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15.1 
Introduction

This chapter considers issues concerned with 
developing multi-centre trials using dynamic con-
trast-enhanced MRI studies. As techniques have 

been considered in other chapters, emphasis is 
placed on issues that relate to trials, and partic-
ularly their implementation across centres. Both 
diagnostic and therapeutic trials are considered, 
although as yet most experience arises from diag-
nostic trials. Trials that have been reported are con-
sidered, and the UK study of magnetic resonance 
as a method of screening women at genetic risk of 
breast cancer (MARIBS) using dynamic contrast-
enhanced MRI is taken as an example. Issues of 
organisation, instrumentation, quality assurance 
and analysis are considered.

15.2 
Multi-Centre Trials

15.2.1 
New Diagnostic Techniques

Development and evaluation of new techniques 
often occurs initially at single centres. Where new 
approaches are developed at a university or hospi-
tal, the centre evaluating the technique is often the 
same centre that developed the approach. This has 
the benefi t of maximising the expertise in the tech-
nique, and is often an essential part of the interactive 
process of developing and optimising a new clinical 
technique. Those involved are likely to be advocates 
of the approach, and the utility established in such 
a single-centre evaluation may not be representative 
of the effectiveness of an approach across a range of 
centres. Manufacturers may also initially pilot a new 
approach at a single centre, in this case because of 
the strong continuing interaction required to opti-
mise development. Such a strong interaction allows 
resources to be focussed, and may lead to scientifi c 
publications, assisting the manufacturer’s role in 
alerting the community to new methods and equip-
ment. Often this preliminary stage is then followed 
by a stage of more widespread evaluation, defi ning 
the role of the technique at a number of centres 
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representing the range of clinical applications and 
potential purchasers, in some cases leading to fur-
ther modifi cations in the technique.

An important issue affecting many preliminary 
studies is that the clinical conditions examined 
may not be representative of the fi nal target group. 
One example would be testing diagnostic methods 
that might be used for screening for breast cancer 
on symptomatic patients with more advanced dis-
ease than would be typical of a screening popula-
tion. While this is a reasonable approach in defi ning 
utility for more advanced disease, and in develop-
ing a technique, it is important to ensure that data 
obtained for one purpose are not inappropriately 
utilised to infer utility for more demanding applica-
tions.

15.2.2 
Multi-Centre Evaluation

While these initial single-centre studies may define 
the potential utility of a technique, increasing 
emphasis is being placed on defining the impact 
of new technologies and approaches on healthcare 
outcome in the target group. This type of study 
often requires multiple centres to provide the num-
bers required for statistical power, and also ensures 
a representative evaluation of the technique, with 
a range of expertise more typical of clinical prac-
tice. Identification of impact on outcome (and 
definition of any associated morbidity) is central 
to evaluating the clinical impact, which may not 
be directly determined from the immediate diag-
nostic value.

Although there are many examples of diagnos-
tic evaluation studies, for example comparison of 
different diagnostic modalities, being performed 
within a single centre, an objective assessment often 
has to be built on evaluation of several such studies. 
These studies may still be infl uenced by advocacy of 
a particular technique, and are unlikely to provide 
as robust an evaluation as a formal multi-centre 
evaluation.

Screening studies are a particular example of a 
question that usually requires data from multi-centre 
studies to defi ne utility. Not only is symptomatic dis-
ease often not representative of screen detected dis-
ease, in many applications the prevalence of the dis-
ease in the screened population is low, requiring large 
studies to establish a signifi cant result. The studies 
set up to evaluate the effi cacy of breast cancer screen-
ing using X-ray mammography provide an example 

of the complexity of such studies, and identify some 
of the issues involved in multi-centre trials (Moss 
and Chamberlain 1996; National Institutes 
of Health Consensus Statement 1997). While 
this form of screening clearly identifi es women at 
an earlier stage than would otherwise be the case, 
the impact on health outcome remains a matter for 
debate, in part due to the morbidity arising from the 
radiotherapy treatments used during the period cov-
ered by the studies.

15.2.3 
Therapeutic Trials

Early stage clinical trials of new therapies have tra-
ditionally been carried out at single centres (Phase 
I/II). Recently Phase I trials have begun to include 
hypothesis testing elements, rather than concen-
trating on toxicity and establishing maximum tol-
erated doses. With these changes there is interest 
at pharmaceutical companies in performing such 
studies at two centres, to aid recruitment and pro-
vide increased experience. With novel approaches in 
cancer therapeutics, where treatment may increas-
ingly be tailored to the individual’s genome, there 
may be an increased need to broaden the base, and 
therefore catchment, of such trials. This trend may 
develop with other diseases where there is consider-
able individual variation. Phase III trials are multi-
centre, requiring coordination and agreed stan-
dards across centres. To date, in cancer, these trials 
have generally used solid tumour volume response 
as the radiological endpoint, graded using WHO 
or RECIST criteria (Miller et al. 1981; Therasse 
et al. 2000). In these studies there has been little 
cross-site quality assurance or diagnostic proto-
col standardisation. New therapeutic agents may 
lead to tumour stasis, but may have other effects 
on tumour metabolism or function that can be 
detected by MRI. One example is the effects of anti-
angiogenic or anti-vascular treatments, where MR 
dynamic contrast agent measurements have shown 
particular promise in demonstrating drug action. 
Multi-centre studies using these approaches will 
require much greater standardisation and quality 
assurance than has hitherto been necessary. Appli-
cations of MR to assessing therapeutic response in 
breast cancer have recently been reviewed (Leach 
2002) as has the use of MRI to evaluate angiogenic 
changes (Leach 2001). The potential for using MRI 
to assess response in clinical trials has also been 
evaluated (Harms 2001; Julian 2001).
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15.3 
Dynamic Contrast Agent Studies

15.3.1 
T1-Weighted Methods

Contrast agents used with MRI have predominantly 
been based on gadolinium chelates, providing a pos-
itive contrast on T1-weighted images. Their initial 
application was to demonstrate areas of blood–brain 
barrier breakdown, as a method of identifying and 
classifying CNS lesions such as those from multiple 
sclerosis, or from cancer. More recently in cancer 
their use has extended to the evaluation of other 
solid tumours, aiding discrimination of active dis-
ease from fi brosis, necrosis and normal tissues. They 
are used in other applications to identify perfusion 
defects, and to increase the sensitivity of MR angiog-
raphy. In tumour studies, in addition to morphologi-
cal assessment of the enhanced region, there has been 
interest in evaluating the dynamics of contrast uptake 
and wash out, which can be related to physiological 
parameters by the use of appropriate physiological 
models.

