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Abstract

Objective Quantitative MRI (QMRI) methods provide versatile neuroradiological applications and are a hot topic in research. The

degree of their clinical implementation is however barely known. This survey was created to illuminate which and how gMRI

techniques are currently applied across Europe.

Methods In total, 4753 neuroradiologists from 27 countries received an online questionnaire. Demographic and professional

data, experience with qMRI techniques in the brain and head and neck, usage, reasons for/against application, and knowledge of

the QIBA and EIBALL initiatives were assessed.

Results Two hundred seventy-two responders in 23 countries used the following techniques clinically (mean values in %): DWI

(82.0%, n = 223), DSC (67.3%, n = 183), MRS (64.3%, n = 175), DCE (43.4%, n = 118), BOLD-fMRI (42.6%, n = 116), ASL

(37.5%, n = 102), fat quantification (25.0%, n = 68), T2 mapping (16.9%, n = 46), T1 mapping (15.1%, n = 41), PET-MRI

(11.8%, n=32),IVIM (5.5%, n = 15), APT-CEST (4.8%, n = 13), and DKI (3.3%, n = 9). The most frequent usage indications

for any qMRI technique were tissue differentiation (82.4%, n = 224) and oncological monitoring (72.8%, n = 198). Usage

differed between countries, e.g. ASL: Germany (n = 13/63; 20.6%) vs. France (n = 31/40; 77.5%). Neuroradiologists endorsed

the use of qMRI because of an improved diagnostic accuracy (89.3%, n = 243), but 50.0% (n = 136) are in need of better

technology, 34.9% (n = 95) wish for more communication, and 31.3% need help with result interpretation/generation (n = 85).

QIBA and EIBALL were not well known (12.5%, n = 34, and 11.0%, n = 30).

Conclusions The clinical implementation of qMRI methods is highly variable. Beyond the aspect of readiness for clinical use,

better availability of support and a wider dissemination of guidelines could catalyse a broader implementation.

Key Points

* Neuroradiologists endorse the use of gMRI techniques as they subjectively improve diagnostic accuracy.

* Clinical implementation is highly variable between countries, techniques, and indications.

* The use of advanced imaging could be promoted through an increase in technical support and training of both doctors and
technicians.
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Abbreviations

ADC Apparent diffusion coefficient

APT Amide-proton transfer

ASL Arterial spin labelling

BOLD Blood-oxygen level dependent (imaging)
CEST Chemical exchange saturation transfer
DCE Dynamic contrast-enhanced

DKI Diffusion kurtosis imaging

DSC Dynamic susceptibility contrast

DTI Diffusion tensor imaging

DWI Diftusion-weighted imaging

EIBALL European Imaging Biomarker Alliance

FatQuant Fat quantification techniques

fMRI Functional MRI

GDP Gross domestic product

GERD Gross domestic expenditure on research
and development as percentage of GDP

IVIM Intravoxel-incoherent motion

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

QIBA Quantitative Imaging Biomarkers Alliance

qMRI Quantitative magnetic resonance imaging

Introduction

Quantitative MRI (qMRI) techniques, both technically and
with respect to clinical indication, cover a very broad field
of applications [1]. While standard MRI techniques classically
provide visual-anatomical information [2], quantitative tech-
niques allow an insight into the physiological activity or bio-
chemical composition of the tissue through quantifiable pa-
rameters [3, 4]. gMRI techniques comprise a broad range of
sequence applications and, mostly in a research setting, have
shown benefits on innumerable levels including vascular and
neoplastic diseases, neurodegeneration, or infectious and in-
flammatory brain lesions [5—12].

Based on the long-standing research efforts and increasing
availability of user-friendly post-processing software, one
should expect a broad application of advanced MRI tech-
niques in clinical practice. While several of the techniques
were first proposed several decades ago: DSC [13], DCE
[14], TVIM [15], ASL [16], and relaxometry [17], a routine
application is recommended only for a limited range of dis-
eases and techniques, such as DWI and DSC in glioma imag-
ing [18]. For many other techniques, such as IVIM or ASL, a
clinical routine introduction is still not within close reach. One
of the reasons is that methodological standardisation remains
low and standards for acquisition and processing are limited
[19-21].

