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Magnetic resonance imaging (MRI) has revolutionised
radiology, offering a wealth of contrast information on the
structure, function and metabolism of organs. Yet, clini-
cal MR images used in routine protocols rely on shades of
grey where hypointensities and hyperintensities are visu-
ally identified by radiologists. Quantitative MR imaging
(gMRI) is a promising alternative providing reproducible
measurements that can be compared across patients and
timepoints. With quantitative imaging, we are referring
not only to relaxometry-type measurements, where water
spin magnetic properties are probed, but also any physical
quantities that can be derived from MRI signal by means of
biophysical models (with diffusion, perfusion, fat fraction,
flow and quantitative susceptibility mapping being some
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of the most notable examples). Since quantitative imaging
typically requires longer acquisition times than qualitative
imaging and because its full clinical value and meaning are
not yet fully understood in all pathologies, its clinical adop-
tion is often met with some resistance. Modern MR technol-
ogy including high-performance hardware and computing
power has allowed scientists in academia and the industry
to effectively accelerate the acquisition and reconstruction
processes, making quantitative imaging increasingly com-
patible with medical diagnostic workflows.

Whilst every scientific conference revolving around MR
research systematically showcases a large variety of new
methods to improve and validate quantitation, these are not
broadly adopted by stakeholders such as MR vendors, radi-
ologists, digital medical technology companies or CROs
(Contract Research Organisations). Introducing quantita-
tive measures into the diagnostic pipeline is not trivial and
necessitates that all stakeholders converge in answering
what, why and how a new quantitative marker should be
measured and used to diagnose or evaluate a disease state
(or its progression).

Having this in mind, four of these key stakeholders were
invited at the 2023 annual meeting of the ESMRMB to dis-
cuss our responsibilities in taking quantitative imaging from
the drawing board to clinical practise: Academia; MR Indus-
try; Clinical researchers; Companies running clinical trials.
In this commentary article (as in the dedicated educational
session), the four panellists were asked to reflect indepen-
dently on disclosing and reporting a new quantitative method
(academia), the process a new MRI method has to undergo
to become a product (MR industry), as well as what are the
most important requirements for a quantitative method to be
used in either clinical validation studies, routine diagnosis
(radiology) or clinical trials (CROs or pharmaceutical com-
panies). Those highly interconnected aspects are summa-
rised in Fig. 1 and already illustrate how much the different
stakeholders, usually composed of multi-disciplinary teams,
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Fig. 1 Illustration describing
the links and iterative devel-
opments between the various
stakeholders
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have to work in synergy to reach one common goal: bring-
ing state-of-the-art diagnostics to the patients. Finally, we
will report on the many points raised during the Roundtable
discussion, both by our speakers and participating audience.

Academia: what is a quantitative method?

To set the development of a new quantitative method up
for success, thorough testing, and validation is the most
integral component. This process begins when evaluating
if the new development is indeed a quantitative measure-
ment technique. Looking at the international metrologi-
cal vocabulary, a verbose definition tells us that a meas-
urement is quantitative if it retains its meaning outside a
given context and measures a well-defined property. When
measuring this property, the so-called measurand, errors
are made. In metrology, the error is decomposed into two
components: (1) the random measurement error, or preci-
sion, which averages out with many adequate repetitions,
and (2) the systematic measurement error, or bias, which
describes the deviation that remains in the absence of the
random measurement error. Precision can be assessed by
test-retest measurements and, thus, is often best performed
in vivo. Bias on the other hand requires an estimate of the
ground truth. To this end, imaging researchers usually find
reference techniques that measure the same measurand but
with much lower bias and much better precision. Reference
techniques are often only available in phantoms, which is
thus the most common choice for assessing bias. To create
confidence in the metrological characterisation of a method,
it is most convincingly provided to the community in an
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open-science manner, along with the underlying data and
methods, to reproduce the results.

Bias and precision metrics are integral to understanding
the intrinsic limitations of our measurement techniques [1].
Even though there is merit in assessing these abstract met-
rics, a measurement will drive clinical use only if it can
detect or stage a certain condition. However, these concepts
are closely related. Precision is directly proportional to the
minimal detectable change and the cohort size required for
demonstrating an effect, at any given statistical certainty.
The relationship between bias and clinical metric on the
other hand is less straightforward. Small biases can be
well tolerated, particularly if they are small compared to
the random error or if thorough harmonisation is ensured
and appropriate reference ranges are used. However, bias
usually stems from uncorrected confounders and is often
subject to change when the underlying confounders vary.
Thus, large bias is generally the number one contributor to
poor reproducibility, which can often only be identified late
in the testing and development cycle, e.g. when bringing the
technique to multi-centre/multi-vendor evaluation.

To ascertain these clinical metrics, thorough clinical
testing is indispensable for translation. This step usually
requires multi-disciplinary collaboration. This will involve
identifying the right partners, and successfully sharing the
methods with those partners. In this process, the clinical
reproducibility will be put to the test and potential clinical
utility will be identified. Ideally, this evaluation forms the
starting point of the long journey of getting the quantitative
biomarker used in clinical practise.

Ultimately, comprehensive characterisation requires a
range of investigations, starting from metrological testing
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to obtain bias and precision, to clinical testing to obtain an
understanding of how this affects sensitivity and specificity.
Only understanding those limits of a method allows adequate
interpretation of its meaning and puts it to good clinical use.

Clinical validation: what is the added
diagnostic value and interpretability
of quantitation in the clinic?

Fat quantitation is a good example illustrating the use of
quantitative MRI in clinical studies. Metabolic dysfunction-
associated steatotic liver disease (MASLD) affects over 25%
of the global population and is a common cause of chronic
liver disease [2]. Hepatic steatosis, defined as the abnormal
accumulation of lipids in the cytoplasm of hepatocytes, is
one of the main features of MASLD and is detected by both
histology and non-invasive imaging.

The classical approach to measure fat within the liver is
the MRI-proton density fat fraction (MRI-PDFF), which is
the ratio of the mobile proton density from triglycerides and
the total mobile proton density from triglycerides and water.
It has been known for more than a decade that MRI-PDFF
correlates well with MR spectroscopy and is more sensitive
than the histology-determined steatosis grade in quantifying
increases or decreases in the liver fat content [3]. Since then,
it has been shown that significant MRI-PDFF changes are
correlated to clinical outcomes in MASDL patients. In par-
ticular, increased liver fat content equal or superior to 15%
is associated with increased odds of fibrosis progression at
an early stage of fibrosis whilst a 30% or more MRI-PDFF
decline relative to baseline is associated with a histological
response such as an improvement in the activity score and
fibrosis regression [4].

Stopping here, one could think that MR fat fraction is a
perfect, successful example of quantitation used in the clinic.
Nevertheless, despite these encouraging findings, the asso-
ciation between liver fat content, consequently MRI-PDFF
and liver-related outcomes and mortality remain complex.
First, liver fibrosis is the most important prognostic factor.
Second, liver fat content decreases in the setting of MASLD
patients with cirrhosis. Therefore, taking MASLD patients
with all fibrosis stages, steatosis is not associated with prog-
nosis. This point was well illustrated in a study with patients
having extensive fibrosis or cirrhosis which showed that
steatosis grade < 33% was associated with higher incidence
of liver-related events and death [5].

So where does MRI-PDFF stand in MASLD patients
today? Certainly not as the diagnostic method of choice and
the reasons are twofold. First, because there are numerous
confounding factors and steatosis alone is not the only patho-
logic finding of interest but is associated with inflamma-
tion, fibrosis and carcinogenesis—thus, it lacks specificity.

Second, because qualitative and/or quantitative ultrasound
is able to, at a lower cost and being more accessible, strat-
ify patients with no or minimal steatosis vs. the others.
Nevertheless, as MRI-PDFF changes capture histological
changes, MRI-PDFF is commonly used as an end-point
to evaluate treatment effects in early phase clinical trials.
Yet, MRI-PDFF is not used to monitor MASLD patients
in clinical practise. To reach that goal, an MRI technique
would certainly benefit: (i) from being based on a multi-
parametric approach to create a combined biomarker that
would increase its discriminatory power towards confound-
ing factors and increase the specificity; from being more cost
competitive to increase its accessibility.

Industry: how and when is a new
quantitative method ready to become
a product?

The path from an idea to a product can be challenging for
MRI imaging methods. Additional hurdles can be found for
methods that provide a quantitative value, as is the case for
quantitative mapping (e.g. T1/T2 mapping) or morphometry
(e.g. brain structure volumes). There is no specific time point
when a method is evaluated as suitable for the product, but
various criteria should be considered throughout the life-
time of the method. The lifetime of a method can be crudely
divided into three phases after the idea has been conceived:

1. Prototype
2. Software integration
3. Product

The most important and longest phase is the prototype
phase which typically starts with a publication that describes
the method and performs a first technical validation in
terms of accuracy and precision. With the distribution of
the prototype, it can be iteratively improved in terms of
user-friendliness and robustness. As examples, in Siemens,
these prototypes are named Work-in-Progress [WIP] and
Customer to Customer packages [C2P], whilst in the Philips
architecture, these are software “patches”. At the prototyp-
ing phase, the method’s clinical feasibility can be evaluated
in clinical research, e.g. how robust is the method towards
motion in patients or are the acquisition and reconstruction
times acceptable for clinical workflow? In the same setting,
additional validation studies, published as peer-reviewed
articles, are crucial to stay on the path to an end-product.
These collaborative publications are important since only
few internal validations are typically performed before a
decision for productisation is made. Furthermore, studies
investigating different organs, patient demographics and

@ Springer



854 Magnetic Resonance Materials in Physics, Biology and Medicine (2023) 36:851-855

testing repeatability/reproducibility are decisive for regula-
tory clearance at the end of productisation.