Initially observations were related to the shape of 
the uptake and washout curve obtained from a region 
of interest (Kaiser and Zeitler 1989), from a time 
series of T1-weighted images, using this as an addi-
tional radiological descriptor (Heywang- Köbrunner 
1990; Kuhl et al. 1999). This has been shown to be of 
particular value in breast cancer diagnosis and assess-
ment. Both descriptive and calculated parameters have 
been developed to characterise these curves (Tofts 
et al. 1999). More recently there has been interest in 
deriving physiological parameters, fi rstly by fi tting the 
curve from a region of interest to an appropriate model 
(Tofts and Kermode 1991; Hittmair et al. 1994; 
Tofts et al. 1995; 1999; KUHL et al. 1999), and then by 
performing pixel-wise fi tting of a time series of images 
to a model. This leads to the calculation of maps of the 
parameters generated by the fi tting process (Knopp et 
al. 1994; Parker et al. 1997, 1998; HAYES et al. 2002). 
Applications of these maps include identifi cation of 
areas of abnormality, characterising heterogeneity in 
tumours, assessing response to treatment. Parameters 
include Ktrans, which refl ects perfusion and vascular 
permeability, and extracellular, extravascular volume 
(ve) (Tofts et al. 1999). In some cases similar tech-
niques may provide information on vascular volume 
(LI et al. 2000; Zhu et al. 2000). Parameter maps give 
rise to the question of how best to analyse such infor-
mation, and how to relate several different parameters, 
that may be generated in the same study.

While descriptive parameters from T1-weighted 
images have been shown to be helpful, they are not 
readily transportable, and are affected by a range 
of factors including specifi c sequence parameters, 
instrumental parameters, inherent tissue T1 relax-
ation times, built in image processing. These can 
vary markedly between MR systems, and some may 
vary with hardware and software revision, or routine 
maintenance. Thus there are signifi cant problems to 
be addressed in generalising such techniques across 
several centres for multi-centre trials.

Analysis methods based on model fi tting require 
the concentration of contrast in the tissue to be calcu-
lated. This involves certain assumptions, such as the 
relaxivity of the contrast agent in plasma, and is cal-
culated either based on an assumption that T1 relax-
ation change, and hence contrast agent concentra-
tion, is proportional to the change in signal intensity; 
or more accurately is based on methods that directly 
measure T1 relaxation time. The former approach is 
liable to bias between tissues having different intrin-
sic T1 relaxation times, as well as from non-linearities 
between T1 relaxation change and signal intensity. 
Application of such techniques to multi-centre trials 
also requires considerable attention to transferability 
and quality assurance, but this is aided by the consid-
erable analysis and evaluation required to implement 
such techniques.

15.3.2 
T2*-Weighted Methods

Assessment of the fi rst-pass bolus of contrast agent, 
resulting in transient susceptibility changes close to 
capillaries, as the bolus passes, and resultant loss of 
signal in areas of perfusion on T2*-weighted images, 
provides further information on local blood volume 
and perfusion (Ostergaard et al. 1996). This has 
been shown to be of value in differentiating benign 
from malignant breast lesions (Kuhl et al. 1997; 
Kvistad et al. 1999). This technique has been used to 
evaluate regional brain perfusion and blood volume, 
and more recently has been applied to the study of 
extra-cranial tumours. The technique demands high 
temporal resolution, ideally 1–2 s per time point, so 
it has usually not been associated with methods eval-
uating Ktrans. However, recently several approaches 
combining both T1-weighted and T2*-weighted 
imaging to obtain a wider range of parameters that 
characterise tumours have been reported (Baustert 
et al. 1998; Barbier et al. 1999; Vonken et al. 2003). 
These techniques are also being employed to assess 
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response to treatment. As yet there are no reports of 
the techniques being applied in multi-centre trials, 
but the general principles are similar to those for 
T1-weighted studies.

15.4 
Current Multi-Centre Studies Using 
Dynamic Contrast-Enhanced MRI

15.4.1 
Breast Cancer

Although a number of multi-centre studies of breast 
cancer diagnosis or screening are in progress using 
dynamic contrast agent MRI, few have published 
details of the protocol and methodology to be 
employed. Heywang-Köbrunner et al. (2001) have 
reported a trial conducted at 11 centres using Siemens 
1.0-T or 1.5-T scanners to improve standardisation 
and optimise interpretation guidelines for dynamic 
contrast-enhanced MRI. This study employed an 87-
s 3D fast low-angle shot (FLASH) sequence repeated 
once before and fi ve times after a standardised bolus 
of 0.2 mmol Gd-DTPA/kg. Imaging fi ndings were 
correlated retrospectively with histopathology in 512 
histologically correlated lesions. By setting specifi city 
thresholds of 30%, 50% and 64%–71%, sensitivities of 
respectively 98%, 97% or 96% at 1.0 T and 96%, 93% 
and 86% at 1.5 T were reported. The best results were 
obtained by combining up to fi ve wash in or wash 
out descriptors.

The UK study of contrast-enhanced magnetic 
resonance imaging as a method of screening women 
at genetic risk of breast cancer (MARIBS) has pub-
lished its rationale (Brown et al. 2000b), study 
protocol (Leach 1997; Brown et al. 2000c) and 
radiological measurement and assessment protocol 
(Brown et al. 2000a). Much of this has also been 
included in a report of the International Work-
ing Group on Breast MRI (1999) which includes 
details of other studies in progress at the time of the 
report. The MARIBS protocol is also summarised 
in a review of MR in breast screening (Leach and 
Kessar 2002) and in a recent update reporting 
progress to date and comparing reported detec-
tion rates in similar studies (Leach and MARIBS 
Advisory Group 2002).

