre-
processing, images were slice time corrected, and then each time series
was realigned to the first image of each series using a rigid body affine
transformation. No subject had more than 5 mm translation during
scanning. The average realigned image was used to derive parameters
for spatial normalisation to the SPM2 template; then the parameters
were applied to each image in the realigned time-series. The resultant
time-series realigned and spatially normalised images were smoothed
with an 8 mm full width half maximum Gaussian kernel.

For the first level within-subject analysis, the sequence and timing
of the picture presentation and behavioural response events, and the
n-back level of difficulty of each trial, were extracted from each
subject's log file. The design matrix was constructed according to a
standard linear parametric modulationmodel (Chapter 9, Friston et al.,
2007). For each subject, the covariate of interest was the event times
multiplied (modulated) by the n-back level of task difficulty, with the
result convolved with the SPM2 hemodynamic response function
(without time or dispersion derivatives). The covariates of no interest
were as follows: the event times convolved with the hemodynamic
response function, six motion realignment terms to allow for any
residual movement artefacts not removed by pre-processing realign-
ment, and a constant term modelling the baseline of unchanged
neural activity. The first covariate of no interest was necessary to
isolate the effects of stimuli presentation and motor responses (of no
interest) from n-back level of task difficulty (covariate of interest). For
each subject, the resultant covariate image of interest was the SPM2
“beta” image, comprising linear regression coefficients at each voxel,
between the n-back level of task difficulty and the observed BOLD
signal. These beta images were taken to second level analyses
(Seymour et al., 2004; Friston et al., 2007).

Two second level between-subjects, random-effects analyses were
conducted to test the first two hypotheses. The first consisted of testing,
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for each of the six groups, the null hypothesis of no significant (de)
activationassociatedwith an increase inn-back level of taskdifficulty. This
was done by performing six one-group t-tests. The threshold of
significance was defined as Pb0.05 with FDR (Genovese et al., 2002)
adjustment to significance values (Yekutieli and Benjamini, 1999) for the
whole brain. As is conventional, for display the images were thresholded
at Pb0.001 uncorrected to demonstrate the spatial extent of the signals
and themaximum zvaluewithin a cluster of (de)activations reported. The
second level analysis consisted of entering the covariate images of interest
for the six data subject groups into a 3×2 (scanner×visit) within-subject
ANOVA applying a correction for possible non-sphericity. Again the
threshold of significance was defined as Pb0.05 with FDR correction for
thewholebrain. Images representing theeffect of the scanner, the effect of
the visit, and the interaction between both factors are shown thresholded
at Pb0.001 uncorrected.

The third hypothesis was tested by an investigation of reproduc-
ibility and reliability. To assess the reproducibility of statistical
parametric maps, overlap and the size ratio measures of (de)
activation clusters were calculated (Rombouts et al., 1998). The
overlap ratio was computed as Rijoverlap=2*Vij

overlap/(Vi+Vj), where
Vi and Vj are the number of voxels with t-values exceeding a given
threshold in statistical maps i and j. Vij

overlap is the number of voxels
that are commonly activated in both maps. The size ratio was
computed as Rijsize=2*V ij

smallest /(Vi+Vj), where Vi and Vj are defined
as above and Vij

smallest is the smallest of the two volumes. Values for
both ratios range from 0 (no agreement between the comparedmaps)
to 1 (complete agreement between maps). For analysis, the second
level group maps were thresholded at Pb0.001 uncorrected, and
reproducibility was assessed both within and between scanners.

Within- and between-scanner reliability was assessed using ICCs
(Friedman et al., 2008). Regions of interest (ROIs) were defined as
areas consistently activated in all group analyses across scanners and
visits. For each contrast, the second level random effects analysis maps
for the six groups were thresholded at Pb0.001 uncorrected and
masked allowing identification of ROIs across groups. From each
subject's beta image of regressors (observed BOLD vs. n-back level of
task difficulty), the mean value of regressor across voxels for each ROI
was extracted and used as the dependent variable for the reliability
analysis. Variance components were estimated using the Restricted
Maximum Likelihood (REML) method implemented in SPSS (Chicago,
Illinois) version 16 (‘Varcomp’ routine). The following model was
used:

Yijk = mean + subjecti + scannerk + subjecti⁎scannerk
+ unexplainedijk

where Yijk denotes the dependent measure for subject i, visit j and
scanner k. In this model each factor is considered a random effect.
Other models, including other interactions between the subject, visit
and scanner factors were also examined, but no appreciable changes
in the results of the reliability analyses were observed. According to
the above model, a total variance term can be written as:

Total Variance =VD�subject+ VD�scanner + VD�subject⁎scanner
+VD�unexplained

where VDmeans “variance due to”. The ICCs for within- and between-
scanner reliability were computed as:

ICCbetween¼ VD�subject=Total Variance

ICCwithin¼ VD�subject + VD�scanner + VD�subject⁎scanner
� �

= Total Variance

ICCs range from 0 to 1 where the latter is best reliability (Friedman
et al., 2008).

3. Results

Complete image data were obtained for 82 scanning sessions and
complete reaction time data for 84 scanning sessions. Behavioural
accuracy data were obtained for all 56 Scanner A and Scanner B
sessions. Two complete Scanner C imaging data sets were unavailable
and no behavioural accuracy data were available for the Scanner C
sessions, although reaction time measures were recorded. Although
one subject was found to have an abnormality resulting in a loss of
BOLD signal in a small region of the dorsal anterior cingulate (dAC),
that subject's data were included as their inclusion was not expected
to affect the planned tests. Visual inspection of each subject's first
BOLD volume in their time series, SPM2 realignment translation and
rotation graphs, and mean realigned and spatially normalised BOLD
images, did not indicate substantial scanner or pre-processing
problems likely to have a major impact on the analyses. Therefore,
all available data were included in the planned analyses.

3.1. Behavioural results

3.1.1. Reaction times
The results of the 3×2×4 within-subject ANOVA are shown in

Fig. 1. There was a significant main effect of scanner (F(2,26)=16.948,
Pb0.001) and a significant main effect of n-back level (F(1.981,25.759)=
35.658, Pb0.001). There was not a significant main effect of visit
(F(1,13)=0.245, P=0.629). No interactions were significant. A
significant linear trend was found for the n-back level (F(1,13)=
58.326, Pb0.001). Post-hoc pairwise comparisons after Bonferroni
correction identified significant differences in reaction times between
Scanner A and Scanner B (P=0.003) and between Scanner C and
Scanner B (P=0.001). Pairwise comparisons identified significant
differences in reaction times between difficulty levels of the n-back
task. Specifically, significant differences were found between 0-back
and 1-back (P=0.012), 0-back and 2-back (Pb0.001), 0-back and 3-
back (Pb0.001), 1-back and 2-back (Pb0.001) and 1-back and 3-back
(Pb0.001). Other pairwise comparisons were non-significant. In
summary, as expected, mean reaction times increased significantly
with the n-back level of difficulty. Additionally though, mean reaction
times were significantly slower in Scanner B than in Scanner A and
Scanner C. However, reaction times were not significantly affected
by whether a subject was visiting a scanner for the first or second
time.

3.1.2. Accuracy
The accuracy of subjects was investigated using a 2×2×4 (scan-

centre×visit×n-back level of difficulty) within-subject ANOVA.
As shown in Fig. 1, there were significant main effects of scanner
(F(1,13)=5.685, P=0.033), visit (F(1,13)=5.523, P=0.035) and n-
back level (F(1.23,15.994)=8.625, P=0.007. None of the interactions
were significant. Analysis of the n-back level identified a significant
linear trend (F(1,13)=9.771, P=0.008). Post hoc pairwise comparisons
after Bonferroni correction identified significant differences in
accuracy between the 0-back and 2-back (P=0.012) and between
the 1-back and 2-back (P=0.009). Other pairwise comparisons
between n-back levels were not significant. In summary, accuracy
was affected by the scanner (higher accuracy in Scanner A than in
Scanner B), the visit (higher accuracy on a subject's second visit than
on the first visit) and, as expected, the n-back level of difficulty
(accuracy tended to decrease with increasing n-back level).

