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The need for quantitative PET in multicentre studies
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Positron emission tomography (PET) was developed in the

seventies of the last century with the first commercial

scanner becoming available in 1978. Originally, this novel

tomographic imaging technique was seen and used as a

quantitative method for measuring human physiological

and pathophysiological processes at regional level. The two

most important characteristics of PET were its quantitative

nature and its extremely high sensitivity, which allowed

measurements down to picomolar level. Over the following

10–20 years the molecular processes that could be inves-

tigated using PET expanded rapidly, ranging from perfu-

sion through metabolism, pre- and post-synaptic receptor

density and affinity, neurotransmitter release, and enzyme

activity, to drug delivery and uptake.

Given that PET, as mentioned, was characterised by two

unique features (quantification and sensitivity), it is of

interest to note that by the turn of the century one of them,

sensitivity, was starting to be applied in clinical medicine,

in particular its sensitivity to detect (distant) metastases

using 18F-FDG. This led to a significant improvement in

staging, which had direct consequences with regard to the

choice of appropriate therapy (e.g. avoidance of futile

surgery). As a result PET became the fastest growing

medical technology, which was in sharp contrast to the

situation in the mid-nineties, when the field (and the

manufacturing industry) had been struggling to survive.

Clearly, to detect metastases (by finding hot spots),

quantification was not necessary, as the purpose of a PET

staging study is simply to establish whether they are there

or not. In addition, it was convenient that scanning could be

performed according to a protocol that is standard in

clinical nuclear medicine practice, i.e. inject the tracer,

wait for sufficient uptake in tissue and finally position and

scan the patient. For 18F-FDG, this waiting period is 1 h

and, from the perspective of patient throughput, it is very

convenient that the scanner is not occupied during this

uptake period.

It is unfortunate and somewhat ironic, however, that one

of the unique characteristics of PET (sensitivity) has indi-

rectly been the reason why the other (quantification) is less

recognised and indeed unknown to many clinicians who

became familiar with PET through staging studies, in which

quantification is not required. On the basis of its success in

staging, however, PET is now seen as a very promising

technique for monitoring and even predicting response to

therapy. Indeed, 18F-FDG PET is already used as a surro-

gate endpoint in the development of new anticancer drugs.

In addition, other more specific tracers are increasingly

being used in drug development, both in oncology and in

neurology. In this context, it is very tempting to implement

the same methodology that is used in 18F-FDG staging

studies, i.e. the application of a static or whole-body pro-

tocol at some time after injection of the tracer.

It should be noted that there are many aspects to

quantification that need to be taken into account, i.e.

scanner, physics and patient-related factors [1]. A pre-

requisite for quantification is that the scanner be equipped

with accurate randoms, scatter and attenuation correction

procedures. This may seem trivial, but it is well-known that

the most recent scanners (i.e. PET/MRI) are associated

with substantial errors in attenuation correction, even in the
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brain [2]. Similarly, there is a tendency to introduce novel

(iterative) reconstruction algorithms because they generate

nicer images, but without considering whether the recon-

structed images are still accurate at both high and low

radioactivity concentrations. From a physics point of view,

the largest potential error is the partial volume effect due to

the limited spatial resolution of PET. This can be a con-

founding factor in response monitoring studies [3], espe-

cially for smaller lesions that change in size as a result of

therapy. Numerous correction methods have been pro-

posed, many based on high-resolution anatomical images

(CT or MRI). These methods are based on the assumption

that anatomical and molecular (PET) volumes coincide,

which is not the case in, for example, heterogeneous

tumours. In addition, many of these methods provide

inaccurate results or even fail in the presence of small

lesions (\1.5 cm diameter) where partial volume effects

are most pronounced. An alternative, less examined,

technique that can be applied in dynamic studies is to

incorporate a partial volume parameter in the tracer kinetic

model [4]. Finally, there are several patient-related issues,

the most notorious being patient movement. Progress is

still being made in gating techniques to correct for cardiac

and respiratory movements, although this remains difficult

for kinetic studies. Both on-line and retrospective correc-

tion methods exist for dealing with the problem of patient

movement during scanning, but it is essential to limit such

movement as much as possible by paying attention to the

patient during a scan.