Kuhl and colleagues (2000; Kuhl 2003) have 
reported initial results from a trial of MRI screen-
ing in women diagnosed as or suspected of carrying 
a breast cancer susceptibility gene. This is a single-

centre study, and together with other similar single-
centre studies is reviewed in Leach and MARIBS 
Advisory Group (2002).

A further study is applying and evaluating a 
method of breast cancer diagnosis based on the use 
of three time points (the 3TP method) (Furman-
Haran et al. 1998; Weinstein et al. 1999). Recently 
a multi-centre study of breast cancer screening has 
commenced at nine centres in Italy (Podo et al. 2002), 
with 102 participants recruited so far. The study 
includes participants at 1 in 2 risk of being mutation 
carriers, from age 25 (women) and 50 (men) with no 
upper age limit, and includes individuals with a pre-
vious history of breast cancer. Imaging is based on 
T1-weighted 3D spoilt gradient echo images acquired 
coronally or axially with a matrix of 128×256 coro-
nally. MRI is compared with X-ray mammography 
and ultrasound. Out of 119 screening measurements, 
eight cancers have been detected, with fi ve being inva-
sive ductal or lobular, and three being ductal or lobu-
lar cancer in situ. Five of these occurred in patients 
with a previous history of breast cancer. Of the eight 
cancers detected, only one was seen on X-ray mam-
mography and ultrasound.

Multi-centre studies investigating dynamic con-
trast-enhanced MRI in breast cancer may be divided 
into those considering morphological features alone, 
those considering dynamic contrast alone and those 
considering both morphology and contrast enhance-
ment. This classifi cation aids consideration of aspects 
important for multi-centre trials.

The use of the morphological features of tumours, 
observed on contrast-enhanced MRI images at spe-
cifi c times following injection, to determine a diag-
nosis was introduced by HEYWANG and colleagues 
(1986). Similar approaches, in some cases utilising 
fat suppression techniques, have been used in a 
number of studies (Harms et al. 1993; Allgayer 
et al. 1993; Fischer et al. 1993; Greenstein Orel 
et al. 1995; Tesoro-Tess et al. 1995; OREL 2000) 
showing high sensitivity (88%–100%), but often 
lower specifi city (37%–89%). While early studies 
used 2D imaging techniques, more recent work has 
used 3D imaging sequences, in several cases accom-
panied by interleaved alternate breast imaging 
(requiring switching of coil elements to maximise 
sensitivity), which allows smaller fi elds of view, 
optimising acquisition time and spatial resolution 
(Greenman et al. 1998). 3D techniques have intrin-
sically longer acquisition times than 2D approaches, 
but allow all of one (or two) breasts to be assessed, 
of particular importance in diagnostic assessments 
and in screening.
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The measurement of the shape of the contrast 
curve obtained from an ROI was introduced by 
Kaiser and Zeitler (1989), and has been widely 
used (Heywang-Köbrunner 1990; KUHL et al. 1999). 
It provides strong independent diagnostic power. 
Using simple descriptors of the shape of the wash-
out curve. KUHL and colleagues (1999) in Bonn have 
reported a sensitivity of 91% and specifi city of 83% 
for cancer detection. Time resolution varies, from 
about 10 s or less for single-slice approaches to 90 s 
for 3D volume measurements (Orel and Schnall 
1999; Brown et al. 2000b). Initial studies have used 
curves derived from regions of interest (ROI) for 
analysis, allowing a number of empirical descriptors 
of the contrast curve to be defi ned (Kuhl et al. 1999; 
Brown et al. 2000b). More sophisticated approaches 
use model fi tting, in some cases accompanied by 
quantitative imaging approaches, either on an ROI 
basis, or calculated pixel by pixel.

Many investigators combine the information 
from morphology and contrast kinetics. GREENSTEIN 
OREL and colleagues (1994) in Philadelphia reported 
on this approach in 1994, showing that addition of 
morphology to kinetic data improved discrimina-
tion of benign and malignant disease. Morphology 
is particularly helpful in discriminating fi broad-
enoma, some of which demonstrate tumour like 
contrast kinetics. The MARIBS study (Brown et al. 
2000b) includes a primary 3D screening assessment, 
with 90 s time resolution, allowing both dynamic 
and morphological assessment. Equivocal cases 
are recalled for a further high-time-resolution 2D 
imaging study to provide higher-time-resolution 
dynamic data to aid specifi city.

Morphological parameters are recorded based on 
a predetermined set of descriptors, as is the spatial 
pattern of contrast uptake (BROWN et al. 2000b). The 
shape of the contrast curve is similarly described, 
and several qualitative parameters are calculated 
to describe contrast wash-in. All of these factors 
are assigned scores which are summed to give a 
numerical estimate of likely malignancy. A diag-
nostic decision is based on the radiologist’s experi-
ence rather than the score, which is currently being 
evaluated in a symptomatic cohort. All MR results 
are double read blind, as are the comparison X-ray 
mammograms. This standardisation of reporting is 
an important aspect of the standardisation required 
for a multi-centre trial. Recently the International 
Working Group on Breast MRI has used a similar 
but more detailed categorisation of morphological 
and dynamic features to develop a lexicon of MR 
descriptors for diagnostic reporting (Interna-

tional Working Group on Breast MRI 1999; 
IKEDA et al. 2001), which will be helpful in future 
studies. 

15.4.2 
Multi-Centre Trials in Other Conditions

Barkhof et al. (1997) have considered the require-
ments for multi-centre trials in multiple sclerosis, 
identifying the need to establish observer variability 
over multiple centres, as well as improve quantifi ca-
tion methods and compare the different techniques 
in a multi-centre longitudinal fashion in order to 
include variation caused by both scanner and seg-
mentation techniques, in addition to biological activ-
ity. Barkhof et al. (1993) report a database devel-
oped for recording serial brain MRI results suitable 
for multiple sclerosis multi-centre trials. NYLAND et 
al. (1996) report on a randomised, double-blind, pla-
cebo controlled multi-centre study at eight centres 
in Norway to evaluate the effi cacy and safety of 4.5 
and 9.0 MIU recombinant human interferon alfa-
2a (Roferon-A) given thrice weekly in patients with 
relapsing-remittent multiple sclerosis. The primary 
objective is to determine new disease activity anal-
ysed by monthly MRI with gadodiamide (Gd-DTPA-
BMA, Omniscan).

PARODI et al. (2002) have investigated the intra- 
and inter-observer agreement variability of a locally 
developed Growing Region Segmentation Software 
(GRES), comparing them with those obtained using 
manual contouring (MC) in MS lesions seen on proton-
density-weighted images (PDWI) and on Gd-DTPA-
BMA enhanced T1-weighted images. The authors 
report that the intra- and inter-observer agreements 
were signifi cantly greater for GRES compared with 
MC (p<0.0001 and p=0.0023, respectively) for PDWI, 
while no difference was found between GRES an MC 
for Gd-T1WI. The intra-observer variability for GRES 
was signifi cantly lower on both PDWI (p=0.0001) and 
Gd-T1WI (p=0.0067), whereas for MC the same result 
was found only for PDWI (p=0.0147). These data 
indicated that this implementation of GRES reduces 
both the intra- and the inter-observer variability in 
assessing the area of MS lesions on PDWI and might 
prove useful in multi-centre studies.

A number of multi-centre studies have reported 
on the utility and acceptability of contrast agents (for 
example Aslanian et al. 1995, 1996; Wang et al. 1997; 
Saini et al. 2000). Although these studies require 
a degree of standardisation, they do not employ 
dynamic contrast analysis and are aimed at dem-
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onstrating effi cacy of the contrast agent rather than 
addressing a diagnostic or therapeutic question.

Several multi-centre studies have examined the 
utility of 1H magnetic resonance spectroscopy for 
the diagnosis and evaluation of brain tumours 
(Sijens et al. 1995; Negendank and Sauter 1996; 
Negendank et al. 1996), and to examine the neu-
rological complications of AIDS (Paley et al. 1996). 
This required standardisation of measurement 
parameters, selection of placement of region of 
interest, and analysis. A multi-centre study of 31P 
magnetic resonance spectroscopy is currently in 
progress (Arias-Mendoza et al. 2000).

15.5 
Standardisation and Issues to Be Resolved 
in a Multi-Centre Trial Design

Taking the MARIBS design as an example, given 
that more details are available and published than 
for most other multi-centre trials using dynamic 
contrast agent evaluation, in this section the major 
issues to be addressed in trial design are described, 
together with consideration of their relative impor-
tance with respect to single-centre trials. The follow-
ing section will then consider approaches to tackling 
each issue.

15.5.1 
Defi ning the Scientifi c Question and Design

The question posed dictates the trial design, the 
test required, and the power required of the study. 
A decision as to whether a study is single- or multi-
centre has major implications for design and fund-
ing, and is likely to be dictated by prevalence of 
the condition and likely recruitment at individual 
centres, the context of the question (for example 
evidence that a new technique has diagnostic and 
clinical potential might be addressed at a single 
centre, establishing that the technique is robust 
and can be used routinely in a general hospital 
setting, as a change in practice would require a 
multi-centre trial), issues of regulation and phar-
maceutical licensing, and the level of confi dence 
required by a pharmaceutical manufacturer before 
committing signifi cant funding to further develop-
ment or Phase III trials. One or more control arms 
may be required and comparison of diagnostic tests 
may be required.

A statistical evaluation to determine the sample size 
is an essential fi rst step, taking account of the popula-
tion, likely potential accrual rate, maximum possible 
measurement or treatment capacity taking account 
of return visits, estimating drop-out and acceptabil-
ity of the study design to prospective patients. Poor 
entry into trials is a major problem, and this may be 
acerbated by high drop-out in studies that are mea-
surement intensive. Realistic estimates of accrual, and 
of instrument access, can be diffi cult to obtain, and in 
practice are often affected by local or national policy 
changes during the course of a study. However, good 
estimates, adequate funding and clear local agreement, 
are particularly important to multi-centre trials.

15.5.2 
Ethical Approval

Approval by the appropriate ethical committees 
is a prerequisite for any research study. This is an 
area where multi-centre trials are considerably 
more complex than single-centre studies. In the UK, 
until recently, full consideration and approval of a 
study was required by each local ethical committee 
involved. For the MARIBS study, this involved many 
committees, with one individual measurement centre 
potentially having to submit applications to many 
local ethics committees if recruiting from a number 
of hospitals. Recently this system has been stream-
lined, with the establishment of regional multi-centre 
research ethics committees (MRECs). If one such 
committee approves a study, the same protocol has 
still to be submitted to individual local research 
ethics committees (LRECs), but they are guided by 
the MREC decision.

15.5.3 
Determining an Imaging Protocol

The imaging protocol must address the scientifi c 
question. For dynamic contrast studies the measure-
ment endpoints required will determine the protocol. 
Issues to be considered include:
–  Is morphology required, what image weightings 

are required for any non-contrast aspects of the 
examination (e.g. T2-weighted images), what spa-
tial resolution is desirable (including slice thick-
ness), what FOV is required?

–  For the dynamic contrast component, what spatial 
resolution (including slice thickness) is required, 
what FOV, is a 3D examination (or complete organ 
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coverage) required for each time point, what tem-
poral resolution is required?

–  For a dynamic study, what type of information is 
required? This will defi ne the type of sequences to 
be used.

 –  The simplest form of study will obtain informa-
tion before and at a time point after contrast, pro-
viding little functional information other than the 
uptake of contrast. Dynamic studies with time res-
olutions of the order of 90 s provide information 
on the change in signal intensity over a number of 
time points, providing some of the dynamic infor-
mation characterising washout shape referred to 
above, and allow a number of qualitative param-
eters to be defi ned. These measurements can be 
made quantitative by incorporating sequences 
that allow contrast agent concentration to be cal-
culated, allowing these parameters to be put on 
a quantitative basis, and providing absolute con-
trast concentration.