3.2. Imaging results

3.2.1. First hypothesis
Six second level one-group t-tests (one test for each scanner on

each visit) were used to test the null hypothesis of no change in brain
(de)activation with increasing n-back task difficulty. Significant
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activations across groups were found in the dorsal anterior cingulate
(dAC), lateral anterior prefrontal cortex (laPFC), dorsolateral prefron-
tal cortex (dlPFC), right posterior parietal lobe (PPL), insula and
cerebellum (see Fig. 2). Additionally, significant deactivations were
found in the dorsal posterior cingulate (dPC), retrosplenial cortex

(RSC), medial anterior prefrontal cortex (maPFC), hippocampal–
amygdala complex (HAC) and auditory cortex (see Fig. 3). Tables 1
and 2 summarise regions of significant (de)activations. Therefore,
consistent with our first hypothesis, significant (and qualitatively
similar) patterns of (de)activation were found for each scanner.

Fig. 1. Behavioural results: (A) Mean reaction time (ms) at each level of the n-back task for every scan-centre; (B) mean reaction time (ms) at each level of the n-back task at each visit;
(C) mean accuracy (percentage correct) at each level of the n-back task for every scan-centre; (D) mean accuracy (percentage correct) at each level of the n-back task at each visit.

Fig. 2. Group maps for the activations (increase in activation as task difficulty (‘n’) increases). Images are thresholded at Pb0.001 uncorrected. Capital letters indicate the scanner.
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3.2.2. Second hypothesis
Using a 3×2 (scan-centre × visit) within-subject ANOVA, no

significant effect of the scanner, the visit or their interaction was
found (see Fig. 4). As above, whilst the images are thresholded at
Pb0.001 uncorrected (to demonstrate the spatial extent of any
significant signal), significance is defined as Pb0.05 corrected. As none
of the regions visible in Fig. 4 reached the threshold of significance, the
regions only represent chance findings. This is consistent with our
second hypothesis.

3.2.3. Third hypothesis
Reproducibility ratios for within- and between-scanner reproduc-

ibility are shown in Fig. 5. Size ratios ranged from 0.58 to 0.98 within
scanners and from 0.86 to 1 between scanners. Overlap ratios ranged
from 0.45 to 0.61 within scanners and from 0.63 to 0.69 between
scanners. Consistent with our third hypothesis, the within-scanner
reproducibility was similar to the between-scanner reproducibility.
Regarding reliability, Fig. 6 shows 10 of 14 ROIs used in the reliability
analysis. The remaining four ROIs are similar to the corresponding

Fig. 3. Groupmaps for the deactivations (decrease in activation as task difficulty (‘n’) decreases). Images are thresholded at Pb0.001 uncorrected. Capital letters indicate the scanner.

Table 1
Brain activations with increasing n-back level of difficulty.

Scanner A Scanner B Scanner C

Coordinate z P Coordinate z P Coordinate z P

dAC Visit 1 (−2,20,45) 5.27 0.001 (2,20,43) 4.34 0.002 (6,22,49) 5.03 0.002
Visit 2 (0,18,49) 4.76 0.001 (2,18,45) 5.91 b0.001 (−2,20,49) 5.06 0.001

right laPFC (BA 10–11) Visit 1 (26,46,−12) 5.01 0.001 (26,54,−4) 4.81 0.002 (30,52,−14) 4.56 0.003
Visit 2 (30,58,1) 5.04 0.001 (30,54,−6) 4.21 0.002 (28,58,1) 4.58 0.002

left laPFC (BA 10–11) Visit 1 (−28,49,5) 4.22 0.003 (−26,49,3) 4.77 0.002 (−34,49,14) 4.08 0.005
Visit 2 (−36,53,19) 5.06 0.001 (−44,42,24) 4.75 0.001 (−36,51,20) 4.87 0.001

right dlPFC (BA 6) Visit 1 (24,11,57) 4.98 0.001 (26,9,60) 4.86 0.002 (26,7,62) 4.58 0.003
Visit 2 (28,9,60) 4.84 0.001 (26,9,66) 5.18 b0.001 (32,5,57) 4.39 0.003

left dlPFC (BA 6) Visit 1 (−20,7,64) 5.45 0.001 (−30,7,62) 5.17 0.002 (−22,5,62) 4.05 0.005
Visit 2 (−24,5,61) 5.01 0.001 (−28,5,55) 5.59 b0.001 (−42,4,44) 4.94 0.001

right dlPFC (BA 6–8–44) Visit 1 (48,11,29) 3.71 0.006 (50,15,21) 4.78 0.002 (44,28,23) 4.48 0.004
Visit 2 (40,6,33) 4.51 0.001 (48,8,36) 4.98 b0.001 (53,17,29) 4.26 0.002

left dlPFC (BA 6–8–44) Visit 1 (−38,11,25) 4.55 0.002 (−46,15,23) 4.55 0.002 (−42,15,20) 4.2 0.005
Visit 2 (−38,5,29) 3.98 0.003 (−42,9,31) 4.05 b0.001 (−40,13,27) 4.59 0.002

right PPL (BA 7–39–40) Visit 1 (46,−41,37) 4.97 0.001 (44,−41,44) 4.45 0.002 (53,−32,50) 4.6 0.003
Visit 2 (44,−42,44) 4.62 0.001 (36,−46,43) 4.53 0.001 (48,−36,50) 5.27 0.001

left PPL (BA 7) Visit 1 (−22,−68,48) 4.12 0.003 (−20,−67,49) 4.95 0.002 ——— ——— ———

Visit 2 (−28,−62,44) 5.02 0.001 (−30,−50,41) 4.51 0.001 (−42,−37,37) 3.9 0.004
right Insula Visit 1 (32,27,−6) 4.26 0.003 (32,25,−3) 5.17 0.002 (30,21,−4) 5.15 0.002

Visit 2 (38,25,−5) 5.14 0.001 (40,25,−6) 5.28 b0.001 (30,21,1) 5.43 0.001
left Insula Visit 1 (−34,25,2) 5.16 0.001 (−30,21,1) 4.57 0.002 (−30,20,8) 5.35 0.002

Visit 2 (−38,19,−4) 4.75 0.001 (−32,21,−1) 5.23 b0.001 (−34,23,1) 5.64 0.001
Cerebellum Visit 1 (−30,−66,−30) 4.39 0.002 (−6,−81,−20) 4.12 0.003 (−32,−60,−26) 3.84 0.007

Visit 2 (−34,−59,−24) 5.41 0.001 (−34,−65,−27) 4.01 0.002 (−28,−69,−20) 4.54 0.002
Cerebellum Visit 1 (24,−74,−38) 3.58 0.008 ——— ——— ——— (−4,−81,−23) 3.84 0.007

Visit 2 (34,−60,−39) 4.62 0.001 ——— ——— ——— (34,−69,−22) 4.99 0.001

dAC, dorsal anterior cingulate; laPFC, lateral anterior prefrontal cortex; dlPFC, dorsolateral prefrontal cortex; PPL, posterior parietal lobe. Brodmann areas are indicated between
brackets. P-values are FDR “whole brain” corrected. Coordinates are in Talairach space.
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contralateral ROIs displayed in Fig. 6. Components of variance and
ICCs are shown in Table 3. For most of the brain regions, the total
variance was either attributed to the subject factor or remained
unexplained. In some cases, small positive variances for the scanner
factor and the subject*scanner interaction were obtained; in other
cases, the estimates were zero. This was due to the REML method
setting to zero negative variance estimates. Negative variance
estimates are usually an underestimate of a variance component
with a small or zero true value (Brown and Prescott, 2006). When a
negative estimate of a variance component occurs, the usual approach
is either to remove the random effect from the model (not possible
here since assessing the scanner effect was the objective of this study)
or fix the variance component to zero (Brown and Prescott, 2006).
Notably, the probability of obtaining a negative variance component
estimate increases if the ratio of the true variance component to the
residual variance is small, and if the number of random effects
categories is small (low degrees of freedom) (Brown and Prescott,
2006). Both conditions are likely to occur in this study, as the variance
due to the scanner factor was very small compared with the residual
variance (which represents the within-subject variability, which is

usually high in fMRI studies) and since a small number of scanners
(three) were used. For brain regions where the REML method did not
report a positive variance estimate, the ICC calculation was affected by
the true positive variance's not being included in the ICC calculation
(and possibly a negative variance estimate). Since a negative variance
estimate typically occurs when the true value of the variance is small,
this will not affect ICC estimates (Brown and Prescott, 2006). To test the
above, the calculation was repeated setting the scanner factor as a fixed
effect. This resulted in very similar subject factor variance estimates, and
unexplained variance estimates (compared with setting the scanner
factor as a random effect). Specifically, across brain regions with zero
value variance estimates (Table 3), the median percentage change in
ICCbet (from random to fixed scanner effect models) was 1.34% (25th
percentile=1.03, 75th percentile=2.90). This indicates that the zero
variance estimates for the scanner factor are accurate.

