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A B S T R A C T   

Quantitative MR (qMR) has offered direct access to in-vivo biology and physiology for over three decades, yet it 
has failed to translate into the clinic. Why is this? The development of suitable phantoms is a key stage in the 
evolution of qMR, and here a systematic categorisation is proposed. Currently there is much attention paid to 
creating simple head phantoms containing materials with metrologically traceable values of MR quantities. 
However these are usually unrealistic; many of the disrupting phenomena present in clinical imaging are absent. 
Good performance with a simple traceable phantom is a necessary but not sufficient requirement for the 
establishment of good in-vivo measurement performance. There is therefore a premium on developing realistic 
phantoms. A proposal made for a more realistic body phantom that includes RF B1 imperfections. It consists of 
lossy annuli placed around a standard head phantom. Other confounding phenomena could be identified, 
possibly built into an appropriate annulus around a simple head phantom, to form realistic phantoms; these 
would enable validation of qMR methods and translation to the clinic. The concept is probably applicable to 
other quantitative diagnostic imaging modalities.   

Introduction 

The concept of quantitative MR (qMR) has existed for over three 
decades, offering direct access to biology and physiology [1–7], yet its 
implementation is still not straightforward or widespread. It has failed to 
translate into the clinic. Thus it is important to understand why this 
might be. Multi-centre studies can show large differences between MR 
machines, often due to differences in sequences and vendors [8]; good 
and convenient accuracy (closeness to the true value) and precision 
(repeatability) remain elusive. 

The development of suitable phantoms is a key stage in bringing 
about the acceptance of qMR. Currently there is much attention paid to 
creating phantoms containing materials with metrologically traceable 
values of MR quantities. [5–7,9]. However these simple phantoms are 
usually unrealistic; many of the disrupting phenomena present in clin
ical imaging are absent. These include RF nonuniformity and incorrect 
gradient magnitudes, and are a particular problem in body (as opposed 
to head) imaging, and at fields of 3T and above. 

Thus there is a premium on developing realistic phantoms, as a 
crucial step in the evolution of qMR. Here the concept is explored, and a 
proposal made for a realistic body phantom that includes RF B1 

imperfections. The concepts explored here are most likely applicable in 
general terms to other diagnostic imaging modalities that are actually or 
potentially quantitative. 

Types of phantom 

Phantoms (test objects) for qMR, particularly head MRI, now have an 
evolved design and are quite widely available. Often they contain ma
terials whose quantitative parameters (e.g. relaxation times, mean 
diffusivity) are traceable to metrology standards [5–7,9]. Thus the 
performance of a qMR procedure in phantoms can be regularly moni
tored, accuracy and repeatability can be measured, and a variety of 
machine failures can potentially be detected, thus aiding the use of qMR. 
If a measurement procedure can produce good performance in phan
toms, it is tempting to deduce the procedure is good. 

Good phantom performance is however a necessary but not sufficient 
criterion to establish the validity of in-vivo measurements. A measure
ment procedure could perform perfectly on a phantom yet fail in-vivo. 
This is because there are often other imperfections in in-vivo measure
ments which may be absent or different in phantoms (e.g. flip angle 
errors – see next Section below). Thus it is important to develop and use 
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realistic phantoms (i.e. those which contain the imperfections encoun
tered in-vivo) – see Table 1; if a procedure works well on a realistic 
phantom, in principle this proves it works in-vivo (provided that the 
phantom really is realistic). Realistic phantoms are therefore a key to 
increasing the performance, acceptance and use of quantitative MR 
methods; a key to translating qMR into the clinic 

B1 imperfections 

B1 imperfections are probably one of the most important factors in 
degrading in-vivo measurements (depending on what qMR parameter is 
being estimated); here an approach to making a phantom that is realistic 
with respect to B1 imperfections is presented. They vary according to the 
tissue composition, the size of the subject being imaged, and the location 
being examined. They may be more of a problem for body imaging than 
head imaging, and for higher values of static field B0. Probably no single 
phantom can replicate the variety of encountered B1 imperfections. 

B1 imperfections arise from two distinct phenomena. Firstly, RF 
penetration of the more central tissue is limited by eddy currents in the 
more superficial (conducting) tissue. The effect of this is to reduce the 
transmitted RF field B1

+ [10]. An opposing (second) phenomenon is that 
dielectric resonance [11] can increase B1

+ near the centre of the object 
(independent of any electrical conductivity effects); this phenomenon is 
most pronounced in large non-conducting aqueous phantoms, and 
largely absent in the small bottles used in a head phantom. The effect of 
these two phenomena is to produce a range of incorrect values of flip 
angle FA within the subject [12,13] (see Fig. 1); the effect is more 
pronounced at 3T [11]. This defect can be mitigated by the vendor’s 
procedure to set the FA inside the subject, although it cannot be accurate 
at all locations. The 2nd effect is that the RF signal B1

− from the pre
cessing magnetisation inside the subject may have difficulty in 
‘escaping’ to the receive coil; then the observed signal and SNR will be 
reduced. 