 –  Higher time resolution studies, including 
sequences designed for quantitative studies, allow 
the image data to be fi tted to pharmacokinetic 
models of contrast uptake, allowing parameters 
to be obtained that describe aspects of the tissue 
physiology, delivery of the agent or descriptors 
of the contrast kinetics. Time resolutions of the 
order of 10 s have been used for T1-weighted stud-
ies (shorter time resolution has been used in some 
studies), or approaching 1–2 s for T2*-weighted 
studies. Many of these studies have used 2D imag-
ing, although as instrumentation improves there 
is interest in performing 3D measurements.

The fi nal imaging protocol is likely to involve 
compromises, both in the number and range of mea-
surements, the resolution and volume coverage, and 
the temporal resolution. In a multi-centre trial, the 
capabilities and the practicality of implementation at 
different sites must also be considered.

15.5.4 
Equipment Issues

Given an ideal imaging protocol from a scientifi c 
point of view, the next issue to be considered is the 
practicality of implementing it on the equipment 
available for the study. This should be easiest for a 
single-centre study, where the investigators are very 
familiar with the equipment and its capabilities. 
However, a number of issues still arise, which are a 
subset of those faced by a multi-centre trial.

15.5.4.1 
Issues for Single-Centre Trials

Choice of fi eld strength, imaging coils and patient set 
up – these must be appropriate to the trial.

Does the manufacturer provide the sequences 
required for the trial? This may be a particular prob-
lem when quantitative measurements are required, or 
when faster than usual measurements are needed, or 
when the protocol calls for an unusual combination 
of information, for example interleaved T1 and T2*-
weighted information (d’Arcy et al. 2002). If a non-
standard sequence is required the investigators may 
need to prepare it themselves, with all the required 
testing and validation. They will need to persuade the 
manufacturer to implement it, or they will need to 
transfer it from another academic site (which again 
may require manufacturer’s agreement). To develop 
and install a sequence (other than for minor modifi -
cations) it is likely that the user will require access to 
the pulse sequence development language and facili-
ties, have staff with the required know-how, and have 
a degree of support from the manufacturer, usually 
with a research agreement. Persuading a manufac-
turer to tailor and provide a non-standard sequence 
has recently become very diffi cult, due to the require-
ments for good manufacturing practice, and satisfy-
ing medical equipment regulatory bodies such as the 
Medical Devices Directorate in the UK and the Fed-
eral Food and Drugs Administration in the USA, and 
legislation such as the EU Medical Devices Directive. 
Manufacturers are unwilling to commit themselves 
to doing this, and further are requiring complex 
legal indemnities to be agreed before transferring 
such non-product sequences to clinical sites. While 
clinical research centres may have the expertise and 
resources to deal with these issues, they present more 
of a problem (and a drain on staff time) at non-expert 
centres. This is also an impediment in multi-centre 
trials, as an academic site producing a new sequence 
may meet similar risks in transferring sequences, 
and may also need a contractual framework clearly 
identifying intended use, limits on liability etc. These 
barriers to medical research are now signifi cant, and 
require revision of international medical equipment 
approval mechanisms to reduce adverse impact on 
medical research.

The user needs to ascertain whether the equipment 
will allow the measurements required. One example 
is a common practice in performing quantitative 
measurement sequences, where the signal acquisi-
tion parameters for a number of sequences are fi xed, 
so that the numbers obtained with one sequence can 
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be used as a reference for subsequent sequences (e.g. 
proton density sequences used as a reference for T1-
weighted sequences, to allow rapid measurement of 
T1 relaxation times). Some manufacturers do not 
support this facility, and automatically reoptimise 
some or all of transmit amplifi er/attenuator settings, 
receiver amplifi er/attenuator settings, receive ADC 
set up and image scaling factors and fi lter factors 
each time a sequence is loaded.

Once the sequences have been defi ned, if any non-
standard processing (other than that provided by 
the manufacturer) is required, programs may need 
to be developed and run off-line. Again the user is 
likely to need access to the image fi le structure (usu-
ally requiring manufacturer’s agreement), the image 
fi le store on the imaging device, and if the program 
needs to be run on a separate workstation, the means 
to export the data in a way that can be read. All of 
these steps can pose problems, where provision was 
not made at specifi cation and purchase of the imag-
ing equipment.

Equipment performance may need to be moni-
tored via a quality assurance programme to ensure 
that equipment performance variation does not 
introduce unacceptable variance in the measure-
ments, and that the location and conduct of measure-
ments are themselves not the cause of variance. 

Users should review routine maintenance and any 
upgrades of hardware or software critically. It is not 
unusual for such activities to vary the status of the 
equipment in a way that adversely affects a clinical 
study, and upgrades can remove or change sequences 
in a way that is not advised or expected.

If execution of a study requires any special equip-
ment or software modifi cations, programs or data-
sets, the user should ensure that a mechanism for 
reinstating them on top of the manufacturer’s rebuild 
is available, in the event of, for example, a disc crash 
or operating system corruption.

15.5.4.2 
Issues for Multi-Centre Trials

Multi-centre trials involve all of the above issues, but 
in addition the issues posed by arrangements and 
level of expertise at the different centres, the pos-
sibility of different equipment and software (model, 
revision level, manufacturer) have a major impact on 
the design of, and requirements to support, trials. 

In all cases there will be a need to ensure that staff 
are trained in the protocol and in the analysis of the 
data, including use of any specialised software. Equip-
ment will need to be assessed to ensure comparable 

performance at the different centres, and over time. 
It is advisable to have a central quality assurance 
resource, that will monitor equipment performance, 
and diagnostic performance, during the study. This 
will help identify and resolve potential problems, 
thereby improving the quality of the study.