For the brain activations, the median within-scanner reliability
was 0.52 (25th percentile=0.44, 75th percentile=0.59) and the
median within-scanner reliability was 0.48 (25th percentile=0.39,
75th percentile=0.56). The best reliabilities were found in the dlPFC
and the insula bilaterally, the worst in the dAC and left laPFC. For the
deactivations, the median within-scanner reliability was 0.46 (25th
percentile=0.15, 75th percentile=0.6) and the median between-
scanner reliability was 0.28 (25th percentile=0.1, 75th percen-
tile=0.55). The RSC showed the best reliability, the dPC showed poor
reliability and the auditory cortex worst reliability. Notably though,
the within-scanner ICCs were similar to the between-scanner ICCs,
reflecting the fact that the scanner factor accounted for a small
percentage of the total variance, for all brain regions studied, as
hypothesised.

3.2.4. Post hoc analysis of image smoothness
Differences in image smoothness can contribute to between-scanner

variability of activation (Friedman et al., 2006). Residual image
smoothness is estimated by SPM using random field theory (Friston,
2004). Mean smoothness values are summarised in Table 4. Three 3×2
(scan-centre×visit) within-subject ANOVAs were used to test the null
hypothesis of no difference in smoothness. Therewas a significant effect
of the scanner in all three dimensions: x-dimension (F(2,22)=9.056,
P=0.001); y-dimension (F(2,22)=8.583, P=0.002); z-dimension
(F(2,22)=5.077, P=0.015). The visit factor and the interactions were
not significant. Post hoc pairwise comparisons after Bonferroni
correction identified significant differences in smoothness for the x-
dimension between scanners A and B (P=0.003), for the y-dimension
between scanners A and B (P=0.002) and for the z-dimension between
scanners A and B (P=0.02) and scanners B and C (P=0.044). In
summary, the residual image smoothness was highest for scanner B.

Table 2
Brain deactivations with increasing n-back level of difficulty.

Scanner A Scanner B Scanner C

Coordinate z P Coordinate z P Coordinate z P

dPC Visit 1 (−6,−27,46) 5.65 b0.001 (0,−27,38) 5.56 b0.001 (2,−33,44) 5.43 b0.001
Visit 2 (−6,−16,38) 5.15 0.001 (4,−17,54) 4.35 0.006 (4,−17,52) 5.17 0.001

RSC Visit 1 (−2,−56,16) 4.37 0.002 (−2,−54,14) 5.98 b0.001 (6,−53,27) 5.48 b0.001
Visit 2 (−10,−53,32) 4.39 0.002 (0,−61,20) 4.41 0.006 (−4,−57,19) 5.05 0.001

maPFC Visit 1 (−8,60,28) 4.74 0.001 (2,57,12) 5.01 b0.001 (−4,60,28) 6.2 b0.001
Visit 2 (−10,54,21) 5.31 0.001 (−8,60,28) 4.46 0.006 (−4,51,12) 4.03 0.004

right HAC Visit 1 ——— (28,−34,−10) 3.51 0.006 (30,−18,−18) 4.40 0.003
Visit 2 (32,−22,−19) 3.66 0.006 (34,−24,−16) 3.27 0.013 (26,−1,−−17) 4.37 0.002

left HAC Visit 1 (−24,−20,18) 3.63 0.005 (−26,−32,−19) 4.05 0.002 (−36,−13,−20) 4.45 0.003
Visit 2 (−24,−26,−17) 4.01 0.003 (−28,−36,−17) 3.58 0.008 (−24,−3,−22) 3.75 0.007

right Auditory cortex Visit 1 (61,−8,−3) 6.28 b0.001 (59,4,−40) 5.34 b0.001 (57,−8,4) 5.67 b0.001
Visit 2 (46,−21,12) 5.24 0.001 (48,−23,14) 5.61 0.002 (53,−9,12) 6.15 b0.001

left Auditory cortex Visit 1 (−65,−19,6) 4.82 0.001 (−53,−32,22) 4.89 b0.001 (−57,−6,−6) 4.93 b0.001
Visit 2 (−53,−21,5) 4.23 0.002 (−53,−23,16) 4.12 0.006 (−53,−6,−3) 4.36 0.002

dPC, dorsal posterior cingulate; RSC, retrosplenial cortex; maPFC, medial anterior prefrontal cortex; HAC, hippocampus–amygdala complex. P values are FDR “whole brain” corrected.
Coordinates are in Talairach space.

Fig. 4. Lack of a significant difference in brain activity: (A) different scanners;
(B) different visits to the same scanners; (C) interaction between scanners and visits.
For display, images are thresholded at a conventional level of Pb0.001 uncorrected.
None of the visible regions satisfy criteria for significance (Pb0.05 corrected).
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4. Discussion

Consistent with our first hypothesis, significant patterns of brain
activation and deactivation were identified using each of the three
scanners. Qualitatively, the patterns of activation were very similar. A
meta-analysis of fMRI results from 24 primary studies of healthy
subjects performing the n-back task has been done (Owen et al.,
2005). Activation loci found at each of the three scanner sites appears
in good agreement with this meta-analysis. In many versions of the n-
back task, as task difficulty increases, reaction times and error rates
typically increase (Jansma et al., 2000; Nystrom et al., 2000; Watter
et al., 2001; Jensen and Tesche, 2002; Goldberg et al., 2003; McMillan
et al., 2007). Our behavioural results are therefore also in good
agreement with the literature.

Consistent with our second hypothesis, no significant differences
in brain activation were found between or within scanners; hence no
evidence was found to reject the null hypotheses. However,
significant behavioural differences were found: reaction times were
increased in Scanner B. These are unlikely to be due to practice effects
as the order of visits was counterbalanced. Instead, the differences in
reaction times could be due to differences in the software and
hardware used at each site. In site B, the software used to present
stimuli and record responses was “IFIS”, whilst in sites A and C
“Presentation”was used. We have noted that subtle differences in the
way a paradigm is implemented in IFIS may result in consistent small

delays in stimuli presentation. Furtherwork is underway to clarify this
issue.

Although apparent behavioural differences were found between
sites, the image analysis method was not affected as the timing of the
responses was extracted from each subject's log file (i.e. no
assumptions were made about particular reaction times). Accuracy
was highest in Scanner A and subjects performed more accurately on
their first visit to a scanner than on their second. Although a weak
relationship between n-back error rate and brain activation has been
reported (Marshall et al., 2004), the average z-values from each of the
three scanners were very similar (see Tables).

Our third hypothesis was that reproducibility values would be in
the range reported for single scanner studies, and within-scanner
reliability would be similar to between-scanner reliability. Our results
are therefore similar to previous work (Friedman et al., 2008)
supporting our hypothesis. Notably, estimates of reproducibility can
be affected by the threshold chosen for the images. Rombouts et al.
investigated how the overlap ratio was altered by varying the image
threshold (Rombouts et al., 1998). Very low and high thresholds
resulted in lower estimated values of reproducibility, perhaps due to
type 1 and 2 errors in the images, respectively. A similar exploration of
the relationship between reproducibility measures and threshold was
beyond the scope of this study. Instead, we chose a threshold level of
Pb0.001 uncorrected, which is very common in psychiatric fMRI
studies and therefore useful to other researchers.