In the long term, the routine clinical implementation of
innovative ¢qMRI techniques is pivotal to justify future re-
search in the field and its funding. It is, however, very difficult

to estimate how far the process of clinical implementation has
advanced without conducting a wider investigation.

The aim of this European survey was to find out which,
how, and to what extent qMRI techniques are applied to solve
neuroradiological questions in a primarily clinical setting. The
in-depth analysis also focuses on the reasons for the lack of
clinical application and general knowledge of gqMRI.

Materials and methods
Questionnaire

The online questionnaire had a total of 13 main questions to be
answered as free text, or multiple, dichotomous, and single-
choice answers (online supplement 1). Google Forms was
used to implement the questionnaire (Google Inc.). To en-
hance clarity, techniques that provide quantitative morpho-
metric measurements but are based on conventional MRI se-
quences were not included in this survey. Brain and head/neck
were surveyed as separate organ systems.

The survey was anonymous, voluntary without incentives
and all responses were treated confidentially. Information on
the country of work and categorisation of the employing in-
stitution were mandatory. By design, it was therefore impos-
sible to reliably identify multiple answers from a single insti-
tution and thus determine the exact number of institutions
answering. Furthermore, respondents could decide if their in-
stitution is classified as a large or small hospital.

Questionnaire distribution

The questionnaire was disseminated in English, German,
Italian, Spanish, French, Turkish, Russian, and Portuguese.
The questionnaire was emailed to 27 European countries and
Russia, Turkey, and Israel as listed in detail in the online
supplement 2.

The exact contact procedure is described in the online sup-
plement 3 and technically by Fig. 1 (Fig. 1, online supplement
3). The questionnaire was open from Mid-July 2019 to Mid-
October 2019. Invitations were sent out three times.
Additional phone interviews were conducted in German-
speaking countries dedicated to the locally large number of
radiologists working in outpatient practices.

Survey analysis

Numerical analyses were performed in Microsoft Excel.
Fisher’s exact tests were performed with SPSS® V. 26.0
(IBM Corp.) to identify significant differences between
groups where applicable.

Answers from professionals who had multiple workplaces
were included, but only their primary working place was
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Survey in EU and
neighboring countries
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* One responder for Cyprus was identified through the UK mailing list.

Fig. 1 Flow diagram illustrating the data acquisition process

considered. It was possible that more than one radiologist
affiliated with the same institution would fill in and submit
the questionnaire, or that the same participant would reply
more than once. Therefore, answers were screened for proba-
ble redundancies.

If someone denied the use of a certain technique in question
3, but later reported in the detailed answer block (question 6)
that she/he used it for several indications, we extrapolated that
the responder indeed used the technique, but erroneously for-
got to tick the box in the beginning. In the reverse case (with
the detailed answers left blank), a non-intentional blank was
presumed, e.g. due to oversight.

As advanced MRI needs extra processing and scanning
time, we investigated the association between the potential
dissemination of knowledge and the presumed economic con-
straints. ¢qMRI technique dissemination was analysed based
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Language barrier, no contacts
found, no answer.

on the gross domestic product per person (GDP pP) and the
research and development expenditures per country as per-
centage of GDP (GERD) separating countries of respondents
into above or below EU 28 average [22].

Results
Demographic information of respondents

In total, 272 neuroradiologists answered in 23 countries (online
supplement 2, Fig. 2). The average return rate per country
was 6.7 £ 6.1% (range from 0.0 to 23.5%) of the respon-
dents. The following countries had zero returns: Greece,
Slovakia, Hungary, and Poland, or a return rate of
< 2%: Russia (1.2%, n = 22/1812) and Norway (1.5%, n = 1/68).
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Fig. 2 Map showing the number of radiologists responding by country
with GDP and GERD. GDP, gross domestic product per capita in 2018;
GERD, gross domestic expenditure on research and development as

Most respondents worked in institutions of 6 to 20 doctors
(44.9%, n = 122/272). However, 29.0% (n = 79/272) had
more than 50 colleagues. Response rates varied by institution
type (Table 1).