In the software integration phase, the prototype will have
to be re-implemented and tested in the product code for
future release on the main scanner software. Yet, entering
this phase is not straightforward and multiple aspects must
be investigated. The one that prevails is the overall amount
of time required for software integration? In that regard, key
questions must be answered: For example, are there safety
relevant features of the sequence that must be changed? Is
additional hardware required? Does an online image recon-
struction exist? In practise, how many work hours will it take
to integrate the new feature and how much will it increase
the complexity of the existing product code? This whole
endeavour will then be weighed against the potential benefits
of releasing the method as a product. To that end, a market
analysis is performed by interviewing key opinion leaders,
running a literature search and surveys. For gMRI, this can
be a challenging task since a widespread clinical use is yet
to come, effectively reducing the market for such products.

Before a method can finally become a product, it needs to
be cleared by regulatory bodies in the respective countries
where it is intended to be used. Typically, specific require-
ments apply for quantitative imaging methods and involve
additional validation studies and extensive documentation as
it is, for example, described by the Food and Drug Admin-
istration [6].

Clinical trial: what is a clinical trial looking
for and what value could bring quantitative
methods?

A clinical trial is looking to explore the impact of a pharma-
ceutical company’s drug on a patient. This might be to de-
risk their project, or evaluate the effectiveness of the agent
so that they can present the results to a regulatory body.
Quantitative methods should be appealing because they
directly support statistical comparison. Introducing a new
method to a clinical trial is feasible, only if the following
three aspects are carefully considered.

Requirements for a new method to be used
in a clinical trial

For a method to be used in a trial, the drug company has
to be able to trust the results. In practise, this means that
there needs to be evidence that the measurement from the
method is robust, reliable, relevant and trustworthy. The
best measurements would be approved biomarkers already
used clinically, or in pharmaceutical trials, some of these
are accepted as surrogate endpoints [7]. Peer-reviewed
publications for the method and methods that measure
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physical quantities would both be favoured, but completely
new metrics are rarely welcome. Whilst the regulators can
be consulted in advance when exploring a new measure-
ment or approach, they are typically extremely conserva-
tive as they have the safety of the patient as their priority.
In summary, drug trialists do not want uncertainty from
the measurement methods, they need methods that they
can take to regulators and that the regulators will not ques-
tion later.

Considerations on multisite data, standardisation
of acquisitions across vendors

The methods need to be deployable and some level of
technical homogenisation is valuable as patients’ images,
obtained from different sites and scanner brands, will be
pooled. Large trials can involve hundreds of centres and all
need to be equipped with the same methods. The latter have,
hence, to be available on all the standard clinical MRI sys-
tems, independently of the manufacturer, and at both 1.5 T
and 3 T. In addition, these sites, which are often in multiple
countries, need to be supported for training, data transfer,
quality control, software upgrades, etc. If a new method
needs non-standard product acquisition strategies (be it in
the form of special “patches” or C2P/WIPs in the case of
Philips or Siemens pre-development), this would translate in
additional paperwork and the incurred delays would become
overwhelming and dissuasive.

Importance of specificity and sensitivity

The trial design will dictate the needs of the biomarker, and
MRI-based markers are favoured when possible as MRI
is non-invasive. To be considered in a clinical trial, a new
marker is deemed efficient if it can deliver quick and reli-
able answers regarding: 1—patient’s stratification, and/or
2—the disease progression or treatment response. To that
end, and to answer first the question of inclusion vs. exclu-
sion of a patient (perhaps to enrich the amount of diseased
patients in a study), then sensitivity or specificity would be
important metrics. To monitor treatment response in trials
including large numbers of patients (100 s or 1000 s), then
repeatability is a key metric. In the typical case, as the MRI-
PDFF example illustrated above, that aims at evaluating the
changes in individual patient’s liver PDFF over time, group
changes will be assessed. In this case, the bias from one
timepoint to the next is more of a concern than the random
errors in the measurement. Thus, quantitative methods do
not need to be perfect (simultaneously having high sensitiv-
ity, specificity and repeatability) but they do need to be well
characterised.
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Conclusion

In summary, all panellists could agree on the need to develop
quantitative tools that would not only help to screen and tri-
age patients, but also stage the disease and assess the body
response to treatment. To achieve these goals, they recom-
mend fostering communication channels between stake-
holders to ensure that each party understands the needs of
each other in the production chain. Although challenging
to address, some points have been highlighted that we, as
a community, should embrace to improve both clinical rel-
evance and adoption of qMRI. In particular:

-Academics would ease translation if their methods
remain simple, easy to use and are clinically relevant;

-Clinicians could facilitate new developments and method
deployment by taking advantage of their role as opinion
leaders;

-MR manufacturers would stimulate transfer to clinical
use if methods are standardised and transparent;

-CROs would facilitate method validation if they could
act as facilitators between method developers and pharma-
ceutical companies.

Some of those points are heavily intertwined, to the point
that they could appear unsolvable, placing all stakeholders
in a “chicken and egg” dilemma. Although all panellists as
well as the audience appreciated the difficulty of breaking
out of such situations, they all acknowledged a path to suc-
cess, a recipe that includes three main ingredients: dialogue,
frictions and resilience. Dialogue will help understanding
the needs and constraints of each partner; frictions will help
cross-discipline, scientific exchanges, and iterations to tune
the new methods to those needs; resilience: well, we do not
think this point needs further explanation, science is a fan-
tastic, yet never-ending journey!
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