15.5.4.2.1 
Studies with Equipment from One Manufacturer

A number of multi-centre diagnostic trials have been 
designed using equipment from one manufacturer. 
Examples include the evaluation of dynamic contrast 
breast MRI (HEYWANG-KÖBRUNNER et al. 2001), and a 
study examining 1H MRS in the brain (NEGENDANK 
and SAUTER 1996). Usually single-manufacturer stud-
ies reduce the problems attached to sequence selec-
tion and provision, and to data sharing and transfer 
for analysis. Signifi cant issues may remain if different 
models or releases of equipment and software are 
involved. Support by the manufacturer for the proto-
col and study can considerably reduce the burden on 
the study co-ordinating centre. However the investi-
gators should remember that scientifi c responsibility 
resides with them and that despite their best inten-
tions, manufacturers can make mistakes. The inves-
tigators need to confi rm that sequences and analysis 
programs do perform as intended.

15.5.4.2.2 
Studies with Equipment from Several Manufacturers

Fewer studies have used equipment from multiple 
manufacturers, including detailed analysis and quan-
titative approaches. Two examples are the MARIBS 
study (Brown et al. 2000b,c) and the multi-centre 
study of 31P MR spectroscopy in cancer (Arias-
Mendoza et al. 2000) which has involved advanced 
decoupled spectroscopy including extending the 
instrumentation routinely available. An interna-
tional workshop reported on requirements for 
standardisation of measurements using magnetic 
resonance spectroscopy (Leach et al. 1994). When 
equipment from different manufacturers is used, it 
is important to ensure that the planned protocol 
on each instrument is as close as possible to the 
imaging protocol for the study. This can require 
considerable understanding of the peculiarities of 
each instrument, and it is advisable for an expert in 
each type of hardware to be available to the study. 
Often descriptors and adjustable parameters vary 
between machines, and there may not be a one to 
one relationship. The closest approximation must 
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be identifi ed, taking into account the implications 
of changes made to sequences. There may be differ-
ences in the way sequential repetitions of sequences 
can be run, and the results stored (of importance 
in dynamic contrast measurements) and there may 
be other issues affecting relative normalisation of 
sequence set-up (as discussed above).

Analysis and data storage may vary between 
manufacturers, including the ability to store regions 
of interest, contrast uptake curves, and the capabil-
ity to regenerate them if required. It may be neces-
sary to transfer data between sites, or to common 
independent processing software at the user site, or 
to a co-ordinating centre. Access to transfer routes, 
and information on the data structure, can be an 
issue. A central coordinating site is unlikely to have 
close working arrangements with all manufacturers, 
requiring some issues to be solved by a lead site for a 
given manufacturer.

The image information from different manufac-
turers may (and does) vary. Issues include different 
image scale factors, leading to different apparent 
enhancements between manufacturers, which can 
give manufacturer-dependent ranges for empirical 
pharmacokinetic parameters; different image pro-
cessing and fi lters, which may or may not be acces-
sible to the user; different number ranges and ADC 
set-up. Analysis and evaluation protocols need to 
take account of these issues.

Suitable quality assurance protocols and calibra-
tions will be required to address these issues.

15.5.5 
Data Analysis

In addition to ensuring that data are obtained in a 
consistent way and identifying and addressing dif-
ferences between equipment, it is necessary to deter-
mine how the data are to be evaluated.

Morphological information may be assessed by 
normal radiological review. However, a consistent 
and robust reporting is required, and it is likely that 
this may need to be recorded in an evaluable form. 
It is therefore desirable to establish terminology, and 
the importance attached to given characteristics, at 
the outset. Often, if the technique is new, experience 
will be limited, and independent double reading, 
together with some independent quality assurance 
process, will be advantageous.

If dynamic data are to be obtained from a region 
of interest, criteria for selecting a region, and param-
eters to be assessed or measured need to be estab-
lished.

If pixel-wise calculation of empirical or quanti-
tative parameters is to be performed, this needs to 
be done in a consistent and robust way, with identi-
fi cation of any assumptions or approximations. The 
methods of analysing these parameter maps have to 
be defi ned and applied consistently, with appropriate 
quality assurance.

Provision for retaining and backing up the data, 
together with ensuring confi dentiality and security 
need to be established.

15.5.6 
Publication Policy

It is advisable for multi-centre studies to have a 
publication policy to defi ne authorship issues at the 
outset.

15.6 
Addressing Issues in Multi-Centre Trials 
Using Dynamic Contrast Agents, 
with Reference to the MARIBS Study

Based on the issues identifi ed above, the approach 
taken in the MARIBS study is described, as an 
 example.

15.6.1 
Scientifi c Question and Study Design

The study was designed to address the question of 
whether dynamic contrast-enhanced MRI was supe-
rior to X-ray mammography in detecting and diagnos-
ing breast cancer in women at high genetic risk. The 
target group was women below the age of 50, where 
X-ray mammography has limitations. Based on the 
estimated sensitivity of MRI (based on symptomatic 
studies) and X-ray mammography in this age group, 
it was originally estimated that some 1500 women at 
50% risk of carrying BRCA1, BRCA2 or TP53 gene 
mutations needed to be accrued. This meant adopting 
a comparative rather than randomised trial design, 
as this type of design required the smallest numbers, 
due to the relatively small number of known muta-
tion carriers. However, this also meant that mortal-
ity could not be used as an endpoint. The statistical 
basis for the trial design has been reported (BROWN 
et al. 2000c). This accrual required a multi-centre 
design to accrue suffi cient women, and to provide 
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suffi cient imaging capacity. It also was necessary to 
use a range of MR imaging equipment and manu-
facturers, to take account of instruments available 
at the different recruiting centres. Some 22 genetics 
and MRI centres are contributing to the study. In 
the event, due to limitations in recruitment at genet-
ics centres, and availability of imaging resources, the 
overall accrual has been reduced to 950 women and 
a total of 3300 scans, which should detect a difference 
between X-ray mammography and MRI at the 1% 
signifi cance level with 70% power, and at the 5% sig-
nifi cance level with 90% power (Leach AND MARIBS 
Advisory Group 2002).

15.6.2 
Ethical Approval

Based on the protocol, approval was sought originally 
at the Royal Marsden Hospital Research Ethics Com-
mittee, and subsequently at all referring and imaging 
centres. Due to changes in requirements, and later 
recruitment of some centres, multi-centre ethics 
approval was also obtained from the North Thames 
Multi-Centre Research Ethics Committee (MREC).

15.6.3 
The Imaging Protocol

The objective of the study was to investigate dynamic 
contrast-enhanced MRI in comparison with the stan-
dard technique of X-ray mammography. As a screen-
ing investigation it was necessary to evaluate both 
breasts, maximising the sensitivity for detection of 
small lesions, whilst providing adequate resolution 
to defi ne them. This implied using dedicated breast 
coils and a fi eld strength of 1.0 T or 1.5 T. In order 
to maximise sensitivity, a double dose (0.2 mmol/
kg of Gd-DTPA) of contrast was used, delivered by 
bolus injection (about 10 s). In addition to maximis-
ing sensitivity, it was important to optimise specifi c-
ity, to minimise unnecessary follow-up or biopsy. 
This suggested including both morphological and 
dynamic evaluation, maximising spatial resolution 
to improve structural defi nition, and minimising 
time resolution to improve characterisation of the 
contrast dynamics. The protocol therefore includes 
high-resolution 3D scans prior to and after the 
dynamic contrast sequence (0.89*0.66 mm resolu-
tion) and a lower resolution dynamic 3D sequence 
before and after contrast (1.33*1.33 mm resolution), 
both with 2.5-mm slice thickness. The lower resolu-

tion 3D sequence provides dynamic enhancement 
information with a time resolution of 90 s, in line 
with much published information on using dynamic 
contrast uptake curves as a discriminant in breast 
cancer diagnosis. Images are taken in the coronal 
plane to minimise the sequence duration for a given 
fi eld of view by allowing an asymmetrical fi eld of 
view. The dynamic T1-weighted sequence is pre-
ceded by a proton density sequence with identical 
timing but a 6º rather than 35º fl ip angle. This allows 
T1 relaxation times for tissues before and during 
contrast enhancement to be calculated. Figure 15.1 
shows the full set of image data in an example of a 
screen detected cancer. Figure 15.2 shows a graph 
of the dynamic uptake curve obtained in regions 
of interest in fat, parenchymal tissue and tumour. 
This protocol could be applied with little modifi ca-
tion to a wide range of 1.0 T and 1.5 T instruments, 
although high-specifi cation instruments could have 
employed better time resolution or obtained higher 
resolution.

While the above (Visit A) protocol provided the 
primary screening measurement, it was recognised 
that the 90-s time resolution might limit the specifi c-
ity of dynamic contrast measurements. Where fi nd-
ings were equivocal, a second visit 2 weeks later (Visit 
B) would be performed. This was designed to pro-
vide higher temporal resolution in equivocal lesions, 
providing 10-s time resolution for 2D slices through 
lesions of interest. The protocol contained the same 
pre- and post-contrast high-resolution 3D images, 
but now uses a 2D sequence with up to fi ve slices, pre-
ceded again with a proton density sequence for the 
same slices, to follow the dynamic contrast uptake. 
Again the protocol could be implemented on a wide 
range of scanners. The full protocol for both visits 
has been published (Brown et al. 2000a).

15.6.4 
Quality Assurance

To ensure that the sequence operated accurately, and 
provided the correct contrast, a quality assurance 
protocol was devised. This incorporates a routine 
QA measurement to be performed on a phantom 
provided to the centre, that is tailored to fi t within 
the specifi c breast coil at that centre. This contains a 
material of known T1 relaxation time and allows T1 
relaxation time, signal to noise, and coil homogeneity 
to be measured (Hayes et al. 1998, 1999).

An additional more detailed test assessment has 
been designed to be conducted by a study physicist 

JACK_15-Leach.indd   274JACK_15-Leach.indd   274 19.10.2004   12:26:12 Uhr19.10.2004   12:26:12 Uhr



Use of Dynamic Contrast Enhanced MRI in Multi-Centre Trials with Particular Reference to Breast Cancer Screening . . . 275

Fig. 15.1a-l. Images from the “Visit-A” screening protocol from a 35-year-old woman with an MR screening detected lesion 
considered suspicious on the Visit-A scans. A subsequent “Visit-B” scan confi rmed a suspicious time intensity curve and 
cytology following a fi ne needle aspirate confi rmed carcinoma. Images show the initial high-resolution T1-weighted scan (a, 
pre-contrast T1-weighted high resolution); a T2-weighted image (b, T2-weighted); proton density-weighted image (c, proton 
density-weighted); six of the seven dynamic contrast images at 90-s intervals (starting at –90, 0, 90, 180, 270, 450 s, with con-
trast commencing at 0 seconds) (g–l, 1st–5th dynamic, 7th dynamic), the post-contrast high-resolution fat suppressed image 
(d, T1-weighted fat-suppressed post-contrast), early subtraction image (180–0 s) (e, early subtraction), late subtraction image 
[450 s (–90 s)] (f, late subtraction)

a b

c

e

g

i

k

d

f

h

j

l

JACK_15-Leach.indd   275JACK_15-Leach.indd   275 19.10.2004   12:26:13 Uhr19.10.2004   12:26:13 Uhr



276 M. O. Leach

after installation of the study sequences, twice yearly 
thereafter, or after equipment upgrades or modifi ca-
tions. This includes T1 measurements, checking the 
contrast response of the sequences and providing T1 
calibration curves to allow the quantitative measure-
ments to be corrected for the effects of slice profi le. 
In addition, slice profi le is measured, together with 
spatial resolution.

These quality assurance tests aim to strike a bal-
ance between ensuring each MR system is perform-
ing the protocol properly, by periodic detailed assess-
ments; providing a routine check on performance to 
alert local staff and the coordinating centre to any 
problems; and avoiding undue time on the equip-
ment. Some centres, particularly those with no active 
developmental research, have diffi culty scheduling 
these QA sessions, a problem that could be reduced 
with more explicit funding of machine time. 

15.6.5 
Implementation of Sequences

The sequences used in the study were implemented 
on the Siemens Vision 1.5-T MR system at the Royal 
Marsden Hospital, Sutton, by modifying standard 
sequences, and tested extensively. The sequences 
were modifi ed to run on 1.0-T Siemens systems, with 
the help of the manufacturer who installed them at 
non-research sites. Standard sequences were modi-
fi ed for GE sites, again with some support from the 
manufacturer. Standard sequences were available 
for Philips systems, although additional steps were 
needed to provide calibration between proton den-
sity and T1-weighted images, this being applied at 
the processing stage. Again the manufacturer pro-

vided support for this. The sequence was also imple-
mented on a Marconi scanner, with support from 
the company. One of the aims of this study was to 
use sequences that were transferable and close to 
standard sequences. 

For some multi-centre studies using dynamic 
contrast agents, it may be desirable to use more 
advanced approaches, that may not be closely based 
on a standard sequence. In such cases it will be nec-
essary either to base the studies at capable research 
sites with the capability and explicit funding to 
implement the approach, or to ensure that the study 
uses similar systems such that pulse sequences and 
processing are directly compatible. Alternatively, 
a major process of securing appropriate manu-
facturer’s support (to an agreed timetable) will be 
required, which may require infl uence greater than 
that wielded by an individual academic research 
centre. Currently the US NCI is considering reaching 
such agreements with manufacturers, and funding 
the necessary costs, to attain objectives that are not 
otherwise practicable.

15.6.6 
Equipment Issues

Many issues relating to different manufacturers’ 
equipment have been discussed above and addressed 
in sequence design and in pulse programming. A 
number of equipment issues can have an impor-
tant bearing on the quality of measurements. In the 
MARIBS study, the major determinants in selecting 
equipment were that there should be a dedicated 
breast coil, that the fi eld strength should be 1.0 T or 
1.5 T, that the system should have shielded gradients. 

Fig. 15.2ab. a Selected regions of interest shown on the 3rd dynamic post-
contrast image selected in tumour, parenchyma and fat in the patient 
shown in Fig. 15.1. b Signal intensity versus time curves for the three 
selected regions b

a
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The latter requirement was an important determi-
nant of image quality and speed. For many dynamic 
contrast studies, uniformity of the transmit coil will 
be important, as this can affect the measured signal 
intensity, and adversely affect quantitative measure-
ments. Assessing this over the area to be imaged is an 
important part of quality assurance and validation. 

Generation of slice-selective pulses often varies 
between manufacturers, and may also show relative 
changes with slice thickness. It is advisable to assess 
this, and ensure that evaluation takes account of it. A 
relatively poor slice profi le will reduce the contrast of 
T1-weighted images, compared with systems having 
a better slice profi le, thereby reducing contrast sensi-
tivity. Gradient amplitude, slew rate, gradient screen-
ing, eddy current corrections and imaging coil design 
(which can provide a source of unshielded eddy cur-
rents) can affect both the speed of equipment and the 
quality of images, and should be assessed by standard 
quality assurance tests. High transmitter power can 
allow shorter RF pulses, which may benefi t imaging 
speed.

The receive chain, including the way the ADC is 
normalised, the properties of in-line fi lters, and the 
use of image processing, can vary widely between 
manufacturers, and should again be controlled for in 
multi-centre studies. 

Data formats and the media available for record-
ing data are another major source of incompatibil-
ity between systems. Although DICOM in principle 
provides a format that should translate, in prac-
tice this may only be available on certain output 
routes, which may not be those most convenient for 
a multi-centre trial. It is likely that a capability to 
read the internal fi le formats of different systems 
will be required, which may require agreements 
with manufacturers. This is a specifi c problem it was 
necessary for us to overcome in the MARIBS study, 
and we are grateful to the manufacturers for their 
support in achieving this. Processing software from 
manufacturers also varies widely, and if this is to be 
used, care needs to be taken to ensure that it works 
as described and that the users understand the 
description. Some standardisation may be required 
to allow for different gain factors, or image value 
offsets between manufacturers. It is also important 
to check for dynamic studies that the software is 
correctly identifying the timing of sequences. While 
manufacturers are beginning to introduce analysis 
packages for functional MR information, these are 
likely to depend on particular acquisition strategies, 
and may not translate well to a trans-manufacturer 
trial.

15.6.7 
Data Analysis

Many of the issues to be considered have been 
dealt with above. Double reading, blinded to the 
fi rst reader, and ideally at another centre, has 
been included in the MARIBS study. This provides 
a variety of checks on the process and is recom-
mended. Investigation of problem cases and a 
random sample of cases is also undertaken by the 
MARIBS study radiologist, and is recommended. In 
the MARIBS study, a symptomatic cohort has also 
been evaluated, providing additional experience to 
radiologists, and providing for a separate evalua-
tion of the radiological process. A quality assurance 
evaluation is in process, circulating complete data 
sets to the participating radiologists. Separate test 
cases have been prepared for radiologists familiar 
with different machines. A quantitative analysis of 
study data, allowing comparison with the empirical 
analysis conducted at each centre, is planned, and 
will provide an interesting comparison, as well as, 
in principle, more standardised data. This approach 
is likely to be necessary in studies monitoring new 
anti-angiogenic or anti-vascular agents. 

15.7 
Conclusions

Dynamic contrast-enhanced MRI methods provide 
a powerful tool for detection, diagnosis and evalua-
tion of several diseases. They have a growing role in 
the assessment of therapies, particularly new treat-
ments directed at vascular processes. While much 
has been achieved in developing and demonstrating 
techniques, with the continuing advances in instru-
mentation, there is clearly room for considerable 
further development. For these applications to have 
widespread use there is a need for further academic 
development, and the support from manufacturers, 
regulators, pharmaceutical companies and research 
funding organisations to support implementation of 
techniques across different platforms.
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