Table 1 Questionnaire response rates by institution type
Type Response rate Range by
(in % and standard deviation country (%)
University hospital 19.4+16.3 0.0-60.7
Large hospital 59+54 0.0-15.4
Small hospital 26+32 0.0-10.3
Outpatient practice 08+1.9 0.0-6.7
Teleradiology centres 04+0.7 0.0-1.8
Research institution 07+13 0.0-3.4

.

Y, V7
o2 "4CYP:B/2f '

et ISR:A/1{§

percentage of GDP (in 2018 except for Switzerland with last numbers
from 2017); in bold are countries with discrepancy between economic
power and spending on research (“under average spenders”)

Usage dissemination by sequence and indication

The most commonly applied gMRI sequence based on
question 3 was DWI (82.0%), followed by DSC (67.3%)
and MRS (64.3%). DCE, BOLD-based techniques, ASL,
and fat quantification still had an intermediate dissemina-
tion of 43.4%, 42.6%, 37.5%, and 25.0%, respectively. T1
and T2 mapping, PET-MR, IVIM, APT-CEST, and diffu-
sion kurtosis imaging (DKI) were uncommon (15.1%,
16.9%, 11.8%, 5.5%, 4.8%, and 3.3%, respectively) in
most institutions.

Sequence usage showed extensive geographical differ-
ences (online supplements 4 to 9).

For the detailed clinical indication questions (section II,
question 6 of the questionnaire), DWI was not an answer
option. A total of 94.9% of respondents used at least one
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gMRI technique other than DWI in the brain, while only
31.3% applied gMRI sequences in head and neck MRI.

Tissue differentiation (82.4%) and oncological monitoring
(72.8%) were the most common reasons to apply any quanti-
tative technique. qMRI (other than DWI) was less common
for stroke imaging (58.8%) and only a minority of respondents
used it for neurodegenerative diseases (26.1%) or multiple
sclerosis (22.8%).

The most frequently applied techniques for glioma imaging
were DSC (73.2%) and MRS (54.8%). DSC (39.3%) and ASL
(20.6%) had an intermediate use in stroke diagnostics and
oncological monitoring. PET-MRI and APT-CEST were rare-
ly used (10.7% and 0.0%, for general oncological monitoring;
9.6% and 2.2% for glioma diagnostics; 8.1% and 1.1% in
lesion differentiation, respectively).

In the head and neck region, lesion differentiation was the
single most common reason to apply quantitative techniques,
with and DSC (29.0%) or DCE (20.6%) most frequently used
(DWI was not an answer option).

Dissemination by institution type and GDP

Clear trends could be observed between the type of institution
and the frequency of use of a qMRI technique based on the
compulsory country answer and answers to questions 3 of the
questionnaire. University hospitals were the most frequent
users of a technique, large hospitals second, and small hospi-
tals the least likely users. With DSC as an example, university
hospitals used it more often than large hospitals (126/156 vs.
46/70; p = 0.01), or small hospitals (13/36; p = 0.01).

The countries with GDP above the EU28 average in 2018
(44,748 USD/capita) used the following techniques significantly
more than the countries below this average: DSC (p = 0.0001),
ASL (p = 0.02), DWI (p = 0.0001), CEST (p = 0.04), T2 map-
ping (p = 0.001), and MRS (p = 0.003). DSC (p = 0.0007), DWI
(p = 0.0001), T2 mapping (p = 0.004), and MRS (p = 0.002)
were significantly more often performed in countries with an
above-average EU28 GERD (2.03% of GDP; Fig. 2).

Motivation analysis and network knowledge

Figure 3 illustrates the main reasons for and against the use of
gMRI based on section III, questions 7 to 9. In summary, the
majority of neuroradiologists favoured the usage of qMRI
because of an improved diagnostic accuracy (89.3%). Only a
small minority (4.0%) did not see any advantages in qMRL

Scientific reasons (41.5%) were a major impulse to per-
form additional quantitative sequences.

The greatest impediment for advanced MRI applications
seemed a lack of time (39.0%) rather than a lack of financial
compensation (12.9%).

@ Springer

Notably, both QIBA and EIBALL as imaging biomarker
institutions were not widely known (12.5% and 11.0%, re-
spectively) amongst clinicians.

Discussion

This survey is unique in its purpose and aimed to assess the
clinical dissemination of qMRI techniques in neuroradiologi-
cal practice across Europe. While common usage of DWI,
DSC, and MRS was confirmed for certain indications such
as glioma imaging, it is apparent that some techniques are
rarely used, show variable use by country, or are only per-
formed for a limited number of indications. Our data show
that an overwhelming majority of respondents sees a benefit
in the use of gMRI for their diagnostic work, but mention a
lack of time as the main reason not to implement qMRI tech-
niques. This factor, together with the need for more training,
technical adjustments, and an improved exchange of expertise
with other institutions, was identified through this survey as
the key element hampering the clinical translation of qMRI
into clinical neuroradiology.

In most European countries, MRI protocols are being con-
tinuously shortened to reduce waiting times for MRI. These
waiting times differ largely between countries from an average
of 18 days in the Netherlands [23] to 126 days in Ireland [24]
and show regional differences within countries (e.g. Italy,
North-East 50 days vs. South 111 days [25]). Beyond protocol
length, waiting times depend on several factors: number of
available MRI scanners, radiologists, and limitations of
healthcare budgets [26]. While, e.g., the UK faces a bottleneck
for gMRI implementation regarding all of these factors, rea-
sons for limitations of gMRI are different in Germany and
have more than four times as many MRI scanners per inhab-
itant as the UK (37/1M vs. 9/1M inhabitants) [27]. In
Germany, insurance compensation frequently has a fixed
price per scan without sufficient compensation for additional
sequences, which may limit the incentive to add gMRI. This
may partially explain the relatively lower usage of many tech-
niques in Germany compared to other above-average GDP
and GERD countries, e.g. France—a country with also rela-
tively many respondents, but fewer scanners (14/1M inhabi-
tants; online supplements 5-9). The larger number of scanners
in Germany is also not sufficiently reflected in the number of
exams performed: 143 MRI exams/1000 inhabitants/year in
Germany as opposed to UK and France with 62 and 114,
respectively, which makes the possibly lower use of qMRI
techniques even more surprising.

Respondents in most countries already use some kind of
gMRI technique at least for some indications according to our
results. We therefore interpret their claims of impediments and
incentives for gMRI as a wish for more extensive use. The
questionnaire responses show directions on how to allow
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Endorsing factors

We do research with these techniques ONLY.

My employer/institution wants us to apply these techniques.
We are a company test site for these quantitative techniques.
The referring clinician demands to get this information.

We ALSO do research with these techniques.

a Increase the diagnostic accuracy.

Impediments

My superiors do not want me to use quantitative MR techniques.

I do not trust the software that generates the data.

| do not believe in an additional benefit.

It is not reimbursed.

| do not know how to interpret the data.

I lack the skills to process the data.

There is no demand for quantitative imaging on the clinicians' side.

| cannot afford/do not have the software to process the MR sequence.
b | cannot afford/do not have the necessary MR sequences.
It takes too much time.

Catalysts

Nothing, for me DWI/diffusion MRI is the maximum it ever should get.
Additional reimbursement/financing would be necessary.

We would need help with sequence installation.

I need a training on the generation and interpretation of images.

Our technicians would need more training.

We would like more exchange with other institutions.

C We would need technical adjustments (software, hardware).
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Fig. 3 Factors influencing the use of quantitative advanced MRI sequences in clinical practice. a Factors that endorse the use of these quantitative MRI
sequences. b Factors that impede the use of these quantitative MRI sequences. ¢ Factors that could catalyse a greater implementation

gMRI to find a larger entrance into clinical neuroradiology.
The level of evidence concerning a diagnostic benefit must be
increased, as this is the key to acceptance of a technique into
guidelines and eventually financing by the public sector,
which is needed to cover costs for technical adjustments, soft-
ware, and training. DSC in glioma imaging, which is now part
of EORTC guidelines, is an example. It had the highest prev-
alence as an indication in this study and was previously iden-
tified as relevant in other surveys on either glioma or perfusion
imaging [18, 28, 29]. For some techniques, such as ASL,
which is much less used despite reduced risks for the patient
and reduced costs compared to DSC, clinical research should
possibly be facilitated. Another aspect is the clinical indica-
tions for which gMRI techniques. A large discrepancy can be
observed between scientific trials and clinical implementation,
e.g. concerning neurodegenerative diseases as also testified in
this survey. In many countries, patients are still likely to re-
ceive a CT scan when dementia is suspected. Although neu-
rodegenerative diseases and also respective imaging receive a

lot of funding, there is currently limited evidence to justify
gMRI technique implementation. DWI imaging and structural
brain volumetric analysis mark the quantitative imaging as-
pect in this field, as corroborated by very recent clinical data
regarding dementia imaging in Europe [30].

In this context, and suggested by our data, one major
obstacle to implement qMRI sequences is not a lack of ac-
ceptance by clinicians, but indeed a multi-level shortfall of
clinical technical skill. Our analyses by institution type un-
covered important associations with the likeliness to use
gMRI techniques. A clear slope of dissemination was ob-
served from university setting already to large hospitals, and
further to small sites. Only DWI would be available at all
types of sites in the majority of cases, with all other gMRI
techniques mark the exception rather than the norm outside
a university setting. This corroborates the slow velocity of
trickle-down effects. Therefore, beyond time constraints
and financial burdens, clinicians in smaller institutions are
also in the need of better knowledge transfer as a motivation
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for implementation. Here, not only scientists but also ven-
dors are required to act through hands-on trainings at a low
financial and knowledge threshold. The involvement of
non-university sites in scientific projects can be another
meaningful way to accelerate clinical dissemination of
gMRI techniques. An example can be Denmark, which in-
tegrates smaller hospitals into large national trials and facil-
itates also the implementation of private-public partnership
projects [31]. Such advances must however be supported by
an interaction of the national- and European-level political
forces of both the healthcare and science sectors. Here, in-
stitutions such as the ESR and in particular EIBALL could
act as important lobbyists, but must still be better known
according to our data and assuming an over-average inter-
ested group of Neuroradiologists as respondents. The radio-
logical training curriculum has the potential to be extended
concerning advanced imaging data processing and interpre-
tation. One should remember that many countries do not
provide a strictly hierarchical structure of primary to tertiary
healthcare providers. Small institutions can, therefore, also
be confronted with complex cases that may benefit from
qMRL

A worrying revelation of this study is the possible associ-
ation between qMRI usage and GDP as well as GERD. Living
in a lower GDP European country negatively affects the pa-
tients’ chances to receive a neuroradiological examination that
includes DSC and DWI—two qMRI methods, which are con-
sidered an important part of glioma MRI protocols [32, 33].
While political solutions to achieve the desired equal stan-
dards of European healthcare are one aspect, neuroradiologi-
cal societies and scientific European initiatives can contribute
their share, too, e.g. through knowledge exchange and provi-
sion of free software solutions.

This study has a few limitations starting with a selection
bias due to the variable modes of contact to the radiologists.
Only a proportion of radiologists were contactable in every
country with university centres being, partially deliberately,
overrepresented. The resulting data distortions reduce the rep-
resentativeness of the survey data. Another aspect is the un-
even response rate. One reason could be the mode of commu-
nication that may have excluded, some respondents, e.g. due
to language barriers. Furthermore, it must be assumed that
despite the anonymous nature of the survey, respondents
may not have felt comfortable providing realistic answers.
They may have also mixed up a clinical implementation with
research implementation performed in a clinical setting, e.g.
an experimental CEST sequence as part of a clinical pro-
gramme. Neuroradiologists frequently working with quantita-
tive techniques were probably also more willing to answer the
survey, biasing results towards a wider use. There remains
minimal survey data on the topic, and this survey is unique
in its focus. It served as a first attempt to clarify the extent of
the current clinical use of gMRI in neuroradiology in Europe

@ Springer

and can, also due to the size, not be considered fully represen-
tative. The additive value of gqMRI techniques must be ex-
plored in prospective blinded comparative studies elsewhere
and was not attempted to be answered within this survey.

Conclusion

Usage of qMRI techniques in neuroradiology is not
standardised throughout Europe. Its clinical translation varies
substantially between techniques as well as geographically.
Local healthcare policies and variable sharing of expertise
can be presumed as underlying reasons, while neuroradiolo-
gists in principle feel positive about qMRI opportunities. This
survey highlights an unmet need to promote qMRI through
larger clinical studies showing a convincing benefit, improved
networking between clinicians and scientists as well as
training.
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