The primary consequence of incorrect FA is in Variable Flip Angle 
(VFA) T1 and DCE measurements; a 1 % error in FA directly translates to 
an error of 2 % in the estimated T1 value [14]. The loss of SNR is often 
less serious, although in T2 and ADC measurements the attenuated signal 
value may be difficult to estimate (and biased) in the presence of noise. 
Thus B1 imperfections can be significant in-vivo measurements whilst 
being absent in phantom measurements. 

Proposal for a B1 sleeve 

It is proposed here to place a set of annular cylinders (rigid sleeves) 
one at a time around an established head phantom to give a variety of 
unknown B1 imperfections, and thus a set of realistic (virtual) body 
phantoms (Fig. 2). The sleeves would contain aqueous NaCl solutions of 

various concentrations, thus giving a range of unknown B1 attenuations. 
The performance of a well-designed measurement procedure (pulse 
sequence) would give correct values of T1 even in the presence of several 
different B1 values. 

Each B1 sleeve could be made from two concentric plastic cylinders. 
It should be large enough to contain a typical head phantom (200 mm 
diameter), and small enough to fit inside the body transmit coil with 
enough clearance to place a wrap-around receive coil around the sleeve. 
Diameters of 350 mm (internal) and 400 mm (external) would enable 
the head phantom to be placed at different positions with respect to the 
magnet isocentre (Fig. 2). The length should be at least twice the 
diameter, to prevent B1 access through the ends of the sleeve; thus a 
length of 800 mm might be appropriate. If a set of say three sleeves was 
to be made, they could perhaps be made to slide inside each other for 
more convenient storage. 

To establish suitable values for the NaCl concentration, some 
experimental MRI measurements would be needed at several B0 values 
to determine i) how much B1

+ is altered in body imaging, for a range of 
locations and body types (although published studies [12,13] give 
guidance), and ii) what values of concentration provide a comparable 
range of B1

+ values. Alternatively, published models [13] could perhaps 
be used to estimate both of these. 

Discussion 

Realistic phantoms could provide the pathway to establishing the 
accuracy of clinical measurements, the stability of serial measurements, 
and the ability to carry out high-quality multi-centre studies. Imaging of 
human controls will probably also have role to play. Maybe the B1 sleeve 
will play a part in creating the perfect body qMR machine [15]. 

Note that the proposed B1 sleeve is not designed to calibrate the 
measurement procedure in any way; it is to validate an existing pro
cedure. ‘Loading rings’ have been used for some time to load the 
transmission coil during phantom imaging, and the construction of a B1 
sleeve could be similar, although its purpose is different. An existing 
loading ring (or its casing) could perhaps be used without the need for 
any further construction. 

So called ‘System Phantoms’ can be used for QA on the MR machine, 
to characterize performance and detect degradation in aspects such as 
RF coils, SNR, slice thickness and geometric distortion [5,7]. With the 
use of traceable materials, such a phantom can show that qMR mea
surements made in phantoms are correct. However it cannot show the 
validity of a clinical measurement procedure, since it is not realistic. It is 
a simple traceable phantom (see Table 1). 

The search for realistic phantoms that mimic the human body has 
included a prostate phantom [illustrated in [6] Fig. 1]. These have an 
array of test substances usually in an aqueous bath; thus RF dielectric 
effects will be present [11], probably different from those in the body. 
Mimics will never be completely accurate, and cannot capture the range 
of properties encountered in different subjects. The proposal here is 
fundamentally different: instead of attempting to mimic, it identifies a 
confounding factor (here unknown B1

+ effects) and provides a range of 
values (using the B1 sleeves) to challenge the measurement procedure. 
These sleeves can use existing head phantoms and are relatively cheap 
and simple. 

The approach proposed here (of surrounding a metrology core with a 
sleeve) can probably be extended to address other imperfections in qMR, 
although to identify and replicate them will require considerable further 
analysis and work. It is probably impossible to identify all of these with 
certainty. In this note B1 imperfections are a convenient place to start 
exploring the concept of the realistic phantom. Additionally, other 
quantitative diagnostic imaging modalities could probably benefit. 

Summary 

In summary, the importance of designing realistic phantoms is 

Table 1 
Establishing the validity of an in-vivo quantitative MR procedure using 
phantoms.  

Phantom type Testing for in-vivo validity 
in presence of 
imperfections 

Role of good phantom performancec 

in establishing validity of in-vivo 
procedure 

#1 simple 
traceablea 

some imperfections necessary 

#2 realisticb 

traceable 
all imperfections necessary and sufficient  

a traceable: true value of parameter is known (measured in a metrology lab). 
b to establish realism the types of imperfection in the in-vivo measurement 

procedure have to be identified, then (ideally) replicated in the phantom (see 
discussion). 

c to demonstrate good phantom performance the measurement procedure 
should be: 1. accurate (close to true value) 2. reproducible (at different centres) 
and repeatable (at one centre) and 3. sensitive (accurate over a range of true 
values). 
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stated. It is proposed that a set of B1 sleeves be used in routine QA for 
qMR. These would be cheap and simple to manufacture, and could be 
used widely. Existing head phantoms could then be used to validate 
measurement procedures in a realistic way.. It could then be established 
how a measurement procedure performs under a variety of B1 
imperfections. 
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