Fig. 5. Reproducibility of statistical parametric maps within and between scanners at the group levels for the activations and deactivations. Columns labelled A–C 1 vs. 2 showwithin-
scanner comparisons. Columns labelled A vs. B, A vs. C and B vs. C show between-scanner comparisons.
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Reliability estimatesmay depend in part on the size of the ROIs and
how the ROIs are defined. Friedman reported increased between
scanner ICC estimates (particularly for 3 T scanners) with increasing
size of ROIs (Friedman et al., 2008). Choosing ROIs based on common
activation loci across all sites was found to result in increased
reliability estimates (Friedman et al., 2008). However, low reliability
values do not only reflect scanner-related effects. For example, we
found the right auditory cortex to have a low ICC. This could be due to
the timing of the BOLD volume acquisitions, and therefore associated
auditory stimuli being desynchronised with the task, by design.
Considering another location, whilst left BA10 ICC was low at 0.168,
the right was 0.461. This clearly suggests a neural lateralisation
(subject) rather than scanner effect, consistent with our general
finding above, that the subject factor (and not scanner) strongly
affected reliability estimates. Of note, our between-scanner ICCs for
the n-back cognitive task are in the same range as the values obtained
by Friedman for simpler sensori-motor tasks.

Considering the existing literature on fMRI within-scanner studies,
33 repeat scans of the samesingle subject doing simplemotor visual and
cognitive (random number generation) tasks have been reported
(McGonigle et al., 1999). The authors concluded that correct inference
about subject neural responses required use of a statistical model that
accounted for both within- and between-session variance, such as a
random effects analysis. Between-session variability is not necessarily
high (Smith et al., 2005). A study of five subjects, each being scanned on
two occasions during a visual cognitive task, concluded that there was
evidence for good reliability of activation in visual processingand frontal
areas (Specht et al., 2003). Nine elderly subjects were scanned 3 times
during both a finger-tapping and an n-back task (Marshall et al., 2004).

Fig. 6. Ten of the 14 ROIs used in the reliability analysis. The remaining ROIs are similar to
the corresponding contralateral ROIs shown in the figure. Sagittal, coronal and axial views
are displayed for every ROI. (A) Dorsal anterior cingulate; (B) right lateral anterior
prefrontal cortex; (C) right dorsolateral prefrontal cortex; (D) right dorsolateral prefrontal
cortex; (E) right posterior parietal lobe; (F) right insula; (G) dorsal posterior cingulate;
(H) retrosplenial cortex; (I) medial anterior prefrontal cortex; (J) right auditory cortex.

Table 3
Variance components and intraclass correlation coefficients.

Region Subject Scanner Subject*Scanner Unexplained ICCbet ICCwit

Activations
dAC 8.243 0.000 0.000 13.680 0.376 0.376
right laPFC
(BA 10)

19.175 0.000 0.000 22.398 0.461 0.461

left laPFC
(BA 10)

4.624 0.000 0.000 22.959 0.168 0.168

right dlPFC
(BA 6)

16.122 0.000 0.000 11.860 0.576 0.576

left dlPFC
(BA 6)

24.069 0.000 0.269 9.226 0.717 0.725

right dlPFC
(BA 6-8-44)

17.251 0.000 0.000 20.299 0.459 0.459

left dlPFC
(BA 6-8-44)

15.029 0.000 0.000 11.845 0.559 0.559

right PPL
(BA 7-39-40)

11.468 2.119 2.259 13.167 0.395 0.546

right Insula 8.166 0.000 0.000 8.540 0.489 0.489
left Insula 9.116 0.151 1.839 6.603 0.515 0.627

Deactivations
dPC 1.812 0.255 2.392 7.991 0.146 0.358
RSC 28.782 0.010 0.000 19.166 0.600 0.600
maPFC 14.695 0.000 5.388 15.766 0.410 0.560
right Auditory
cortex

1.390 0.000 0.000 14.555 0.087 0.087

dAC, dorsal anterior cingulate; laPFC, lateral anterior prefrontal cortex; dlPFC,
dorsolateral prefrontal cortex; PPL, posterior parietal lobe; dPC, dorsal posterior
cingulate; RSC, retrosplenial cortex; maPFC, medial anterior prefrontal cortex.
Brodmann areas (BA) are indicated. Intraclass Correlation Coefficients (ICC) between
(bet) and within (wit) scanners.
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The authors concluded that centres of activation loci were highly
reproducible (within 3 mm) and that patterns of activation were
qualitatively repeatable, but there was substantial variability in the
amplitude and extent of the activated regions. An analysis of nine repeat
scans of eight subjectsduring afinger-tapping task reported a consistent
pattern of brain activation between scanning sessions (Yoo et al., 2005).
In another study, 15 subjects were scanned on 3 occasions during an
emotional processing task (Johnstone et al., 2005) and stability of the
left amygdala neural response to fearful faceswas reported. Considering
between-scanner fMRI studies, four scanners of the same field strength
(three 1.5 T GE scanners, one 1.5 T Siemens scanner) were used to
investigate five to eight subjects from each site doing a spatial working
memory motor task on one occasion at each site (Casey et al., 1998).
Highly consistent findings across sites were reported. Differences in
subject behaviour across sites were reported. Ten scanners (five 1.5 T,
four 3 T and one 4 T) were used to scan five subjects on one occasion
during a finger-tapping task (Zou et al., 2005). They concluded that
imaging at the higher field strengths of 3 and 4 T yielded better
reproducibility than at 1.5 T. The effects of subject, scanning sequence
and field strength on reproducibility were significant. Whilst within-
scanner reliability was high, between-scanner reliability was low
(Friedman et al., 2008). It is notable that the study of Zou et al. included
data from scanners with a range of field strengths and reported poor
between-scanner reliability, whilst the study of Casey et al. included
data from the same field strength scanners and reported highly
consistent findings. Similarly, five identical 1.5 T systems were used to
scan five subjects doing a finger-tapping task (Costafreda et al., 2007).
These authors concluded that their results supported the feasibility of
multi-site fMRI studies using identical scanner systems.

Limitations of this report should be noted. First, the data set is large
and the literature demonstrates that there are many ways to examine
suchdata. Themethods chosenheremaynot generalize entirely toother
methods. It is not possible to comprehensively report every possible
method of investigating the data in this article. Third, as above, a
different choice of image threshold may affect reliability estimates;
however,weused a threshold very commonly chosen soas tobeofmost
use to other workers. Fourth, differences in residual smoothness of
images between scanners were found and future smoothness equaliza-
tionmay reduceestimatedbetween-scanner variability (Friedmanet al.,
2006). Fifth, theREMLmethod resulted in somezerovarianceestimates;
however, the true values, if not precisely zero, are very small.

In summary, most previous studies of reliability and reproducibil-
ity have focused on simple sensory or motor paradigms. In contrast,
we focused on the n-back task because it engages higher cognitive
processes of relevance to psychiatric research (Rose et al., 2006a,b).
Previous studies typically involved small numbers of subjects (e.g.,
five or six). Here we obtained a data set with larger numbers of
subjects in each group, to better focus on group level analyses, which
are of particular interest to psychiatric studies. Differences in scanner
field strength, pulse sequence differences (Zou et al., 2005) and image
smoothness (Friedman et al., 2006) have been reported to affect
reproducibility, so we used the same field strength scanners with as
similar pulse sequences as possible, and implemented the paradigms
in an identical way at each site. Consistent with our hypotheses, we
found reproducibility values for the n-back task in the range reported

for single scanner studies, and within-scanner reliability was similar
to between-scanner reliability, which supports data pooling.
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Abstract
Background: Structural Magnetic Resonance Imaging (sMRI) of the brain is employed in the
assessment of a wide range of neuropsychiatric disorders. In order to improve statistical power in
such studies it is desirable to pool scanning resources from multiple centres. The CaliBrain project
was designed to provide for an assessment of scanner differences at three centres in Scotland, and
to assess the practicality of pooling scans from multiple-centres.

Methods: We scanned healthy subjects twice on each of the 3 scanners in the CaliBrain project
with T1-weighted sequences. The tissue classifier supplied within the Statistical Parametric Mapping
(SPM5) application was used to map the grey and white tissue for each scan. We were thus able to
assess within scanner variability and between scanner differences. We have sought to correct for
between scanner differences by adjusting the probability mappings of tissue occupancy (tissue
priors) used in SPM5 for tissue classification. The adjustment procedure resulted in separate sets
of tissue priors being developed for each scanner and we refer to these as scanner specific priors.

