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Results from development of the NIST/ISMRM MRI phantom set
1
Keenan KE, 1Stupic KS, 1Peskin A, 2Boss MA, 1Gimbutas Z, 1Dienstfrey A, 1Russek SE
1
National Institute of Standards and Technology, USA.
2
Department of Physics, University of Colorado, USA.
Magnetic resonance imaging (MRI) biomarkers are increasingly used to improve clinical
diagnostics. Biomarkers (4) are objectively measured parameters that indicate biological state,
biological/pathobiological processes or pharmacologic responses to treatment. The pharmaceutical
industry is interested in MR biomarkers to develop novel therapeutic agents.
Quantitative mapping of biomarkers has the potential to greatly increase the amount, reliability, and
comparability of the data obtained from medical imaging. However, success requires careful
standardization of protocols and the development of phantoms (standard physical or digital
reference objects or calibration structures) to validate the accuracy of in vivo measurements, as
well as to assess the repeatability and reproducibility of the measurements across imaging and
analysis platforms and time. For example, water apparent diffusion coefficient (ADC) has been
demonstrated as a biomarker for staging of tumours in the breast (8,9), but is not yet reproducible
enough to give guidance for tumour staging across all clinical sites (2).
NIST, in collaboration with the International Society of Magnetic Resonance in Medicine (ISMRM),
National Cancer Institute (NCI), Radiological Society of North America Quantitative Imaging
Biomarker Alliance (RSNA QIBA), and the University of California San Francisco (UCSF), has
developed three phantoms for the purpose of characterization of MRI systems, imaging protocols,
and reproducibility of biomarker measurements (Figure 1): the ISMRM/NIST system phantom (11),
the NCI/QIBA/NIST isotropic diffusion phantom (1,10), and the UCSF/NIST breast phantom (5,6).
In this talk, I will discuss findings from studies using each of these phantoms to assess
measurement stability across scanner upgrades; assess day-to-day repeatability and
reproducibility in MR Fingerprinting (3); in a clinical trial (7); and to identify and understand B0
inhomogeneity-induced distortions in echo planar imaging (6).
Figure 1: A) ISMRM/NIST system phantom. B) NCI/QIBA/NIST isotropic diffusion phantom. C)
UCSF/NIST breast phantom.
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NPL’s plans for standardisation and reproducibility in quantitative MRI
Matt G Hall & Matt Cashmore
MEMPHYS, National Physical Laboratory, Teddington, UK
As the UK’s National Measurement Institute, NPL has a long history of activity in medical physics
and medical imaging. NPL has historically been active in techniques involving ionising radiation as
well as ultrasound, and more recently has set up a PET/SPECT/CT facility. MRI, and in particular
quantitative MRI, is an obvious missing piece from these activities, and so there’s been a decision
to develop NPL’s involvement here as well. This is an overview of NPL’s activities to date and its
plans going forward. In all of this, we’re collaborating internationally with other NMIs in Europe and
North America as well as the major scanner manufacturers to align with international
standardisation efforts.
MRI is a complex and diverse field. The sheer flexibility of approaches and research questions
means that any efforts at standardisation and reproducibility must be prioritised and targeted. To
get things started, NPL hosted a day-long workshop to brainstorm our involvement in MRI. We
invited MRI researchers from across the UK to discuss their own priorities and identify themes and
projects that NPL could potentially support. The workshop identified a set of intersecting themes
which have guided our thinking going forward. MRI also intersects a number of other activities at
NPL including SAR measurement and quantification, and also in data science where
understanding of the reliability of machine learning and related approaches is a priority.
The first major theme is the need for new standard test objects. Building on work conducted at
NIST and the ISMRM quantitative imaging ad hoc committee, there is a clear need for specialist
phantoms for quantitative MRI. Test objects with specialist materials will be used for investigating
measurements of T1, T2, T2*, proton density, diffusion, and susceptibility imaging which are
specific, orientable, and include measurements of temperature as well as compartments of known
size, which are suitable to be taken to clinical facilities and fit inside a typical head coil. Specialist
test objects can be used to support not just parameter estimates and field homogeneity but also
advanced post-processing approaches, such as those based on machine learning, and compare
the results of different scanners at different facilities.
This approach leads naturally to the idea of considering MRI as a complete pipeline, from the
object being imaged to pulse sequence, through image reconstruction and post-processing. In
particular, we’re interested in learning more about how decisions made in different studies and by
different manufacturers impact image quality, and how sensitive quantitative measurements are to
different parts of the pipeline. This involves experimental work in collaboration with academic,
clinical, and industrial partners, and also simulation-based work to understand the measurement
process in detail by modelling a complete device.
One important issue to consider is that MRI is already a well-established imaging modality, but an
absence of existing standards mean that there are currently considerable differences between
images acquired on different sites. Quantifying these differences is an important first step in
standardisation, and NPL is interested in conducting a survey of UK MRI sites to quantify the
differences in images and measurements using a standardised NPL phantom – a snapshot of MR
facilities nationally to identify the major sources of variation and what patterns can be observed.
NPL’s aim is to provide quantitation, standards, test objects, and recommendation for best practice
across quantitative MRI and to work with partners in research, industry, and clinical practice to
support further work and its deployment in the NHS and beyond.
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Evaluation of a novel commercial phantom for validation and QA of ADC measurements in
clinical practice and multi-centre research studies.
1,2
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RRPPS, University Hospitals Birmingham NHS FT, Birmingham, UK.
2
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Background. Quantitative Diffusion Weighted Imaging (DWI) has become a widespread tool in
clinical practice and remains an active area of research [1-3]. It has therefore become desirable to
perform Quality Assurance (QA) of quantitative DWI as part of MRI physics services [4]. The
requirements of an appropriate diffusion phantom are that it should provide clinically relevant,
robust and reproducible measurements of ADC. There are several commercial phantoms available
that require a water-ice bath to control the temperature [5], but this may not be convenient for
routine use. We aim to evaluate a novel two-compartment diffusion phantom provided by ‘HQImaging’1 [6] for use in routine DWI QA, protocol optimisation and inter-scanner comparison. The
compartments contain different concentrations of PVP solution to give two physiologically relevant
ADC values. These can be customised and we selected ADC values of 1.5m2/ms (benign) and
1m2/ms (malignant) at 21C. It comes with an integral thermometer and a calibration formula to
allow temperature correction of ADC values [7].
Methods. The phantom has been scanned using
local clinical “routine brain” protocols and a semistandardised “RRPPS” protocol (SE-EPI, TR/TE
2900/83ms, b-vals 0,1000, GRAPPA/SENSE 2,
voxel size 1.2 x 1.2 x 4 mm) on 6 different MRI
scanners (Philips Achieva 3T, Siemens Verio 3T,
2 x Siemens Skyra 3T, Siemens Aera 1.5T and
Siemens Symphony 1.5T) at 5 different
hospitals. In addition on the Philips Achieva 3T
scanner, multiple sequence parameters such as
EPI and SENSE factors and b values were
sequentially altered to investigate their affect on
measured ADC. Further images were acquired with multi-b value research protocols. The standard
protocol was then repeated at the session end to measure reproducibility. ADC maps were
generated using scanner software. A central circular ROI ~20% of the phantom area was used to
1.7
measure ADC mean and SD using ImageJ in
1.6
both phantom compartments.
1.5
Results The images show the internal structure
1.4
of the phantom and the chart shows ADC
1.3
measurements from a single session on the
1.2
Achieva 3T scanner. The horizontal lines
1.1
indicate the range of the expected temperature1.0
corrected ADC values given the estimated
0.9
measurement error of 0.5oC. Maximum deviation
of the mean measured ADC value from the
expected value over all protocols was 6% and
Protocol variations
the mean deviation for the routine and standard
protocols was 3%. Results obtained for the other scanners were comparable.
Discussion. The results suggest that inconsistencies in ADC measurements due to protocol and
scanner variations are small. Repeat data over time is required to investigate the recommended
criteria for remedial action and optimum frequency of DWI QA.
Conclusion. This novel HQ-Imaging ADC phantom offers a convenient and relatively inexpensive
solution for physiologically relevant quantitative DWI QA and protocol optimisation.
References. 1. McDonald ES, et al. Am J Roentgen. 2016;207:205-216. 2. Yeo L.L.L., et al. Eur J
Radiol 2017. 3. Darbar A, et al. Cureus. 2018;10(3):e2284. 4) Quality Control and Artefacts in
Magnetic Resonance Imaging, IPEM Report Number 112. 5) http://hpd-online.com/diffusionphantom.php 6) http://hq-imaging.com/phantom 7) Wagner F, et al. PLoS ONE
2017;12(6):e0179276.

Practical Approaches for Implementing a Routine qMRI Quality Assurance Program
McCann AJ
Northern Ireland Regional Medical Physics Service, Belfast Health and Social Care Trust
Background. MRI scanners in clinical use are undergoing a long-predicted evolution from camera
to scientific instrument1. Devices currently being installed in hospitals are routinely bundled with
acquisition sequences and post-processing software for quantitative measurement of diffusion,
relaxometric, spectroscopic, dynamic contrast enhancement and various other parameters. The
speaker addresses how a routine quality assurance program can be expanded to provide
confidence of a scanner’s fundamental capacity for accurate and reproducible measurement of
quantitative parameters, with reference to:






National guidance documents and other useful sources.1-6
Commercially available phantoms, in particular the NIST qMRI phantom suite.7
Strategies for optimising time available for image acquisition.
Dependence of parameters on temperature and positioning.
QA of on-board post-processing and analysis software.

Key references.
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Magnetic Resonance Fingerprinting: Repeatability and Reproducibility at 1.5 and 3.0 T
Buonincontri G1,2, Biagi L3,1, Retico A2, Cecchi P4, Cosottini M4, Gallagher FA5, Gómez PA6,
Graves MJ5, McLean M7, Riemer F5, Schulte RF8, Tosetti M3,1, Zaccagna F5, Kaggie JD5
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Background. Quantitative Magnetic Resonance Imaging (MRI) methods are used for longitudinal
measurements of disease-related changes (1) (2). Current quantitative methods require lengthy
scan times, preventing their adoption in routine clinical settings. MR Fingerprinting (MRF) is a
novel technique that enables fast quantitative mapping from a single acquisition by exploiting
transient signal patterns (3) (4). This study sought to establish the reproducibility and repeatability
of MRF using in a phantom and in vivo at both 1.5 T and 3.0 T.
Methods. Our study acquired test/retest data from the National Institute of Standards and
Technology phantom and brains of 9 normal volunteers on two 3.0 T and three 1.5 T MRI systems,
from the same vendor, at two separate sites.
The MRF sequence consisted of a steady-state free precession using spiral trajectories rotated by
the golden-angle, with 1356 readout points per spiral, total Nyquist field-of-view (FOV) = 256 mm,
reconstruction matrix = 128x128, sampling bandwidth = ±250kHz, echo time = 2.2 ms. A total of 55
slices per subject and 40 per phantom to obtain volumetric coverage per imaging session were
obtained at 2mm slice thickness with the TR/flip angle lists repeated for each slice. The MRF pulse
sequence and reconstruction was identical for all acquisitions.
Voxel-wise coefficients-of-variation (CVs) were computed to assess repeatability and
reproducibility on registered images. A General Linear Model (GLM) was used to determine the
effects of test, retest, each subject, field strength, and site. CVs were calculated in grey and white
matter at both field strengths.
Results. The intra-site CV NIST phantom values were <1% for all sites and relaxation parameters,
demonstrating high repeatability. The inter-site phantom CV values (T1 / T2) were 0.9% / 2.7% at
1.5 T, and 0.2% / 0.7% at 3.0 T, demonstrating decent reproducibility.
The in vivo test-retest CVs were 2-3% for T1, 5-6% for T2, 2% for normalized-M0. The inter-site CVs
were 5-6% for T1, 10-13% for T2, and 5% for normalized-M0.
Discussion. Our analysis confirmed an excellent
repeatability and a good reproducibility in grey and
white matter. The T1 values had particularly high
agreement inter-site and with the published NIST
phantom values, suggesting MRF can be used as
a fast and accurate T1 measurement technique.
Conclusion. This study has demonstrated
excellent repeatability and reproducibility results for
MR Fingerprinting which supports further
investigation of the technique for rapid
quantification of tissue relaxation times.
References. 1. Bartzokis et al., Arch Gen
Psychiatry. 2000;57(1):47-53. 2. Tang X, et al.,
Brain Research Bulletin. 2018. 3. Ma D, et al.,
Nature. 2013;495(7440):187-92. 4. Vymazal J, et
al., Radiology. 1999;211(2):489-95.

Clinical Utility and implementation of Quantitative MRI
NM deSouza, Institute of Cancer Research
Interpretation of medical images relies on visual assessment by an observer. This pattern
recognition dominates the way this data is used in routine clinical practice. The digital nature of
imaging techniques and advancement in deriving ‘parametric’ data by applying analysis techniques
to extract quantified information is transforming how these images may be exploited.
Semi-quantitative scoring systems are used to classify images according to the presence or
absence of certain features. Such semi-quantitative biomarkers are used for clinical decisionmaking (cf, BI-RADS, PI-RADS and a raft of similar systems for liver, ovary and bladder have been
proposed). The ability to use objective, quantified data, however, has several obvious
advantages. It removes the subjective elements and potentially delivers an objective
interpretation. It can be automated and ultimately delivered at high throughput. It can be utilised in
longitudinal studies without the risk of variation introduced by different observers. Thresholds can
be applied above or below which a disease state is recognised and changes interpreted as
meaningful or otherwise.
A process of harmonisation at the data acquisition and analysis stages is essential. Lack of
standards and quality assurance and quality control (QA/QC) processes or poorly validated
biomarkers lead to errors in interpretation. This has profound implications for diagnosis (correct
interpretation of the presence of the disease state), treatment decision-making (based on
interpretation of response vs non-response) and reduces the validity of combination biomarkers.
Validation and qualification of biomarkers in multicentre trials involves examination of i) technical
performance to determine biomarker bias and reproducibility and ii) biological performance to
interrogate a specific aspect of biology or to forecast outcome. Where acquisition and analysis
methodologies employed at different centres vary, quantitation yields variable data that is noncomparable between centres. This invalidates implementation in multicentre trials and limits the
utility of the quantitative biomarker. Hardware and software considerations are of major importance
when implementing standardised protocols across multi-vendor platforms. A rigorous system of
QA/QC needs to be set up and adhered to. Processes of data collection, archiving, curation,
analysis, central reading and handling incidental findings have to be carefully considered in the
conduct of multicentre trials, prior to their initiation. Data protection and good clinical practice are
essential prerequisites. Developing international consensus of procedures is critical to successful
validation. This presentation discusses the current evidence and future recommendations of the
processes to be adopted to support the use of quantitative imaging biomarkers in clinical trials and
in clinical practice.
References:
deSouza NM, Winfield JM, Waterton JC, Weller A, Papoutsaki MV, Doran SJ, Collins DJ, Fournier
L, Sullivan D, Chenevert T, Jackson A, Boss M, Trattnig S, Liu Y. Implementing diffusion-weighted
MRI for body imaging in prospective multicentre trials: current considerations and future
perspectives. Eur Radiol. 2018; 28:1118-1131. doi: 10.1007/s00330-017-4972-z. Epub 2017 Sep
27. Review.
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Development of a method for routine validation and QA of diffusion anisotropy measures
and tractography algorithms using commercially available novel phantoms.
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Background: Quantitative measures of diffusion anisotropy in the brain and the mapping of white
matter fibre bundles are becoming increasingly important tools in clinical neuroimaging for
diagnosis, surgical planning and neuro-navigation, as well as in research (1,3,6). It has therefore
become desirable to perform Quality Assurance (QA) of methods such as diffusion tensor imaging
(DTI) as part of routine MRI physics services (4). The requirements of an appropriate DTI phantom
for this task are that it should provide robust, reproducible and clinically relevant measurements of
fractional anisotropy (FA) and allow the validation of tractography algorithms by providing realistic
ground-truth fibre bundle architectures. There has been much research into developing such
phantoms (5) but very few have been made commercially available. We have recently obtained
two phantoms from ‘HQ-Imaging’: a “Basic DTI” phantom consisting of artificial fibre strands wound
onto a spindle in a ring shape (Fig. 1) and a “Q-ball” phantom containing two fibre-bundles crossing
at an angle of 60deg. They provide physiologically relevant
FA measurements of 0.8+/-5% (2).
Methods: The phantom has been scanned using local
clinical DTI protocols and a semi-standardised “RRPPS”
protocol (SE-EPI, TR/TE 2222/92ms, b-vals 0,1000, 15
directions, GRAPPA/SENSE 2, voxel size 3 mm isotropic)
on 4 different MRI scanners (Philips Achieva 3T, Siemens
Verio 3T, 2 x Siemens Skyra 3T) at 3 different hospitals. In
addition, on 2 of the scanners, multiple sequence
parameters such as EPI and SENSE factors, b values,
number of directions and resolution were sequentially
altered to investigate their affect on measured FA and tractography results. FA maps were
generated using scanner software. Four ROIs were used to measure FA mean and SD using
ImageJ. In addition, manufacturer’s software (FiberTrak & syngo.via) was used to perform
tractography
and
extract
tract
bundle
statistics
including
mean
FA.
Results: The image shows the “Basic DTI”
phantom structure scanned using a Skyra 3T with
tracts constructed using syngo.via and the chart
shows ROI and FiberTrak results for the Achieva
3T. Mean ROI based FA values were within +/-5%
of the expected value for all measurements made
across the 4 scanners and for all protocol
variations. Some of the tractography based
measurements were outside of this tolerance.
Discussion & Conclusion: The results suggest
that inconsistencies in FA measurements due to
protocol and scanner variations are small. Repeat
ImageJ ROIs
FiberTrak
data over time is required to investigate the
1.00
recommended criteria for remedial action and
0.95
optimum frequency of DTI QA. These novel
0.90
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phantoms provide a relatively inexpensive and
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effective framework for performing FA and
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tractography QC and protocol optimisation.
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How to Make Quantitative Biomarkers – Bringing Precision to MRI
1
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The quantification of material and tissue properties has been an integral part of MR since the very
beginning and is still one of the most active areas of research in the field. Despite this, the majority
of MRI procedures remain image based with subjective radiological interpretation. The challenges
of bringing quantitative MRI to the clinic is seen by some as the holy grail of healthcare
diagnostics, removing system variation, and improving diagnosis. Many quantitative methods now
exist as standard on commercial systems from structural anatomical measures, tissue relaxometry,
to derived functional measures such as fat fractions, tumour pH and metabolism, bringing the
measurement closer to the disease process. This talk will cover how Philips approaches the
translation of a research idea into clinical product. It will also glance into the future, where
standardisation and big data analysis of qMRI bring new challenges and opportunities.

The Use of Phantoms to Standardise Multiparametric Magnetic Resonance Imaging of the
Liver
Amy H. Herlihy1, Michael L. Gyngell1, Rexford Newbould1, Henry Wilman1,3, and Matthew D.
Robson1,2.
1
Perspectum Diagnostics, Oxford, UK.
2
University of Oxford, UK.
3
University of Westminster, UK.

MRI for quantitative analysis of hepatic fat, iron, and corrected T1 (cT1) has considerable utility in
NASH clinical trials. As cT1 has been shown to correlate with fibro-inflammatory disease and
predict clinical outcomes1, it is desirable to have consistent cross-vendor performance for
quantitative analysis to allow measurement values from patients to be independent of vendor and
field strength.
Scanning a subject on two different systems within a short time period should yield information on
the measurement errors provided there have been no physiological changes. In LiverMultiScan the
MOLLI (Modified Look-Locker Inversion recovery) method is used to make a measurement the
hepatic T1. This is known to be an unbiased measure of T1. The three dominant MRI
manufacturers (GE, Siemens and Philips) all provide MOLLI sequences, marketed to perform fast
cardiac T1 measurements, but which can also be used for fast hepatic T1 measurements.
Although the acquisition and processing methods are basically the same, there are known to be
minor differences in hardware specifications (gradient performance) and pulse sequence
characteristics inherent to each manufacturer. These variations may generate slight differences in
the measured T1, which may result in inconsistent T1 measurements across vendors and field
strengths. Therefore, we have developed a method to standardise T1 values to a reference 3T
scanner. This removes vendor and field strength variations. The standardised T1 value can then
be corrected for the influences of liver iron2 providing a cT1 (corrected T1), and the cT1 can be
evaluated regardless of where the scan was performed.
Standardisation of T1 maps across scanner models and software versions was based on phantom
measurements from over 100 acquisitions on variety of GE, Philips and Siemens systems at 1.5T
and 3T. Phantoms were purpose built to span the clinically-relevant range of liver T1, iron and
PDFF. Statistical analysis of the data demonstrates the ability to use phantoms to generate
standardisation tools across a range of vendors and field strengths3.
References
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Validating a MR Fingerprinting sequence for quantitative T1 and T2 mapping
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Background
MR Fingerprinting has been introduced as a novel approach for simultaneous mapping of multiple
quantitative MR parameters [7]. MRF is a general concept that can be applied in different ways to
detect various MR parameters [3,4,5] and first implementations are currently investigated for
clinical application [1,6,8].
This study is targeted at evaluating key metrics such as reproducibility and cross-scanner variance
as a prerequisite for clinical studies and ultimately for routine diagnostic application.
Methods
A prototype 2D FISP MRF sequence was implemented on two different 3T MRI scanner types
(MAGNETOM Skyra and Prisma, Siemens Healthcare, Erlangen, Germany) and evaluated by
phantom and in-vivo (brain) experiments with a focus on reproducibility, repeatability and
robustness against confounding factors such as field homogeneity, subject motion or scanner
variations.
Results
High reproducibility was found both in phantom and in-vivo scans with T1 exhibiting a smaller
variance than T2. The 2D FISP scheme shows little sensitivity to off-resonance effects, motion had
an impact on results, but strongly dependent on the type of motion (e.g. in-plane vs. throughplane). Absolute T2 values in brain tissue were lower than those published with alternative
mapping methods [2], but were very comparable in a phantom.
Discussion
Various aspects of validating T1 and T2 mapping by MRF were investigated. Identifying and testing
a comprehensive set of relevant parameters, including even the design of the phantom, turned out
to be a challenge. The inconsistent in-vivo results between MRF and other mapping methods raise
the question of how to best define and measure ground-truth relaxation parameters in complex
biological tissues.
Conclusion
Insights from this MRF mapping study are valuable for future clinical applications but will also serve
as a reference for further improvements of the method.
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Delayed Gadolinium Contrast T1 Mapping of Osteoarthritis with Magnetic Resonance
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Background. Mapping of quantitative MRI relaxation values is promising for improving the
assessment of musculoskeletal disease [1, 2]. Delayed gadolinium enhancement MRI of cartilage
(dGEMRIC) [2] seeks to map the accumulation of gadolinium-chelates in osteoarthritic cartilage
that results in T1 shortening [1]. Magnetic Resonance Fingerprinting (MRF) is a new method that
enables fast quantitative MRI by exploiting the transient signals caused by the variation of
pseudorandom sequence parameters [3, 4]. These transient signals are then matched to a
simulated dictionary of T1 and T2 to create quantitative MRI maps. This work investigates MRF for
T1 contrast mapping, and compares MRF-T1 values with variable flip angle T1 values (VFA-T1 [4]).
Methods. Ten participants were imaged on a 3.0 T MRI system (MR750 GE Healthcare,
Waukesha, WI, USA) using an 8-channel transmit/receive knee coil. All imaging occurred with local
ethical approval, and all participants provided written informed consent. Three participants had no
history of OA, two participants had Kellgren-Lawrence (KL) grade 2, and two had KL grade 3. The
MR protocol consisted of gadolinium injection (Dotarem 0.4 mL/kg), ten minutes of exercise on a
stationary cycle, and 80 minutes of rest. Following rest, subjects were imaged with a 3:09min 3D
SPGR with 3 variable flip angles (VFA) and a 4:40 minute 2D steady-state-free-precession MRF
sequence. Imaging parameters were: flip angles=6°,2°,14°, voxel size=0.5x0.5x3.0 mm3,
matrix=320x256x40, half-NEX, field-of-view=160x128x120mm3, TR/TE=3.9/2.1ms, averages=2.
The MRF acquisition acquired 979 frames with 89 golden-angle spiral interleaves with field-ofview=225x225x63mm2, matrix = 192x192, voxel size=1.2x1.2x3.0mm3, slices=18-21, scan time =
15seconds/slice, slice thickness=3.0mm, spacing 1.0mm, sampling bandwidth=±250kHz, slice
dephasing=8π, TE=1.8ms, with repetition time and flip angle lists matching the values in Jiang [3]
(Figure 1). Regions-of-interest (ROIs) were drawn over several regions in the femoral and tibial
cartilage of all subjects.
Results. An example MRF T1 and T2 map is shown of a patient with KL=3. MRF-T1 and VFA-T1
values are shown from both lateral and medial regions of the femur and tibia.
Discussion. Both MRF-T1 and VFA-T1
showed 5-20% mean decreases in the
medial region when comparing KL=0
to KL=2 subjects. The average VFA-T1
and MRF-T1 measurements were
similar in the medial regions (<18%
group average difference). VFA-T1 in
the lateral region was much higher
than MRF-T1 (up to 35%) in the lateral
regions, likely as a result of VFA
sensitivity to the B1 inhomogeneity of
the local transmit coils.
Conclusion. This work demonstrates T1 mapping of the knee using MRF and VFA methods.
Large T1 differences were observed from the VFA method, likely as a result of transmit
inhomogeneity. If higher MRF resolutions can be achieved in similar scan times, MRF may
improve T1 accuracy over VFA measurements.
References. [1] N. M. Menezes, et al., MRM, 51:503-9(2004). [2] A. Bashir, et al., MRM 36:665673, (1996). [3] Y. Jiang, et al., 74:1621:2015. [4] D. Ma, et al., Nature 495:187-192(2013). [4]
Deoni C, et al. MRM 53:237-41(2005).

T1 relaxation time in relation to fibrosis of non-alcoholic fatty liver disease.
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Background. In recent years multiparametric MRI (mpMRI) has been used to quantify liver
diseases [1,2,3]. Longitudinal T1 relaxation time is one of the key parameters defining condition of
liver. There are several that can influence T1 of liver including iron overload (previously addressed
[1]), fat content, but also less obvious factors such as blood haematocrit. The aim of this study is to
use a data-driven approach to eliminate blood and fat contribution to the overall T 1 relaxation time
of liver tissue using fat fraction and T1 of spleen.
Methods. We selected 58 patients who underwent liver mpMRI scans (including DIXON [4] for fat
fraction quantification and 5-1-1 MOLLI [5] T1 mapping MR sequences) as well as liver biopsies to
independently assess liver fibrosis (gold standard). Four healthy volunteers also underwent mpMRI
with no biopsy, for whom it was assumed that no fibrosis was present (Ishak stage = 0). T 1 maps
for a single central slice of liver were generated from MOLLI data pixel-by-pixel fitting for
magnetisation and T1, and corresponding goodness-of-fit maps were used to exclude voxels where
r2<0.9. Fat fractions were calculated using the two-point DIXON method [4] and corrected for T2*
decay between two consecutive echoes. Correction coefficients for the T1 contribution of fat
fraction and blood T1 were derived through maximisation of the Pearson correlation coefficient
between corrected liver T1 and Collagen Proportionate Area (CPA) measurement from biopsy.
Correlation between these corrected T1 values and Ishak score was also assessed.
Results. Fig. 1 shows the effect of correction on T1 of liver for each subject. Table 1. presents
Pearson correlation factors between biopsy results (Ishak and CPA) and T1 of liver for both
uncorrected and with data-driven correction.
Table 1. Pearson correlation factor between
Discussion. Following correction for fat and blood biopsy results (CPA and Ishak) and T1 of
contributions to T1, marked improvement in
liver for uncorrected and corrected values.
correlation is seen with both CPA and Ishak score
CPA
Ishak
(r>0.65 for both values). This suggests that using
established mpMRI techniques, confounding
T1 Uncorrecrted
0.581
0.657
Uncorrected and corrected T 1 of liver for each patient

1300

Uncorrected
Corrected

T1 relaxation time [ms]

1200
1100
1000
900
800
700
600

T1 Corrected

0.658

0.686

factors that have limited the usefulness of
liver T1 measurement could be eliminated,
making T1 a valuable measure in the staging
of liver disease. It is noted that while this
method shows promise, a limitation of this
particular study is a relatively small patient
cohort as well as a very few subjects with
extreme liver conditions (high fat – low
fibrosis and low fat – high fibrosis), which
limits broader application of the correction.

Conclusion. We have developed a new
technique to correct T1 relaxation time of liver
to give a better representation of liver
Fig.1. Uncorrected (blue) and correct (red) T1
condition, such as fibrosis. This method could
longitudinal relaxation time per subject.
potentially eliminate very invasive liver
biopsies in liver research as well as aid current diagnostic tools.
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Background. Excess iron in the body is typically deposited in the liver which can have an impact
on liver function and can also affect the function of the spleen, pancreas and normal cardiac
function7. FerriScan is an MRI procedure that provides accurate and calibrated measures of liver
iron concentrations (LIC) non-invasively6. This procedure can be repeated over time to track
disease progression. As the results of FerriScan are obtained externally then other methods have
been explored for use in NHS GGC. These alternative methods include a single slice Gandon
signal intensity ratio (SIR) method5, a multi-slice multi-echo Gandon SIR method and a T2* method
using conversion algorithms from Henninger1, Wood2 and Garbowski3. The aim of this project was
to determine if the LIC methods were statistically significantly different and to compare the
conversion algorithms when using the T2* method.
Methods. An evaluation of LIC techniques was carried on fourteen patients. For each patient, all
LIC methods were performed. Each LIC method required regions of interest (ROIs) to be drawn
within the liver, muscle, spleen and background. Using Gandon’s SIR algorithm or MRQuantif4
software, ROIs were used to obtain SIR ratios or measures of T2*.

Results. The results indicate that the two SIR methods were not statistically significantly different.
This suggests that the single slice SIR method could be removed from the protocol, reducing the
scan time and the number of breath holds required. These comparisons also found that the
FerriScan results and the Garbowski T2* method results were not statistically significantly different.
The three conversion algorithms for the T2* method were
each compared to the Ferriscan results. The WSR pvalues indicate there were no significant differences and
therefore, the T2* method agrees with FerriScan,
regardless of conversion algorithm.
Discussion. Gandon’s single slice and multi-slice multi-echo SIR methods were not statistically
significantly different. Therefore, the single slice SIR method can be removed from the protocol,
greatly reducing scan time and number of breath holds which will increase throughput.
Conclusion. This research project found that the FerriScan results and the T2* methods are not
statistically significantly different, regardless of conversion algorithm used.
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Assessing language lateralisation with fMRI: a simplified approach to robust and
threshold-independent laterality index calculation
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Background. Determining hemispheric or regional dominance in language functions (language
lateralisation) can aid presurgical planning [1,5]. Language lateralisation can be evaluated with
functional MRI (fMRI) using the laterality index (LI), which indicates the prevalence of activation
in one side of the brain over the other. The LI is conventionally determined by comparing the
number of voxels with value above an activation threshold in left (NL) and right (NR) ROIs: 𝐼 =
𝑁𝐿−𝑁𝑅
. LI values thus range from +1 (left dominant) to -1 (right dominant). A major limitation of
𝑁𝐿+𝑁𝑅
this approach is the strong dependence of the LI on the voxel value arbitrarily chosen as
threshold. To overcome this, different threshold-independent LI calculation methods have been
reported [1,2,3]. In this work, we propose a simplified threshold-independent method and we
evaluate how different methods perform on a cohort of healthy volunteers.
Methods. Fifteen right handed healthy volunteers were scanned at 1.5 T (Magnetom Aera,
Siemens AG, Germany) using the standard 20-channel head receive coil. BOLD contrast fMRI
GE EPI sequences (TE = 40 ms, TR = 3000 ms, voxel size = 2.5x2.5x3 mm3) were employed.
The volunteers performed 3 language tasks: picture naming, verb generation, and word fluency.
Each fMRI acquisition consisted of 6 cycles of alternating rest and activation periods of 30
seconds each (120 measurements). The fMRI data was processed using custom MATLAB
scripts containing SPM12 commands. We used a language ROI defined as the combined
Broca's (Brodmann areas 44 and 45) and Wernicke's areas (posterior division of the superior
temporal gyrus). The first LI calculation method, labelled ‘curveLI’, calculates the LI as a function
of the total number of activated voxels within the ROIs corresponding to different threshold
values, and produces a LI curve [1]. The single LI value used for the comparison was calculated
at a threshold value corresponding to half the voxels being active (mid abscisse of the graph).
The second method (‘aveLI’) calculates a mean LI by averaging the conventional LI values over
the total range of voxel values [3]. The simplified method we propose (‘AUCLI’) calculates the
area under the curve of the cumulative histogram of voxel counts versus threshold, considering
all values between 0 and the maximum voxel value. For each method, the subjects were ranked
according to their LI values. To quantify the agreement between rankings, Spearman’s
correlation coefficients were calculated.
Results and discussion. The ranked LI values calculated with
the 3 different threshold-independent methods for the verb
generation task can be seen in Figure 1. The newly developed
AUCLI method agrees very well with both the curveLI and the
aveLI methods for all 3 tasks both on the LI values and the
subject rankings (range of Spearman’s correlation coefficients:
0.96 - 1.00). A LI calculation method suitable for the clinical
routine should be robust (independent of any parameter),
reproducible (stable over repeated calculations), and allow an
easy subject comparison [4]. For the curveLI method, the
calculated LI value depends on the choice of total number of
activated voxels, while both the aveLI and AUCLI methods satisfy
all criteria. The AUCLI also has the advantage of being simpler to
implement and slightly faster than the aveLI method.
Conclusion. In this work, we have proposed a new threshold-independent LI calculation method
and compared it to two previously reported methods. Our results show a very good agreement
between the 3 methods. Furthermore, the proposed method presents important advantages: it is
simple, fast, robust, reproducible, and allows an easy subject comparison.
Key references. [1] Abbott et al., 2010. Neuroimage, 50(4), pp.1446-1455. [2] Bradshaw et al.,
2017. PeerJ, 5, p.e3557. [3] Matsuo et al., 2012. Journal of neuroscience methods, 205(1),
pp.119-129. [4] Nagata et al., 2001. American Journal of Neuroradiology, 22(5), pp.985-991. [5]
Tailby et al., 2017. NeuroImage: Clinical, 14, pp.141-150.
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Background: Quantitative MR spectroscopy (MRS) can provide highly accurate non-invasive
diagnosis1 and has been shown to add value to conventional and other quantitative metrics such
as diffusion and perfusion MRI in the clinical setting 2. Yet, there are technical limitations and
potential pitfalls in the acquisition, analysis and interpretation of MRS that can lead to poor-quality
results that may be non-diagnostic. Quantitative MRS suitable for use in routine clinical practice
requires consistent high-quality MRS data and since MRS is more sensitive to variations in
scanner performance than other MRI methods, a specific Quality Assurance (QA) programme is
recommended. We have carried out an audit of MRS QA data obtained with varying frequencies
over a 5 year period on two MRI scanners to explore the value of such a programme and to shape
future development.
Methods: A retrospective analysis was performed on over 5 years
(2013-2018) of single-voxel MRS QA data obtained using a
consistent protocol (32-ch head RF coil, PRESS, TE/TR 30/1500
ms, 20 mm cubic voxel at isocentre, NSA 32, bandwidth 2 kHz, 2048
samples) on two Siemens 3T scanners (Verio, Skyra) at the same
centre. One of the spherical phantoms made for the eTumour3
project in 2005 was used with the ingredients as listed on the label in
the photograph to the right. 24 datasets acquired between 20132016 were available from the Verio and a further 27 datasets acquired since 2017 were available
from the Skyra. A Python-based GUI for sorting and processing DICOM MRS data and
implementing TARQUIN4, a well-known open-source MRS fitting tool, was developed to allow rapid
processing and analysis of the MRS QA results. Metabolite concentration estimates and quality
metrics such as peak width and SNR were extracted and analysed for trends. Variability over time
was estimated using temporal coefficient of variation (tCoV). Student’s t-tests were used to
compare metabolite concentration estimates and quality metrics between scanners.
Results: The chart shows the variability of
metabolite estimates with test date, with the
vertical dotted line indicating the arrival of the
new scanner. The time axis is not linear as the
gaps between tests are highly variable. Solid
lines between points are used for visualisation
only. Error bars indicate the uncertainty of the
TARQUIN metabolite estimates. The dotted line
shows the peak linewidth, indicating the shim
quality shim.
Table 1 compares the temporal analysis
between scanners. There was no systematic
Table 1. Single-voxel MRS QA results from 2 scanners showing the mean, temporal SD (tSD) and
Coeffecient of Variation (tCoV) of metabolite concentrations estimates
Nominal
Scanner 1 (Verio 3T)
Scanner 2 (Skyra 3T)
T-test
Metabs
conc. (mM) Mean (mM) tSD (mM) tCoV Mean (mM) tSD (mM)
tCoV
P-value
Creatine
10.0
10.9
2.0
19%
10.9
0.7
6%
0.10
Choline
3.0
3.0
0.3
9%
3.2
0.1
4%
2E-03
NAA
12.5
12.2
0.7
6%
11.3
0.4
4%
1E-06
Inositol
7.5
10.1
0.7
7%
10.0
0.4
4%
0.58
Glutamate
12.5
14.2
1.6
11%
13.6
1.0
8%
0.16
Lactate
5.0
6.1
0.9
15%
5.1
1.3
26%
4E-03

change in metabolite estimates. The means
were significantly different for choline (PCh),
NAA and lactate (Lac), but not for creatine
(Cr), inositol (Ins) or glutamate (Glu). tCoV
was reduced by approx. 50% for scanner 2
for all metabolites except Lac.
Discussion & Conclusion: The phantom
remained stable over time, providing a suitable benchmark for monitoring the effect of scanner
performance on quantitative MRS. The quality of shimming was variable and correlated with
variations in metabolite estimates. Further investigation is required to establish objective criteria
and recommended actions for this and other quality metrics derived from the TARQUIN results.
References: 1. Davies NP et al. NMR Biomed 2008. 2. Manias K et al. Neurooncol Pract.
2018;5:18–27. 3. García-Gómez JM et al. MAGMA 2009;22:5–18. 4. http://tarquin.sourceforge.net/
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Background. MRI can be used to measure myocardial extracellular volume (ECV) fraction [1–4],
and there is evidence that ECV can also be measured in skeletal muscle [5,6]. However, these
studies did not employ a dedicated musculoskeletal image, and they assumed that the contrast
equilibrium would be achieved in the skeletal muscle at the same time as the heart. The aim of this
study was to assess the feasibility of ECV measurement in healthy muscle including an
assessment of the time required to achieve contrast equilibrium, and an investigation in to the
limitations of a within slice blood measurement taken from the femoral artery.
Methods. T1-measurements were made in the thigh (biceps femoris, vastus intermedius and
femoral artery) and aorta of nine healthy volunteers. A bolus of Dotarem was injected, and scans
repeated alternately between the thigh and aorta for ≥25 minutes. Partition coefficient (λ) versus
time plots were generated and the time at which contrast equilibrium (CE) was reached was
assessed visually. Differences in time to reach equilibrium and λ calculated using blood
measurements taken from the femoral artery and the aorta and those made with the two muscles
were measured. Differences in λ between three patients with scleroderma were compared with the
healthy volunteer values.
Results. Contrast equilibrium was achieved in 6/9 volunteers within the time course of the
experiment (mean time to CE 18 ± 5 minutes). In the cases where CE was not achieved
differences in λ between the final time point and at 20 minutes were small: 0.010 ± 0.019 (p=0.08 0.36). There were significant differences between λ values calculated using blood measurements
taken from the aorta and the femoral artery: 0.045 ± 0.036 (p<0.01). λ measurements in the three
scleroderma (systemic sclerosis, SSc) patients (0.358 ± 0.090) were significantly higher than those
for healthy volunteers (0.210 ± 0.051, p<0.0001).
Discussion. Measured T1-values were comparable to the literature [7–10]. There was a significant
difference in the partition coefficient measurements using the aorta compared to those made using
the femoral artery, but there was no significant difference between the T1-measurements made in
the two vessels pre-contrast. The mean difference in partition coefficient between the vessels
would cause an approximate error in the ECV measurement of 0.026  0.022. This is sufficiently
small that differences of the order of those observed by Barison et al would not be obscured.
However, a difference of >2% is a cause for concern and may justify using the aorta for blood
measurements where possible. The difference in partition coefficient for the biceps femoris and
vastus intermedius could be due to the differing numbers of type 1 (slow-twitch) and type 2 (fasttwitch fibres) present in the muscles. This correlates with findings from other studies where
differences in diffusion and fat fraction have also been noted. The raised ECV in SSc patients is
consistent with increased inflammation and collagen deposition in the muscle. This study shows
proof of principal only and this aspect of the study needs to be repeated in a larger, age and
gender matched group. Improvements could be made by gating the acquisitions, increasing
volunteer numbers, or increasing perfusion to the thigh beforehand.
Conclusion. ECV measurements in the thigh are clinically feasible, however not all volunteers will
reach contrast equilibrium in a clinically feasible time-frame. For volunteers who reached
equilibrium, the mean time to contrast equilibrium was 18 minutes for the bicep femoris and 15
minutes for the vastus intermedius. For volunteers who did not reach equilibrium, an ECV
measured using a cut-off time of 20 minutes will cause a small error. Blood pool measurements in
the femoral artery lead to small but significant errors relative to the aorta. There are significant
differences in ECV between the biceps femoris and vastus intermedius muscles, which are
consistent with known differences in muscle fibre populations. This study provides a basis for
further evaluation, with eventual application to understand muscle pathology in autoimmune
diseases such as scleroderma.
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Background. In patients undergoing surgical management for refractory focal epilepsy at the
Institute for Neurological Sciences (INS) Stereoelectroencephalography (SEEG) is used to identify
the area for resection and map eloquent cortex. To allow the best understanding of the depth
electrophysiology data it is important to know the location at which the measurement is being
made. Establishing the location of each contact of each electrode manually and providing
radiological interpretations is laborious and time consuming, with an average of 7-10 electrodes
used per implantation, amounting to 70-100 recording contacts. The aim of this project is to
develop a method to automatically detect electrode location and provide an anatomical label.
Methods. This retrospective study included the seven most recent epilepsy patients going through
pre-surgical workup at our institution. MRI images obtained pre- and post-electrode implantation of
depth electrodes and a CT image obtained post-implantation were used. The images were
coregistered using FSL and anatomical labels were obtained through Freesurfer using the preimplantation MRI. The co-registered images and labels were entered into iElectrode1, where the
electrodes were detected by thresholding the post-implantation CT. The approach requires the
manual identification of electrodes and is therefore semi-automatic but the advantages of
iElectrode are that it can be used in native anatomical space to label electrode placement, it is fast,
requires minimal operator expertise and is reliable across patients and locations1.
Results. The localisation and labelling of the electrode contacts produced through this approach is
being validated by a blinded Neuroradiologist to identify the level of agreement with the manual
labelling approach used at present. Allowing for deviations in the detail and format of the labelling,
initial results appear promising with strong agreement in key areas.
Discussion. If this approach is shown to be accurate, then this would allow a more detailed
labelling of the SEEG channels, which would further enhance the understanding, confidence and
interpretation of the data in preparation for surgery and would reduce the time for interpretation of
MRI data by the Consultant Neuroradiologist and Neurophysiologist.
Conclusion. Whilst a fully-automated approach was not identified, this semi-automated approach
has the potential to accelerate reporting of electrode contact locations to aid SEEG interpretation
ahead of surgical intervention.
Key reference
1. Blenkmann, Alejandro O., et al. "iElectrodes: A Comprehensive Open-Source Toolbox for
Depth and Subdural Grid Electrode Localization." Frontiers in neuroinformatics 11 (2017): 14
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Background. The use of skeletal muscle water T2 values has been proposed to provide a marker
of disease progression and an indication of response to treatment in neuromuscular disorders1. In
order to draw appropriate conclusions we need to distinguish between different causes of
increased T2 values such as inflammatory and fatty degenerative changes, as demonstrated in
Figure 1. Azzabou and colleagues proposed a tri-exponential fit to T2 data to distinguish the short
and long components of fat T2 decay from the monoexponential decay of water/muscle1. This
approach has been shown to be insensitive to fat content within the muscle1. The aim of this study
was to replicate and validate the model created by Azzabou and colleagues.
Methods. A standard multislice multiecho sequence was used with a TR of 3500 ms and an echo
train of 17. