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ABSTRACT

MRI has been an essential diagnostic tool in healthcare for several decades. It offers unique insights into most tissues
without the need for ionising radiation. Historically, MRI has been predominantly used qualitatively, images are formed
to allow visual discrimination of tissues types and pathologies, rather than providing quantitative measurements.
Increasingly, quantitative MRI (gMRI) is also finding clinical application, where images provide the basis for physical
measurements of, e.g. tissue volume measures and represent aspects of tissue composition and microstructure. This
article reviews some common current research and clinical applications of gMRI from the perspective of measurement
science. gMRI not only offers additional information for radiologists, but also the opportunity for improved harmonisa-
tion and calibration between scanners and as such it is well-suited to large-scale investigations such as clinical trials and
longitudinal studies. Realising these benefits, however, presents a new kind of technical challenge to MRI practioners.
When measuring a parameter quantitatively, it is crucial that the reliability and reproducibility of the technique are
well understood. Strictly speaking, a numerical result of a measurement is meaningless unless it is accompanied by a
description of the associated measurement uncertainty. It is therefore necessary to produce not just estimates of phys-
ical properties in a quantitative image, but also their associated uncertainties. As the process of determining a physical
property from the raw MR signal is complicated and multistep, estimation of uncertainty is challenging and there are
many aspects of the MRI process that require validation. With the clinical implementation of gMRI techniques and its
continued expansion, there is a clear and urgent need for metrology in this field.

INTRODUCTION

In recent years, there has been increasing development

known reference, and along with descriptions of measure-
ment uncertainty give a means of describing confidence in

and use of quantitative imaging techniques in health care.
This move towards increased quantitation requires a corre-
sponding increase in both validation and support. Like
any other measurement, the bias, uncertainty and repro-
ducibility of the quantities derived from imaging need to
have their limitations quantified and assessed in order to
use them with confidence. This is particularly important
if they are used to inform clinical decisions. The science
of metrology provides the framework by which we can
perform this assessment. This is a well-established prin-
ciple - quantitative measurements are used extensively in
daily life, be they length, mass or time, and are fundamental
to modern society as they underpin core concepts such
as GPS, economics and manufacturing. To ensure confi-
dence in these measurements, we need to understand the
levels of variance and uncertainty associated with them.
Measurables such as length are made with respect to a

a measurement process. As quantitative imaging continues
to grow and develop, it is necessary that we begin to incor-
porate metrology into general use, so that we understand
how to use these values to maximise their effectiveness
whilst minimising the risk of error. This paper will review
quantitative MRI through the lens of metrology and will
highlight the importance of measurement science in this
growing field.

Quantitative MRI

MRI is an essential tool for examining tissue structure and
function, enabling the diagnosis and monitoring of many
conditions and pathologies. It is also an important tool in
the development of new therapies and has applications in
treatment planning. Many established and emerging appli-
cations require quantitative estimates — measurements — of
some physical property, e.g. tumour volume or liver iron



http://creativecommons.org/licenses/by-nc/4.0/
mailto:matt.cashmore@npl.co.uk
https://doi.org/10.1259/bjr.20201215

BJR

concentration. In any measurement process, it is important to
understand not just the measured values but also their associ-
ated uncertainties. Without this, values cannot be meaningfully
compared since there is no notion of the significance of differ-
ences in value.

Image formation and the estimation of parameters from image
data is a non-trivial and multistep process in MRI. Both acquisi-
tion and processing are potential sources of bias and uncertainty.
This means that to meaningfully make use of qMRI data, careful
calibration and testing of MRI instruments and associated image
analysis tools is critical, in a similar vein to that currently employed
in imaging modalities which use ionising radiation. Users of
MRI systems need to be confident that parameters derived from
quantitative imaging techniques are reliable and robust. Ensuring
metrological rigour at each stage of the measurement chain, e.g.
test object calibration or software verification, increases trust in
the data being used to inform clinical decisions.