Results: Voxel Based Morphometry (VBM) analyses and metric tests indicated that the use of
scanner specific priors reduced tissue classification differences between scanners. However, the
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metric results also demonstrated that the between scanner differences were not reduced to the
level of within scanner variability, the ideal for scanner harmonisation.

Conclusion: Our results indicate the development of scanner specific priors for SPM can assist in
pooling of scan resources from different research centres. This can facilitate improvements in the
statistical power of quantitative brain imaging studies.

Background
Structural Magnetic Resonance Imaging (sMRI) of the
brain is employed in the assessment of a wide range of
neuropsychiatric disorders. Voxel Based Morphometry
(VBM) has been established as a leading method for ana-
lysing large sMRI studies. VBM is a fully automated proc-
ess that is used to localise differences in brain parenchyma
[1,2]. The VBM implementation segments T1-weighted
MRI scans into voxel-wise mappings of grey and white tis-
sue and Cerebrospinal Fluid (CSF). It provides for statisti-
cal comparisons of these mappings within clinical studies.
VBM requires good quality co-registration at the voxel
level and it is sensitive to differences between MRI scan-
ners. Reports of VBM analyses that pool scans from differ-
ent sites for analysis have employed validity assessments
[3,4]. In a validity assessment, a VBM contrast of control
subjects between the contributing sites is used to map the
regions of significant difference between scanners. A
masking image that charts these regions is formed. These
masked regions are excluded from VBM reporting as
results in these regions could be driven by artifactual scan-
ner differences [5,6].

In VBM the use of validity masking is undesirable because
it limits the analyses to less than whole brain coverage. As
VBM draws its inferences from voxel-wise comparisons it
is necessary to apply fine grain corrections of the sMRI tis-
sue classification in order to avoid validity masking. We
investigated making such corrections by scanning the
same fourteen healthy subjects, twice, at three scanning
sites in Scotland with T1-weighted sequences. These acqui-
sitions were implemented as part of the CaliBrain study,
and we have complete sets of scans for thirteen subjects.
The three scanners in the CaliBrain project were matched
on the basis of vendor, field strength and head coil type.
In this investigation we used an established sMRI analysis
tool Statistical Parametric Mapping (SPM5) [1] to seg-
ment the T1 scans into grey and white tissue maps and
CSF maps.

Baseline analyses of the Calibrain T1 segmentations
revealed significant differences between the scanners and
these differences were of an order that would require
validity masking. We investigated the practicality of com-
pensating for scanner differences through the adjustments
in the SPM5 segmentation procedure. The SPM segmenta-
tion protocol employs spatial priors that map the proba-

ble distributions of grey and white tissue and CSF. These
priors account for the low frequency variability in tissue
presentation across the brain. We adjusted these prior
mappings to compensate for the scanner differences. In
this process we developed separate sets of priors for each
scanner. As above, we refer to these as scanner specific pri-
ors. In VBM analyses of the segmentations based upon
scanner specific priors, we found that the baseline differ-
ences which had indicated a requirement for validity
masking were removed.

In addition to VBM analyses we applied metric tests to
quantify within scanner variability and between scanner
differences. These metrics were applied at baseline and on
the adjusted segmentations. The metric results demon-
strated that the use scanner specific priors can reduce the
tissue classification differences between scanners. How-
ever, these reductions were not sufficient to bring the
between scanner differences down to the level of within
scanner variability.

Methods
Study Design
The CaliBrain project was designed to allow for the assess-
ment of differences between scanners and for these differ-
ences to be considered in the context of within scanner
variability. For this, healthy subjects travelled twice to
each of the three scanning centres within a six months
period. At each visit the subjects received a T1-weighted
structural MRI scan. We used SPM5 [1] to segment the
structural scans into baseline grey and white tissue maps
and CSF maps. The SPM priors used in these baseline tis-
sue classifications were taken from a study of psychosis
which employed a scan sequence that was equivalent to
that used for the CaliBrain acquisitions [7]. The priors in
the psychosis study were drawn from scans of young
adults with a family history of schizophrenia and control
subjects with no family history of psychosis. All 93 sub-
jects in this study were well at time of scanning.

The practice of adjusting the SPM tissue priors specifically
for a cohort acquired at one scanning centre is well estab-
lished [8-12] and the importance of matching the spatial
priors to the investigated population was demonstrated in
a study of healthy young adults [13]. We have extended
the practice of adjusting the SPM priors adjustment so that
they provide compensation for scanner differences. To
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achieve scanner level compensation we implemented an
iterative adjustment protocol that employed proportional
feedback to develop scanner specific priors for each scan-
ner. We illustrate the operation of this protocol by ran-
domly selecting six subjects from the CaliBrain project.
We used the 1st round scans of these subjects to develop
the scanner specific priors. These priors were then used to
segment all the CaliBrain T1 scans and this gave the seg-
mentations for our adjusted analyses. VBM contrast anal-
yses and metrics were used to assess the scanner
differences at baseline and for adjusted segmentations.
The seven subjects that were excluded from the scanner
specific process formed a test group upon which we could
assess the viability of our protocol.

Data Acquisition
The CaliBrain project acquired MRI brain scans from three
imaging research centres: The Department of Radiology,
University of Aberdeen; The Division of Psychiatry and
The SFC Brain Imaging Research Centre within The Centre
for Clinical Brain Sciences (CCBS) at The University of
Edinburgh; and The Department of Clinical Physics, NHS
Greater Glasgow South University Hospitals Division. The
three scanners used were manufactured by General Elec-
tric (GE Healthcare, Milwaukee, Wisconsin) and had pri-
mary field strengths of 1.5T. The scanners are nominated
within this report as scanners 'A, B and C'.

Fourteen healthy participants (10 male, mean age 36.3,
age range 22–51 years) took part in the study. All partici-
pants were native English speakers, right-handed (self
reported), met the standard MRI safety criteria and had no
history of diagnosed neurological disorder, major psychi-
atric disorder or treatment with psychotropic medication,
including treatment for substance misuse. The partici-
pants were not paid, but they were reimbursed for
expenses. All participants provided written informed con-
sent and the study was approved by the local research eth-
ics committees. The scan records were incomplete for one
subject and thus the harmonisation methods in the Cali-
Brain project were conducted on the basis of 13 healthy
participants.

Three General Electric 1.5T scanners were used in this
study, with some inevitable differences in hardware and
software versions. In site A scanning was conducted with
a General Electrics (GE) 1.5T Signa NVi/CVi scanner (soft-
ware version 9.1; gradients with max. amplitude 40 mT/m
and max. slew rate 150 T/m/s; standard quadrature head
coil). In site B scanning was conducted with a General
Electrics (GE) 1.5T Signa LX scanner (software version
9.1M4; Echo-speed gradients with max. amplitude 22 mT/
m and max. slew rate 120 T/m/s; standard quadrature
head coil). In site C scanning was conducted with a Gen-
eral Electrics (GE) 1.5T Signa scanner (software version

11M3/11M4SP1; gradients with max. amplitude 40 mT/
m and max. slew rate 150 T/m/s; standard quadrature
head coil).

All subjects participated in six scanning sessions, two at
each of the three sites. The time lapse between scans at
each site was nominally two weeks. The scanning param-
eters were kept constant across the three scanners, allow-
ing for minor deviations arising from differences in
scanner hardware and software. A high resolution T1-
weighted scan was acquired using a 3D inversion recov-
ery-prepared fast gradient echo volume sequence with the
following parameters: orientation coronal; repetition
time (TR) of 5.9 ms (sites A and C) or 8.2 ms (site B); echo
time (TE) of 1.9 ms (site A) or 3.3 ms (site B) or 1.4 ms
(site C); slice thickness = 1.7 mm without a gap; inversion
time (TI) 600 ms; matrix = 256 × 256, voxel within slice
dimension = 0.86 mm square; field of view (FOV) = 220
mm2; flip angle = 15°; 128 slices.

VBM Preprocessing and Segmentation
Prior to SPM5 segmentation, co-registration and reslicing
procedures were applied to ensure that all the scans were
aligned to the anterior-posterior commissure axis (AC-
PC) in the standard MNI template space. As part of this
process the scans were re-sampled to a resolution of 1 × 1
× 1 mm. The SPM5 segmentation at baseline was imple-
mented using a study specific priors set that had been pre-
viously developed for a study of psychosis [7]. The SPM5
adjusted segmentations were obtained using the scanner
specific priors derived in our priors adjustment procedure.
The SPM5 segmentations were run using the default set-
tings, the 'Number of Gaussians per class' was set to [2 2
2] and the 'Bias regularization' was set to 'medium'. In
keeping with the established practice in psychosis research
the segmented results were output as unmodulated and
normalized to the MNI template. The normalization
employed the SPM5 default normalization with the 'Non-
linear Frequency Cutoff = 25'. Also, in keeping with estab-
lished VBM practice for psychosis in tissue density
analyses the SPM5 segmentations were smoothed using
an isotropic 12 mm Full Width Half Maximum (FWHM)
kernel.

Procedure for creating Scanner Specific Priors
Our iterative procedure that compensates for scanner dif-
ferences employs proportional feedback to develop sets of
scanner specific priors for use in the adjusted SPM5 seg-
mentations. The process flow diagram in Figure 1 gives an
overview of this procedure. We designate one scanner as
the target scanner and a second as the object scanner. The
scans from the target scanner are segmented using SPM5
and for this segmentation the priors were taken from our
psychosis study [7]. The priors applied to the target scan-
ner remain unchanged throughout the run of the iterative
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procedure. The object scanner segmentation is also initial-
ised with the priors taken from our psychosis study [7].
Then through our iterative procedure these object scanner
priors are incrementally adjusted. These adjustments are
set to compensate for the segmentation differences
between the target and object scanners.

The process illustrated in Figure 1 adjusts the object priors
through comparisons based upon grey and white segmen-
tations. This dual dependence of the adjusted priors on
grey and white tissue is accommodated by allowing the
iteration process to alternate the prime comparison
between the grey and white tissue types. Thus for every
other iteration the prime tissue comparison is applied to
the grey segment and this is interspersed with the prime
tissue comparison being made on the white segment.

When grey is the prime comparison segment we adjust the
grey prior to correct for the voxel level differences found
between the target and object scanners and also at the
voxel level we apply a balancing adjustment to the white

or CSF prior to ensure that the sum of the priors at the
voxel level is maintained at its nominal sum of unity. Sim-
ilarly when the prime comparison is made upon the white
segment we adjust the white prior to correct for the differ-
ences between the target and object scanner and we apply
a balancing adjustment to the grey or CSF prior. In VBM
assessments of psychosis CSF presentation is not an estab-
lished measure of interest, thus we do not assign CSF the
prime status within the priors adjustment process.

On a subject by subject basis the prime comparison seg-
mentations obtained from the target and object scanners
are subtracted. These subtractions were implemented at
the voxel-level and the differences were averaged across
the subjects included in the priors adjustment process.
The averaged voxel-level differences were used to form a
difference image that was then smoothed to suppress sam-
pling noise and reduce subject bias. Next a proportion of
the smoothed difference image is used to adjust the grey,
white and CSF priors applied to the object scanner. These
adjusted priors are then made available for the next itera-

Process Flow diagramFigure 1
Process Flow diagram. Process Flow for procedure that develops scanner specific priors to correct for segmentation differ-
ences between the object and target scanners. Adjustment of the object scanner priors is used to minimise the difference 
between the scanners. The final adjusted object scanner priors are output as the scanner specific priors.
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tion of the procedure. This process is repeated until the
segmentations given by the object scanner converge with
those given by the target scanner. We assess this conver-
gence through the use of metrics described below.

The evaluation of the prime difference image Pgdiff for the
grey segment G is given in equation (1). When the prime
comparison segment is white W, the difference image
Pwdiff is given by equation (2). In these calculations of the
prime difference images, the processed scans are desig-
nated by subscripts (subject, visit, scanner), with N = 6, the
number of compared subjects. These comparisons were
limited to the 1st round scans. The averaging across the
adjustment subjects suppresses individual differences.

When the primary segment is grey the adjusted prior adjG-
prior is given by equation (3). In this voxel-level process
the current grey prior curGprior has a proportion beta of
the smoothed prime difference sPgdiff image subtracted.
When the prime comparison segment is grey the evalua-
tions of the adjusted white adjWprior and CSF priors
adjCprior are given by equations (4) and (5). In these the
changes applied to the grey prior are balanced by equiva-
lent additions to the white or CSF priors. At the voxel level
we test the relative occupancy of the white and CSF priors
and assign the balancing adjustment to which ever prior
exhibits greater occupancy. When the prime comparison
segment is white the adjusted priors evaluations are equiv-
alent to those given in equations (3), (4) and (5) with the
exceptions that the prime difference image is given by
Pwdiff and the grey and white priors are interchanged. This
averaged difference images Pgdiff and Pwdiff are smoothed
using an isotropic kernel, with a FWHM of 10 mm.
Smoothing at this level suppresses sampling noise and
limits the subject bias that results from the relatively small

number of subjects that we have used to create the scanner
specific priors

The value of beta determines the proportion of the differ-
ence image that is used to adjust the priors for the follow-
ing iteration of the protocol. The setting of beta has an
important bearing on this protocol. A high setting for beta
could lead to instability whilst using value that is too low
could result in sluggish convergence. As part of the devel-
opment of this method, we experimented with the beta
setting and found that setting beta to 0.33 or greater could
lead to instability in the priors adjustment process. We
found that a beta setting of 0.15 allowed for stable conver-
gence of the segmentations from different scanners. We
found that further reductions of the beta value did not
improve the degree of convergence that was obtained
from the adjustment process. The reductions in beta did
increase the number iterations required to attain conver-
gence. We ran a between scanner distance metric to assess
the degree of convergence between the target and object
scanners. We terminated the adjustment procedure when
the incremental change in the between scanner distance
was less than 0.1% and held at this level in subsequent
iterations.

Testing Scanner Specific Priors Procedure
We tested our priors adjustment procedure by randomly
selecting six subjects from the CaliBrain project. We
applied the scanner specific priors adjustment to the 1st

round scans of these subjects. We designated the scanners
in the CaliBrain project as scanners A, B and C. Scanner A
was set as the target scanner and scanner B as the object
scanner and we developed a set of scanner specific priors
for scanner B. We also developed scanner specific priors
for scanner C with scanner A set as the target scanner.
Throughout these adjustment procedures the priors set
used for scanner A was fixed as the priors drawn from our
study of psychosis [7]. The scanner specific priors devel-
oped for scanners B and C were initialised with the priors
from our psychosis study. The choice of scanner A for as
the target scanner was based upon the baseline metric
results that indicated that scanner A has a low within scan-
ner variability and that it exhibited the lowest overall
between scanner differences.

VBM Statistical Analysis
Using the SPM5 application we implemented VBM statis-
tical analyses of the grey and white segmentations at base-
line and for our adjusted segmentations. In these we
treated the visits and scanners as separate grouping com-
ponents and thus formed a factorial analysis matrix that
was composed of six groups. We designated the Independ-
ence variable as 'NO' to account for the fact that we have
repeated measures on the same subjects. We reported the
overall F-test for main effect of scanner in the CaliBrain
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study. Also, we used this design matrix to report t-test con-
trast results for within scanner variability and between
scanner differences. The t-tests for between scanner differ-
ences were made by combining the two visits at each scan-
ner. All t-tests and the F-test were carried out with an
uncorrected threshold of 0.001, and we reported Family
wise error (FWE) correction for multiple comparisons. All
groups were composed of the same subjects and as the
scans were all acquired within a six month period there
was no requirement to covary for age or gender.

Voxel-wise distance metrics
We employed a percentage distance metric to quantify the
within scanner variability and between scanner differ-
ences. In SPM, tissue occupancy is assigned at the voxel
level for grey, white and CSF as full occupancy or as partial
volumes. At full occupancy the voxel is assigned as either
grey or white or CSF with occupancy of 1.0. At the inter-
face between tissue types partial occupancy is assigned on
a continuous scale from 0.0 to 1.0 and the sum of the
assigned occupancy for each voxel does not exceed 1.0.

In order to evaluate the distance between two tissue clas-
sifications we computed as a percentage the absolute dis-
tance. The general form of the absolute percentage
distance computation is illustrated in equation (6) where
we compare two voxels V1 and V2. This reports the per-
centage absolute difference with respect to the average
value of the compared voxels. We chose this metric
because it accentuates the differences in the compared seg-
mentations.

In keeping with established VBM analyses the metrics
were applied to the smoothed segmentations and limited
to valid-voxels where the compared segments had occu-
pancy of greater than 0.05. The summary value reported
by the metric is an average of the absolute percentage dif-
ference found at the valid voxels in the normalised and

smoothed segmentations. The metrics are applied on a
subject basis and for each subject we evaluate the within
scanner variability for scanners A, B and C and we evaluate
the between scanner differences for the scanner pairs AB,
AC and BC. A paired sample t-test is used to compare the
baseline and adjusted metric results and to report the
mean difference and its significance.

Results
Metric Results
We applied the percentage distance metric to the grey mat-
ter segmentations to obtain measures of within scanner
variability and between scanner differences. The metric
was applied at baseline and after adjustment using the
scanner specific priors. Table 1 gives the grey matter metric
results averaged across the six subjects used to generate the
scanner specific priors. Table 2 gives the grey matter metric
results averaged across the seven subjects who were
excluded from the process that developed the scanner spe-
cific priors. In Tables 1 and 2 we note the mean difference
between baseline and adjusted analyses and we give the
p_value for the paired sample t-test as measure of signifi-
cance in the adjustment process.

VBM Analyses
We ran VBM baseline and adjusted analyses on the nor-
malised and smoothed segmentations obtained for the
seven subjects who were excluded from the prior's adjust-
ment procedure. In these analyses we treat the visits and
scanners as separate grouping components and thus form
a design matrix composed of six groups. We applied an F-
test to consider the main effect of scanner and t-tests to
investigate within and between scanner differences. All
groups are composed of the same seven subjects and as
the scans were all conducted within a six month period
there is no requirement to co-vary for age or gender.

Baseline VBM Results
The F-test main effect Maximum Intensity Projection
(MIP) for the baseline grey matter analysis is illustrated in
Figure 2. The F-test was carried out with an uncorrected

AbsolutePercentageDis ce
V1 V2

V1 V2
tan

200= ∗ −
+

| |
( )

(6)

Table 1: Grey matter metric results for the subjects used in priors generation

Scanner Comparison Baseline* Adjusted* Mean Difference (paired sample significance)

AA 2.1 (0.5) 2.1 (0.5) 0.00 (p < 1.00)
BB 3.0 (0.5) 3.0 (0.4) 0.02 (p < 0.79)
CC 2.1 (0.6) 2.1 (0.5) 0.02 (p < 0.36)

AB 7.2 (0.8) 3.7 (0.4) 3.5 (p < 0.001)
BC 8.0 (0.8) 4.0 (0.6) 4.0 (p < 0.001)
AC 3.1 (0.4) 2.3 (0.3) 0.8 (p < 0.001)

Grey matter metric results averaged over the six subjects used to generate the scanner specific priors. For the within and between scanner 
comparison both baseline and adjusted absolute percentage distances are recorded.
*Absolute Percentage distance % (std dev)
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threshold of (p < 0.001). This reveals significant scanner
effects in the frontal lobes, temporal poles, the thalamus,
brain-stem, parietal lobes and occipital lobes. The results
of the baseline grey matter F-test are given in Table 3. In
this we report the significant maximal voxels giving the
MNI coordinate and the anatomical location. We report
the Family Wise Error (FWE) corrected p-value of maximal
voxel and we also report the extent of the cluster associ-
ated with the maximal voxel.

We investigated the source of these baseline grey matter
differences by applying t-test contrasts. t-test comparisons
of 1st and 2nd round scans of each scanner revealed that
there were no significant within scanner differences. t-test
comparisons between the scanners revealed that there
were no significant differences between scanners A and C.
t-test comparisons between scanners B and C were found
to replicate the differences reported in the F-test for main
effect of scanner. t-test comparisons between scanners B
and A also demonstrated replication of the differences
reported in the F-test for main effect of scanner.

The F-test results for the baseline white matter VBM anal-
ysis are given in Figure 3 and Table 4. This illustrates the
spatial distribution of the between scanner differences

with significant differences in the right middle frontal
gyrus and the thalamus. We investigated sources of these
baseline white matter differences by applying t-test con-
trasts. Comparing 1st and 2nd round scans demonstrated
that there were no within scanner differences. In the
between scanner tests we found no significant differences
for the A-C contrasts and we found significant differences
in the A-B and B-C contrasts. The B-C white matter differ-
ences were more extensive that those found in the A-B
contrasts.

Adjusted VBM Results
We applied VBM analyses to the adjusted segmentations
obtained from the seven subjects who were excluded from
the scanner specific priors development process. The VBM
analyses applied were a direct replication of the baseline
tests. In these F-tests for the main effect of scanner we
found that there were no significant differences for either
the grey or white matter analyses. We repeated the
adjusted VBM analyses with all 13 CaliBrain subjects for
whom we had complete records and these analyses con-
firmed that no significant differences remained between
the pooled scanners.

Table 2: Grey matter metric results for the subjects excluded from priors generation

Scanner Comparison Baseline* Adjusted* Mean Difference (paired sample significance)

AA 2.8 (0.6) 2.8 (0.6) 0.00 (p < 1.00)
BB 3.4 (0.6) 3.4 (0.6) 0.00 (p < 1.00)
CC 2.6 (0.7) 2.5 (0.7) 0.05 (p < 0.078)

AB 7.3 (0.6) 5.1 (0.7) 2.2 (p < 0.001)
BC 8.2 (0.8) 5.5 (0.8) 2.7 (p < 0.001)
AC 4.0 (0.6) 3.6 (0.5) 0.36 (p < 0.003)

Grey matter metric results averaged over the seven subjects excluded from the scanner specific priors adjustment procedure. For the within and 
between scanner comparisons both baseline and adjusted absolute percentage distances are recorded.
*Absolute Percentage distance % (std dev)

Table 3: Grey Matter Baseline maximal voxel results

F-test Cluster Anatomical location Maximal voxel MNI coordinate FWE p_corrected

Right Temporal Pole 34, 15, -33 0.001
Left Temporal Pole -35, 16, -36 0.001
Left Inferior Parietal lobule -55, -48, 47 0.001
Left Inferior frontal gyrus -42, 45, -11 0.001
Thalamus 13, -10, -1 0.006
Right Inferior Parietal lobule 56, -48, 40 0.009
Left Middle frontal gyrus -43, 20, 46 0.014
Left Middle frontal gyrus -44, 44, 24 0.023
Cingulate gyrus 0, 46, 32 0.040
Brain stem -1, -30, -28 0.045
Right Superior frontal gyrus 15, 40, 49 0.052

VBM Grey matter baseline tests for the effect of scanner. Reporting the extent of the F-test cluster for an uncorrected threshold of p < 0.001. 
Giving the anatomical location of the maximal voxel, the MNI coordinate of this maximal voxel and the p_corrected significance.
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Discussion
Combining structural MRI scans from different scanners
presents the possibility of increasing the statistical power
in VBM analyses of neuropsychiatric disorders. Our aim
was to refine the application of SPM segmentation proc-
esses and reduce the effects of scanner differences which
currently limit multi-centre MRI pooling [3,4]. We have
examined the application of the SPM5 priors based seg-
mentation to scans sourced from three scanners. The scan-
ners were matched by vendor, primary field strength, and

head coil type, and equivalent sequences were used at
each scanner. Although these scanners are well matched
we found in our baseline analyses significant between
scanner differences in the tissue segmentations. We have
demonstrated that if we employ scanner specific priors in
our application of SPM that these between scanner differ-
ences are reduced.

In VBM analyses the harmonisation constraints for the use
of multiple scanners are onerous as VBM requires the pro-

Grey Matter Baseline ResultsFigure 2
Grey Matter Baseline Results. Grey Matter Baseline Maximum Intensity Projection for the CaliBrain Project. Illustrates the 
regions where the scanners differ when the uncorrected threshold is p < 0.001.
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Table 4: White Matter Baseline results

F-test Cluster Anatomical location Maximal voxel MNI coordinate FWE p_corrected

Right Middle frontal gyrus 18, 45, -19 0.021
Thalamus 15, -10, 0 0.053

VBM White matter baseline tests for the effect of scanner. Reporting the extent of the F-test cluster for an uncorrected threshold of p < 0.001. 
Giving the anatomical location of the maximal voxel, the MNI coordinate of this maximal voxel and the p_corrected significance.

White Matter baseline ResultsFigure 3
White Matter baseline Results. White matter baseline Maximum Intensity Projection for the CaliBrain project, Illustrates 
the regions where the scanners differ when the uncorrected threshold is p < 0.001.
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vision of corrections for scanner differences at the voxel
level. Previous work has shown that it is possible to pool
scans from multiple centres in parcellated volumetric
studies. In a volumetric analysis of images from multiple
scanners [14], their semi-automated method applied glo-
bal corrections for the tissue classification which were
computed separately for each scanner. The methods
reported summary volumes for grey and white matter in
the cerebrum, and cerebellum and lateral ventricle vol-
umes [15]. This set-level segmentation method employed
global estimates of the intensity values that marked the
transitions between tissue types and CSF. These globally
applied transitions were adjusted for each scanning site.

A methodology that seeks to minimise the differences
between scanners through an integration of scan sequence
parameters into the segmentation functions was proposed
by [16] and gives global adjustment in the intensity to tis-
sue mapping. These global corrections are appropriate in
studies where the inferences drawn are limited to lobar tis-
sue occupancy. A volumetric method that addresses the
localised intensity to tissue mappings has been proposed
by [17] and recognises that localised adjustments for the
intensity to tissue mapping within the brain are necessary
for scan pooling to be valid for parcellation studies. The
method that we have proposed is in keeping with this
existing work as we have implemented corrections at a
scale that is close to the analysis scale for VBM.

Research for the Alzheimer's Disease Neuroimaging Initi-
ative (ADNI) project demonstrated that to pool scans
from multiple sites, it is important to minimise differ-
ences between pooled scanners [18-20]. The ADNI project
is a longitudinal analysis of ageing and in this within site
MRI reproducibility was tested on a range of scanners and
sequences. Based upon this research an MR-RAGE
sequence was recommended for multiple site scanning
and a scheme of corrections that includes field mapping
and geometry correction is applied. ADNI researchers
investigated the use of B1 field mapping to correct for
within scanner variation in the RF inhomogenity for
phased array head coils [20]. The results indicated that
this technique has limitations. However, B1 field map-
ping can be applied as an addition to the priors adjust-
ments protocol that we have developed. It is possible that
the inclusion of field mapping would further reduce the
between scanner differences in the CaliBrain project.
However, the scan time acquisitions necessary for correc-
tion of the B1 field are not available in the CaliBrain
project.

Recent reports of VBM analyses that sourced scans from
multiple scanners employed validation masks to limit the
reporting of results to regions where the scanner segmen-
tations were equivalent [3,4]. Meda [4] demonstrated in a

VBM study of psychosis at four centres that is possible to
limit the effects of scanner differences by validity masking
and ensuring that in the pooled analysis that the subjects
and controls are drawn equally from all contributing cen-
tres [4]. A VBM analysis of scans taken from six scanners
[3] reported that through the use of equivalent scan
sequences and good quality control, the extent of valida-
tion masking required could be limited to a single region
in the thalamus.

In the CaliBrain project we consider within scanner varia-
bility and between scanner differences and our aim was to
reduce the between scanner differences to the level of
within scanner variability. In keeping with the ADNI rec-
ommendations we have sought to minimise the scanner
differences in terms of vendor, field strength, head coil
and sequences. However, scanner B in the CaliBrain
project does differ from scanners A and C in terms of max-
imum gradient amplitude and maximum slew rate. Our
baseline results indicate that scanners A and C are well
matched and scans from these two sites could be pooled
without further adjustment or compensation. However,
our baseline results also demonstrate that scanner B
exhibits significant differences with respect to both scan-
ners A and C.

In order to reduce the differences between the scanners in
the CaliBrain project we have developed a procedure that
employs proportional feedback to adjust the priors for
each of the scanners. We have scan records for 13 healthy
subjects who were scanned twice at three scanners within
a six month period. We demonstrate our protocol for cre-
ating scanner specific priors using the 1st round scans of
six subjects. We test the adequacy of these scanner specific
priors through metric and VBM analyses. The tests for ade-
quacy are applied to the seven subjects who were excluded
from the priors adjustment protocol. These tests are lim-
ited by the number of subject scans available and we are
unable to evaluate the full effects of subject variation
expected in a multi-centre clinical study.

Clinical studies that could benefit from the scanner spe-
cific priors method are expected to have subject numbers
considerably greater than those available for the CaliBrain
project. In a multi-centre clinical study, with the exception
of the travelling subjects used to develop the scanner spe-
cific priors, the subjects would be recruited and scanned
independently at the contributing centres. In such a clini-
cal study a test for adequacy of scanner harmonisation
could be implemented through comparisons of the
healthy control scans recruited from the contributing cen-
tres [3,4].

The metric that we report assesses the absolute distance
between segmentations. The metrics are applied at the
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voxel level and are averaged to report an overall distance
inclusive of noise and systematic differences. We report in
Table 1 on the scans that were used to implement the
scanner specific priors procedure. This indicates that the
within scanner variability ranges from 3.0% in scanner B
to 2.1% in scanners A and C. The adjustment process gives
rise to a reduction in the within scanner variability. How-
ever, the paired-t tests reveal that these within scanner
adjustments do not represent a significant change. In
Table 1 the baseline between scanner differences are at a
maximum for the BC comparison. Here the adjustment
procedure gave rise to significant reductions in all three
scanner comparison metrics.

In Table 2 we consider the effects of the scanner specific
priors on the scans of seven subjects who were excluded
from the priors adjustment process. At baseline the within
scanner variability and between scanner distances were
equivalent to the baseline results reported in Table 1.
Consequently, the use of the scanner specific priors
resulted in significant reductions in all three scanner com-
parisons. However, for the comparisons that include scan-
ner B, the reductions are not sufficient to bring the
between scanner difference down to the level of within
scanner variability.

The VBM analyses that we applied demonstrated that at
baseline there are no significant differences between scan-
ners A and C, However, we found that comparisons of
scanners A and C with scanner B gave rise to differences
that would require validity mapping such as that
employed in VBM analyses by [3,4]. After developing
scanner specific priors for scanners B and C and re-seg-
menting the scans we found that the requirement for
validity mapping was removed, because we recorded no
significant differences in the grey and white matter F-tests
for scanner effect.

Conclusion
Our results indicate the development of scanner specific
priors for the SPM application can assist in the pooling of
scan resources from different research centres. This devel-
opment can facilitate scan pooling and allow for improve-
ments in the statistical power of multi-centre brain
imaging studies. Our results indicate that six subjects were
adequate for the purpose of matching the scanners in the
CaliBrain project. In the typical clinical study the range of
tissue presentations would be expected to be greater than
that seen in our study of healthy controls. Thus it is likely
that in a clinical study that more than six travelling sub-
jects would be required. The number of travelling subjects
required would depend upon the diversity of tissue pres-
entation in the study and upon the nature of the differ-
ences in the scanners pooled. The method that we have
suggested may be limited to multi-site studies in which

there are no major hardware and acquisition protocol dif-
ferences across sites. The CaliBrain project uses scanners
from the same vendor all with the same field strengths
and head coils with matched sequences. This provides an
optimal environment for multiple site scan pooling. Dif-
ferent field strengths and image acquisition protocols
could have very different tissue contrasts that would lead
to marked differences in segmentation results. In such
cases the differences in tissue classification may well be
beyond the scope of our compensatory method.
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