As mentioned above, in routine clinical (nuclear medi-

cine) practice, such as in staging using 18F-FDG, it is cus-

tomary to inject the tracer, wait (in case of 18F-FDG for 1 h)

and then acquire a static scan of tracer uptake. In general,

increased uptake is associated with an increase in the

physiological or molecular process being monitored. Net

uptake at a certain time after injection, however, is the result

of a complex interplay between delivery, uptake, retention

and clearance. Therefore, increased uptake can also be due

to increased availability, i.e. either increased plasma con-

centration or increased flow, or decreased clearance. From a

single static scan, it is impossible to separate the various

components that contribute to the total signal, such as

specific binding, non-specific binding and free tracer in

tissue. This problem is clearly illustrated in Fig. 1, where

images of total uptake (left) are compared with those of

specific binding (right) before and after administration of a

pharmacological dose of an antagonist. It is obvious that it

is impossible to estimate the large change in specific

binding ([95 %) from the images of total uptake, where the

change in total signal is much smaller.

PET studies in drug development can roughly be divided

into three categories. First, labelled drugs can be used to

assess whether a drug targets the lesion, e.g. a tumour.

Many qualitative studies are being performed, most notably

ones with labelled monoclonal antibodies. In the latter, a

dose of cold antibody is often given to saturate the liver,

thereby precluding proper quantification as the saturating

dose will also occupy some of the binding sites in the

lesion itself. This is acceptable as long as the only purpose

of such a study is to assess whether a certain target is

expressed in the lesion, but even then subtle differences in

target expression may be missed. More importantly, when

PET is used to predict response, quantification is essential

especially when response is related to local tissue con-

centrations [5]. In addition, non-specific uptake may

obscure the specific signal. For example, it has been shown

that quantitative studies (measuring volume of distribution)

using carbon-11-labelled erlotinib provide complete sepa-

ration between lung cancer patients with mutated

(responders) and wild-type (non-responders) EGFR, whilst

substantial overlap is seen when using semi-quantitative

SUV images [6].

In the second category of PET studies performed in drug

development it is not the labelled drug itself that is used,

but rather an established and validated tracer of the binding

site that is targeted by the drug. The classical example of

Fig. 1 Uptake of the NK1 receptor ligand 11C-R116301 in a normal

volunteer with (left) total uptake images (60–90 min after injection)

and (right) parametric images of non-displaceable binding potential

(BPND), representing specific signal only. The top row represents

images at baseline, the bottom row corresponding images after a

blocking dose of aprepitant. Quantitative analysis of the BPND images

showed that aprepitant occupied 97 % of the NK1 receptors, a

proportion substantially higher than expected on basis of the total

uptake images (color figure online)
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this approach is the determination of D2 receptor occu-

pancy by neuroleptics. Quantification is necessary as it is

generally accepted that the therapeutic range is 65–85 %

receptor occupancy [7]. More recently, however, the same

approach has been used for imaging and measuring amy-

loid load to assess the efficacy of amyloid-modifying

drugs. It is of interest to note that all major trials have used

a semi-quantitative approach, namely SUVr (target area

SUV normalised to cerebellum SUV). Although not vali-

dated, this approach has been defended on the basis of the

following arguments: (a) a simpler scanning protocol

allows the participation of less experienced PET centres,

thereby increasing patient accrual, (b) a simpler scanning

protocol means lower PET scanning costs, and (c) by

normalising to an internal standard (cerebellum) any con-

founding effect will be largely compensated for. The first

argument may be true, but by including less experienced

centres not only will more patients be included, but also

more spread in the data, meaning that the improvement in

statistical power may be marginal (and obtained at much

higher costs because of the larger number of subjects that

need to be scanned). The second argument is true, but

essentially irrelevant within the context of drug develop-

ment costs. In addition, more accurate fully quantitative

studies may require the enrolment of fewer patients.

Finally, the third and scientifically most important argu-

ment must be considered wrong, at least until it is validated

in independent studies. For example, SUVr has been used

to evaluate amyloid targeting therapy, but in a recent study

[8] it was shown that in a time span of two to 3 years, 11C-

PIB SUVr actually decreased in Alzheimer’s disease (AD)

patients who did not receive anti-amyloid therapy. By

contrast, non-displaceable binding potential, i.e. the spe-

cific amyloid-related signal, remained unchanged. Using

simulation studies, it was shown that the reduction in SUVr

was likely due to a reduction in cerebral blood flow, which

is known to occur in progressive AD. Clearly, SUVr should

not be used to evaluate (probably subtle) changes due to

amyloid targeting therapy (note that delivery, too, may be

affected by a different body distribution as a result of the

therapy), as it could even provide misleading information.

The third and most common application of PET studies

in drug development is for monitoring (functional)

response (early) during therapy, most notably through the

measurement of glucose metabolism following chemo-

therapy. In this case, there is a large body of evidence that a

simple 18F-FDG SUV measurement is a good surrogate

marker of glucose metabolism (MRglu) as obtained from

full kinetic studies, at least in classical chemotherapy.

Nevertheless, for new drugs, maintenance of this relation-

ship should be validated. Especially for novel biologicals,

the body distribution of 18F-FDG may change, affecting

their delivery to the tumour (e.g. due to an inflammatory

response elsewhere in the body). This may lead to a change

in the relationship between SUV and MRglu after therapy

[9–11]. Consequently, the relationship between SUV and

MRglu in pre- and post-therapy scans could be different,

potentially leading to over- or underestimation of response

based on SUV. For this reason, both EORTC [12] and NCI

[13] recommend that in a multicentre trial at least one

group should investigate this relationship.

Multicentre PET studies are primarily undertaken with
18F-FDG, but in principle they may be needed for other

tracers as well. A recent example is the assessment of

amyloid load using a variety of amyloid tracers. Even for

more complicated scanning protocols using novel tracers,

multicentre studies may be needed to increase the statistical

power, especially when patient enrolment in a single centre

would be too slow (‘‘rare’’ diseases). In such cases, it is

important that scanning conditions between centres are

standardised, especially for absolute measurements relative

to injected dose (i.e. SUV). Reference tissue methods

(kinetic reference tissue models or SUVr) have an advan-

tage in that an internal (calibration) standard is used.

Harmonisation demands attention to several study aspects:

patient preparation (e.g. dietary conditions), scanning

protocol (e.g. timing of scans), reconstruction protocol (e.g.

harmonising signal-to-noise ratios), image analysis (e.g.

region of interest definition) and actual data analysis

methods.

Harmonisation is a key issue when using PET to quan-

tify imaging biomarkers in multicentre studies. In 2001, the

‘Biomarkers definition working group’ defined a biomarker

as: ‘‘a characteristic that is objectively measured and

evaluated as an indicator of normal biologic processes,

pathogenic processes, or pharmacologic responses to a

therapeutic intervention’’ [14]. Biomarkers should have

high feasibility, precision and accuracy in any medical

centre participating in a multicentre trial. In other words,

they should show high repeatability and reproducibility in

order to be used as validated and (FDA or EMA) approved

surrogate endpoints. Repeatability is a measure of the

uncertainty of obtaining the same result when scanning the

same patient under the same conditions on the same sys-

tem. Therefore, it is mainly indicative of the biological

component of the overall variability or uncertainty. This

uncertainty can usually be minimised by standardising or

harmonising patient preparation procedures and by using

exactly the same scanning protocol. Reproducibility is a

measure of the variability in or uncertainty of obtaining the

same result in the same patient when being studied on

different PET systems in different institutes. In other

words, reproducibility also includes uncertainties origi-

nating from the use of different PET systems, reconstruc-

tion methods, and imaging and data analysis procedures

(between institutes). High reproducibility can be obtained
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only when all technical factors, PET image characteristics

(such as noise, contrast, recovery, etc.) and data analysis

procedures are strictly harmonised. An often overlooked

issue is that these factors should not be addressed in iso-

lation. The final quantitative readout of any PET study

depends on the combination of all these factors, i.e. patient

preparation, technical factors, imaging characteristics and

data analysis methods. For example, for oncological 18F-

FDG PET studies about 12 different factors have been

identified and characterised, all having an uncertainty of

approximately 10–15 %. The cumulative error when these

factors are not strictly harmonised could easily lead to a

two fold difference in observed SUV between imaging

systems and sites [15, 16].

Although significant progress has been made, detailed

aspects of the harmonisation of 18F-FDG PET studies are

still being discussed some 20 years after it was recognised

that harmonisation is important in order to combine data

from different institutes (i.e. in multicentre trials). Clearly,

the level of harmonisation also depends on the size of the

expected signal in relation to the reproducibility of the

measurements. In many cases, the potential therapy-

induced bias in signal will be smaller than the change in
18F-FDG uptake following successful chemotherapy. In

order not to waste time and resources on futile trials, it is

important (a) that simplified protocols and measures are

used only after they have been validated against fully

quantitative analyses, and (b) that lessons learned from 18F-

FDG harmonisation are adhered to and generalised to other

tracers. In such conditions, PET can be a valuable, sensi-

tive and quantitative imaging biomarker in drug develop-

ment studies.
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