The current fleet of MRI systems in the UK is highly diverse.
Many institutions have a range of machines varying in age,
model, manufacturer, and field strength. Most are 1.5 and 3 T
systems with a 60 or 70 cm bore. The dominant manufacturers
are GE Healthcare, Philips Healthcare, and Siemens Health-
ineers although other firms such as Canon Medical are also
active. Pre-clinical, narrow bore systems with similarly diverse
specifications and age ranges are also common. Main fields on
these systems vary from 4.7 to 11.4 T. There is also a movement
towards specialist MR scanners with unusual form factors such
as upright and portable units and a growing number of MR-Linac
systems and PET-MR facilities.

Most MRI procedures currently requested by physicians are qual-
itative. Image contrast is relative, and no quantitative parameters
are derived from the images — diagnostic decisions are based on
the interpretation of a radiologist. Images of this kind are highly
useful for informing clinical decisions about individual patients
but are problematic for making comparisons between groups of
patients or sets of timepoints — there are no reported uncertain-
ties, and different scanners give different intensities. Moreover,
scanners may experience drift over time and experience step-
changes after servicing or upgrades.

Quantitative measurement processes allow for MR scanning
to infer parameters which can be traced to verifiable physical
quantities, thus potentially improving consistency. This makes it
more practical to perform large-scale studies, as images can be
processed and analysed according to the same criteria. Coupled
with quantified measurement uncertainty, this is potentially
transformative for larger trials and for training artificial intel-
ligence (AI) approaches. The techniques of quantitative MRI
cover a diverse range of approaches and there has been substan-
tial work elsewhere discussing the biological origins and specific
MRI considerations relevant to this area. See Cercignani et al' for
an in-depth technical overview.

Metrology
Metrology is the study of measurement processes. The Bureau
International des Poids et Mesures (BIPM) defines metrology as
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“the science of measurement, embracing both experimental and
theoretical determinations at any level of uncertainty in any field
of science and technology”? This is realised through the key idea
of Traceability; the chain of comparisons which directly relates
any given measurement to the primary standard determination
of that unit (e.g. metre, second, etc).

Without understanding the traceability of a measurement, there
is no way of making a meaningful comparison between values.
Without an evaluation of the measurement uncertainty, we have
no way of knowing whether a difference is significant. Within
health care, through the involvement of National Measurement
Institutes (NMlIs) in the field of radiotherapy, clinical practi-
tioners can be confident that the dose delivered to a patient
in one hospital can be directly compared to the dose deliv-
ered elsewhere in the country. All systems are calibrated via a
single traceability chain to a common primary standard. There
is currently no equivalent level of data confidence available in
MR, but quantifying the relationship between the “true” value
of a measurand, and one determined through MR techniques is a
rapidly developing field of study.

Recent published work has highlighted the importance of
metrology in health care.>* Developing and including this
level of rigour in gMRI requires more education and awareness
of concepts such as traceability. Understanding how uncer-
tainty can propagate through the measurement process is vital.
Without this, seemingly trivial variables may be ignored or
dismissed as their impact on the desired result is underesti-
mated. The BIPM define a quantity as: “a property of a phenom-
enon, body, or substance, where the property has a magnitude
that can be expressed as a number and a reference”. The BIPM
define reference data as being “Data related to a property of a
phenomenon, body, or substance, or to a system of components
of known composition or structure, obtained from an identified
source, critically evaluated and verified for accuracy”* Within
gMRI, the “number” is the measurement as determined from
the scanner, however metrology provides the capability to define
the “reference” with which that measurement is made. Uncer-
tainties in equipment used to measure a sample in a phantom
will, e.g. contribute to the overall uncertainty in measurement of
that test object. It is also important to recognise that a quantified
measurement uncertainty allows for confidence in data and is
not merely describing an error in its quantity.

Quantitative biomarkers

A biomarker is a biological characteristic that can be objectively
measured as an indicator of normal or pathogenic biological
processes, or pharmacological responses to therapeutic inter-
vention.””” Biomarkers can be measured in a variety of ways.
Some examples in clinical use include urine peptide content for
monitoring kidney disease,® blood-based microRNA profiling
for early diagnosis of pancreatic cancer,” those involved in the
RECIST system for tumour response,'’ and the presence of
circulating tumour cells (CTCs) in biopsies."" Biomarkers such
as the presence of CTCs have been the subject of significant
study, with a well-understood biological mechanism linking
their presence to the risk of metastasis in a variety of cancers.'>"?
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A quantitative imaging biomarker (QIB) is one which is extracted
specifically from a quantitative imaging technique, i.e. one where
it is possible to quantitatively measure properties from a given
image. One advantage of image-based biomarkers is their wide-
field coverage of a tissue of interest. This is not possible in more
traditional assays such as biopsy. MRI potentially provides access
to a wealth of imaging biomarkers, often with less patient risk
than other methods.

Some common quantitative measurements with application as
biomarkers in MRI are:

o T1, T2 and T2* relaxation times, e.g. measuring tissue
oxygenation.14

o Apparent diffusion coefficient (ADC), e.g. detecting ischaemic
stroke.!®

« Tissue fat fraction, e.g. investigating muscular dystrophy.'®

« Tissue iron fraction, e.g. diagnosing iron overload."”

Any biomarker used in clinical decision-making requires asso-
ciated clinical guidelines. To use these reliably and safely, it is
important that measurements made are presented with their
corresponding uncertainty. Borderline cases where results lie
close to diagnostic thresholds may be resolved through consider-
ation of how the result and its uncertainty are related. Improper
adoption of an insufficiently validated biomarker can result in
endangering patient lives, as seen in the Cardiac Arrhythmia
Suppression Trial,"® highlighting how important it is to have
well-verified measurement techniques and uncertainty analysis.

It is critical for both patient management and translational
research applications that QIB measurements from different
scanner installations are comparable. This is particularly true in
multisite trials, which rely on the compatibility of data between
sites and all participants. An inability to compare results obtained
on different scanners may restrict the cohort of scanners in a trial
and limit the utility of its findings.

The simplest form of a clinical trial tests a new therapy by
comparing a treatment group and a control group. The statis-
tical power of the study is critical to demonstrating a therapeutic
effect, but where effect sizes are small, they are easily hidden by
variability within groups. The conventional approach to solving
this problem is to increase the sample size, but this increases
costs and in the cases of rarer conditions may make recruitment
impossible. By decreasing intersite variation, the statistical power
of a trial increases without increasing sample size and hence
costs. Quantifying uncertainties and bias in the measurement
process makes it possible to calibrate them to minimise intersite
variability and maximise statistical power.

There are currently two major international initiatives to incor-
porate quantitative imaging biomarkers into clinical practice: the
US-led Quantitative Imaging Biomarkers Alliance (QIBA)" and
the European Imaging Biomarkers Alliance (EIBALL).” Both
consortia work with industry, research institutions, and health-
care providers to establish standards on which to base quanti-
tative image-based measurements. QIBA defines measurement
profiles which recommend guidelines for the measurement of
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quantitative biomarkers. NMIs are also increasingly becoming
involved in work to support quantitative MRI biomarkers, as
they provide the capability to traceably relate clinical measurands
to fundamental primary standards. These include the National
Physical Laboratory in the UK, the National Institute for Stan-
dards and Technology in the US, Physikalisch-Technische
Bundesanstalt in Germany, Istituto Nazionale di Ricerca Metro-
logica in Italy, and the Korea Research Institute of Standards and
Science. In recent years, the UK Biobank has also been leading
a major effort in obtaining quantitative MRI scans of approxi-
mately 10,000 patients, to create a data set resource suitable for
the development of imaging standards.*!

Clinically available quantitative MRI

This section reviews some techniques used in clinical applica-
tions of quantitative MRI and applications in measuring inten-
sive parameters.

Relaxometry

Relaxometry is one of the most common measurements in MRI.
T1 and T2 relaxation times are the recovery and decay time
constants of longitudinal and transverse magnetisation, respec-
tively. Many clinical scans are optimised to reveal high contrast
between tissues with different relaxation times. This allows
radiologists to differentiate, e.g. lesion from healthy tissue, or
white matter from grey in the brain.

A qualitative acquisition, such as a T,-weighted image, provides
tissue contrast by allowing the signals to decay for a specified
time and then capturing the signal intensity for each voxel.
Tissues with longer T2 will therefore appear brighter than those
with shorter. The actual signal intensities in the image will be
complex functions of the hardware and software employed to
generate them. Different scanners will form images which are
visually similar but, when viewed quantitatively, will exhibit
considerable variation between sites and time points.

A quantitative image, such as a T2 map, has intensities set via
estimates of the T2 parameter itself in each scan voxel. T2 maps
are formed by sampling the observed signal decay curve at several
different times and performing additional analysis to estimate
the parameter of interest. Whilst the individual image intensi-
ties measured may be quite different from scanner to scanner,
the relaxation behaviour of the tissue magnetisation state, as a
function of applied magnetic field and time, is not. This makes
images from different systems directly comparable, and provides
new information not present in qualitative T2 images.22

Changes in the relaxation behaviour of tissue can be indicative of
pathology. One example of this is multiple sclerosis (MS), where
the lipid-rich myelin sheath surrounding neurons is degraded
and the signal from myelin replaced by that from free water.”®
In qualitative MRI, a lesion may appear hypointense on a T}
weighted image and hyperintense with T, weighting. Quantitative
relaxation time mapping allows for more detailed understanding
of underlying pathology and allow for improved prognostic esti-
mation.?* Quantitative relaxometry can also reduce the need for
potentially harmful gadolinium-based contrast agents (GBCA).
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Measurements of T1 in brain have also been shown to predict
areas of contrast enhancement in glioblastoma patients.

Liver iron measurements

One conspicuous application of relaxometry is the measure-
ment of liver iron concentration (LIC). This is used in the diag-
nosis of iron overload (haemochromatosis), a systemic disorder
which can lead to cirrhosis, cancer’ and cardiac disease.”” As
the liver is one of the primary sites for storing iron in the body,
it is amongst the first organs to show iron overload. Historically,
liver biopsy followed by histology was the gold-standard for
diagnosis; however, this is an invasive procedure and involves
qualitative visual assessment of cell stains. Detection of elevated
iron in the liver can allow earlier treatment of haemochromatosis
and minimise permanent liver damage.

Iron storage primarily involves the protein ferritin, and the
complex haemosiderin found within cells.?® These two mole-
cules alter the T2 and T2* of the liver parenchyma, allowing for
their detection and quantification using relaxometry techniques.
Qualitative detection is possible using fast spin echo sequences
for T,-weighted imaging, and single echo gradient echo (GRE)
sequences for T2*-weighted imaging®*" but these approaches
cannot accurately assess the degree of iron overload present and
may not be a suitable basis for treatment. Quantitative measures
of LIC allow for more accurate and precise staging of the disease
and consequentially more informed treatment.

The most common method of quantifying LIC is by directly
measuring the rate of signal decay associated with T2 relaxation,
known as R2, and defined as

R2=1/T2 (1)

This technique has received FDA approval®! and is distributed
commercially under the name Ferriscan.*? R2 is used as it results
in decreased sensitivity to noise, and also provides an easy-to-fit
model relating it to iron concentration.**** R2 is measured by
fitting a signal curve to multiecho data, and a known relation-
ship between R2 and LIC* further allows quantification of liver
iron. R2 measurement is currently considered the gold-standard
in MR measurement of LIC.

Fat fraction

The proportion of fat in tissue is also an important image-based
biomarker. It is known as proton density fat fraction (PDFF).>¢
Non-alcoholic fatty liver disease (NAFLD) is a pathology char-
acterised by excessive fat deposition in liver cells and is one of
the most common causes of liver disease.”” Historically the gold-
standard for diagnosis of NAFLD was liver biopsy followed by
histology.®® This is an invasive procedure and carries significant
risk of complications.*® It can also misrepresent liver health due
to the heterogenous nature of NAFLD.

PDFF can be measured quantitatively with MRL*® The different
chemical environment for protons in fat vs those in water leads
to different resonant frequencies in response to an applied field.
Consequentially, the MR signal detected from protons in fat
shows a frequency shift from those in water and a different echo
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time. By careful selection of echo times, the water and fat signals
can be measured in-phase (IP) and out-of-phase (OP). It is then
possible to perform fat quantification based on the differences
between signals. This is Dixon Imaging.*’

In its original form (now known as 2-point), Dixon imaging
produces fat and water images through the sum and difference
of IP and OP images respectively. However, this version of the
technique assumes that the dominant component of the signal
is water, and as such can lead to incorrect results. A modified
Dixon approach uses three images taken at different values of
phase difference provides additional information required to
resolve the ambiguity.! Unlike CT or ultrasound, MRI-based
methods of investigating hepatic fat, show a much higher degree
of sensitivity to steatosis, and allows for the differentiation of
steatosis from iron overload.*?

Diffusion

Applying additional pulsed field gradients during the MR pulse
sequence allows signals to be sensitised to the bulk incoherent
motion of spins. This is known as diffusion-weighted imaging
(DWI) in which the measured quantity is the ADC. DWI is
widely used in the examination of stroke.** Early stage ischaemic
infarction in the brain is associated with cytotoxic oedema.**
As the extracellular volume is reduced due to swelling, there is
a corresponding reduction in the observed ADC using DWIL*
This is reversed as the infarction progresses through the subacute
stage towards chronic stroke due to lysis of the brain matter,
increasing extracellular volume and allowing more isotropic
diffusion of water resulting in high ADC. Diffusion MRI is a vital
tool in the staging and monitoring of cerebral ischaemic stroke.

A more sophisticated application of diffusion imaging involves
acquiring a set of images with gradients applied in different
directions. This allows orientational differences in ADC to be
measured. Measurements of directional diffusion are often fitted
using a tensor, a technique is known as diftfusion tensor imaging
(DTD* or more detailed and flexible models (HARDI).*” By
extracting the orientations in which the ADC is maximised,
both DTT and HARDI provide estimates of the orientation of the
underlying tissue. This has applications in fibrous tissue, such
as white matter in the brain.*® Tractography is a term used to
describe a range of techniques which use DWI to non-invasively
reconstruct white matter structures in the brain. The ability to
perform in vivo mapping of brain structure is highly beneficial
to neurosurgery, allowing for pre-operative planning as well as
providing the capacity for intraoperative neuronavigation.*

DWI can also be applied in monitoring of post-treatment tumour
growth. Here, it is important to differentiate between actual
tumour recurrence, and non-neoplastic changes in tissue caused
by radiation therapy (commonly called pseudoprogression).*
The diffusion microenvironment experienced by spins in regions
of tightly packed cell growth, such as tumours, is different than
in regions of necrotic tissue such as those caused by radiation
treatment. This leads to changes in the shapes and sizes of diffu-
sion tensors which can be used to inform treatment plans and
monitor patient response.”*
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Commercial software solutions

MRI manufacturers and other third parties provide a range of
quantitative measurement packages. These are proprietary,
unique to each manufacturer, and often include specific pulse
sequences and software tools. There are a wide range of packages
covering different biomarkers. Notably, Ferriscan (Resonance
Health) is an FDA-approved service for measuring liver iron.
There are also a variety of packages capable of measuring fat-
fraction in tissue including:

« LiverLab, Siemens Healthineers.
o mDIXON Quant, Philips Healthcare.
« IDEAL IQ, GE Healthcare.

Despite their widespread usage, these software packages repre-
sent a new challenge in terms of analysing measurement uncer-
tainty. As the algorithms used in processing data are proprietary
and not visible to the user, there is no way to be able to accu-
rately model uncertainty propagation through them. This is not
a challenge unique to these examples, however, but applies also
to the software solutions such as those present in the scanner
systems. Data analysis routines will in general introduce a new
uncertainty contribution and being able to model and under-
stand these are an active topic of research in qMRI metrology.

DISCUSSION

There are many more applications of quantitative MRI which
are used in the clinic and research. The techniques outlined
here represent a survey of the most common, a comprehensive
survey would cover several papers this length. At the time of
writing, quantitative techniques clinically remain niche, but are
certainly growing. Being able to extract quantitative information
from imaging techniques allows for a wide range of analysis to
be performed. Furthermore, the removal of subjective qualita-
tive determinations, allows for a more rigorous comparison of
scanner performance, a more detailed understanding of the
pathology and biomechanics of disease progression, and conse-
quently improved diagnostic and therapeutic capabilities.

Test objects

Calibration is a crucial aspect of any measurement process. To
reliably compare two measurements, there must be a common
point of reference between them. In MRI, this conventionally
comes from scanning a test object, referred to as a phantom,
which has known, well-characterised behaviours and (ideally) is
traceable to a primary standard. It is not possible to calibrate an
MR scanner solely from data acquired of humans, as their tissues
are highly complex with material properties that cannot be suffi-
ciently characterised for use as a reference.

MRI enables a range of different measurements, and as such a
wide range of phantoms are necessary. Relaxometry phantoms
typically consist of a gel or solution, doped with ionic salts to
alter their relaxation times.”>>> For measurements of image
distortion, a phantom consisting of an array of MR-invisible
plastic vials filled with appropriate contrast generating media is
typically used. Frequently (but not universally), the object is also
flood-filled with water.>* An isotropic flood-filled phantom can
be used for investigations of signal-to-noise ratio (SNR). There
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are also so-called system phantoms which are combination test
objects designed to characterise a range of quantities.***!

It is important that the phantom itself be routinely monitored
for changes in its internal structure or chemical properties. A
phantom can undergo a variety of chemical and physical changes
over its lifetime, and data collected at different times may not
be comparable. Organic gels, if prepared incorrectly, can show
fungal growth. Imperfectly sealed compartments may result in
leaking or evaporation. Plastics may be porous and subject to
warping. A phantom should be monitored for changes over its
lifetime to enable it to remain a useful reference.

Phantom cost is a significant barrier to uptake in clinical envi-
ronments. MRI is not subject to the same legislative controls as
CT or positron emission tomography (PET). There, legislation
mandates a testing programme which optimises image quality
and radiation dose. In the absence of strict regulatory justifi-
cation, it is more difficult for financially constrained organisa-
tions to justify the purchase and maintenance of phantoms. One
common mechanism to obtain phantoms is by participating in
clinical trials. However, as different trials make use of different
test objects, this leads to inconsistencies in available test objects
at different sites. This disparity complicates the development of
small-scale collaborative research as there are often difficulties in
comparing measurements.

An alternative strategy for increasing the availability of effective
Quality Assurance (QA) is to perform external audits. Rather
than requiring all sites to perform their own procedures using
their own phantoms, an external team performs the audit as a
service. A small number of test objects may then be sufficient to
provide traceable metrology to many scanners. Phantoms used
for regular QA may not need to be as highly characterised as
those used externally and may be periodically calibrated against
them. The introduction of a chain of traceability can widen the
availability of high-quality reference metrology where cost may
otherwise be a barrier to uptake.

Some trial phantoms are relatively common. The Alzheimers
Disease Neuroimaging Initiative (ADNI) is an ongoing large
multicentre study in which all participating sites have their own
ADNI phantom. It contains components suitable for measuring
SNR, CNR and geometric distortion. ADNI was the first large-
scale MRI trial to implement phantom scans by all centres. It
revealed the presence of anomalies which would otherwise
have remained undetected. Gradient stability was shown to be
disrupted by scanner software and hardware upgrades, and the
effect of servicing and upgrades was observed to be more signifi-
cant than long-term drift.> ADNI found that by including longi-
tudinal phantom scanning they discovered system errors such as
misidentification of gradient hardware, disabling of automated-
shimming and miscalibrations in positioning laser alignment.
Abnormalities were found in over 25% of enrolling sites and if
undetected would have led to aberrant study results.

NIST has developed a suite of quantitative measurement phan-
toms for use in MRI which include diffusion, breast and system
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phantoms. The NIST System Standard Model 130 phantom
allows for reference measurements of T1, T2, and proton
density through a set of spheres containing water (regular
and deuterated), doped with paramagnetic ion solutions.*®
The concentrations of these solutions are traceably verified to
allow a comparison of interphantom variability. The relaxation
properties of the test spheres are designed to cover a clinically
relevant range of tissue behaviour. The phantom also contains
inserts which can be used to measure slice thickness as well as
spatial resolution, and an array of spheres for characterising
three-dimensional distortion. NIST provides a series of recom-
mended imaging protocols and has also produced software for
analysing results. Thus, eliminating estimate variations arising
from differing analysis implementations.

Limitations of this phantom include needing to account for the
temperature dependence of the relaxometry components as well
as difficulty in positional repeatability between different scans.
Due to the nature of a system phantom, samples need to be
compactly arranged, this can necessitate the use of sequences
which take more time than is practical in a clinical setting. The
spatial resolution inset requires qualitative inspection and pres-
ents difficulties for objective, automated measurements. As the
NIST system phantom covers a wide range of measurables, it is
relatively costly, and may not be affordable to many scanning
facilities.

MRI as a measurement device

As a medical device, MR scanners fall under the remit of the
international standard IEC 60601. Crucially for the develop-
ment of quantitative techniques, however, this standard does not
recognise MR scanners as a device with a measurement capa-
bility. Partially because of this, there is an ambiguity in interna-
tional standardisation covering the use of quantitative MR-based
techniques.

In the UK, the MHRA provides guidance on the safe use of
clinical MRI>” This guidance outlines a basic degree of quality
assurance for MRI equipment and reinforces the need for regular
quality testing. Also included is an emphasis on the need for
performing geometric distortion and signal scaling verifica-
tions, as well as the necessity of having well-characterised test
objects for this purpose. IPEM advises that “It is important that
the images and data produced by the MRI system are accurate,
reliable, and representative of the patient and of high diagnostic
quality. An appropriate QA program should be adopted to ensure
that the MRI system continues to meet a standard for diagnostic
use through system performance monitoring, audit, review and
any necessary corrective action””® Whilst these commentaries
acknowledge the value of QA in MRI procedures, they do not
formulate a code of practice for repeatable results with sugges-
tions on specific test objects, conditions or sequences.

The Magnetic Resonance National Evaluation Team (MagNET)
was a UK-based non-profit organisation that offered type testing
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and performance evaluations of MRI systems from the late 1980s
through to the early 2000s. Reports from MagNET were used
extensively in the NHS for purchasing and acceptance-testing
during this time.”> MagNET visited manufacturing facilities
to perform image performance tests on MRI hardware and
published test reports for each model. These provided end-users
with an independent assessment of scanner capability which
helped sites in procuring a system suitable for their needs.
Parameters assessed included SNR, geometric distortion, slice
width and imaging speed.

Due to a change in policy within the NHS’s Centre for Evidence-
Based Purchasing (CEP) which moved away from technical
reporting and evaluations, MagNET ceased operation in the
late 2000s. The cultural legacy of MagNET as an independent
assessment centre, however, is one that is still much discussed
in the MRI community in the UK. As MRI evolves to encompass
increasingly quantitative techniques, it is clear that the demand
for a MagNET-like service will only increase.

The need for metrological rigour means that NMIs are increas-
ingly becoming interested in supporting work in quantitative
MRI. Traceable quantitative MRI needs involvement of both
the research and clinical communities, including MR physicists,
computer scientists, radiologists, radiographers, and patient
groups. There is a multiplicity of voices within the field of MRI,
and developing effective procedures require input from them
all, placing everything in its clinical context. An appreciation
of the needs of the user when designing experimental hardware
and procedures allows for metrological rigour whilst avoiding
overengineering. This need for improved metrology means that
NMIs are increasingly becoming interested in supporting work
in quantitative MRI, in addition to the efforts being made by
larger consortia such as QIBA and EIBALL.

CONCLUSIONS

Quantitative MRI techniques are becoming increasingly
important in the diagnosis, aetiology and treatment monitoring
of many pathologies. In order to safely and confidently deploy
them into regular use, however, there needs to be a similar level
of trust in MR-derived biomarkers as there is in other biomarkers
such as in the measurement of circulating tumour cells.

It is vital that the metrology of MR-derived biomarkers be imple-
mented in order to have confidence in the veracity, not just in the
form of experimental rigour and traceability measurements, but
also in educating users in quantitative metrology as it applies to
gMRL. It is crucial for the development of qMRI as a science to
have complete engagement between all involved; from scanner
manufacturers, metrologists and standards bodies all the way
through to medical physicists and health-care practitioners.
Without metrological underpinning, qMRI is a collection of
isolated, niche techniques. With them, it provides a framework
of novel biomarkers capable of supporting a new generation of
clinical techniques, AI approaches, and personalised care.
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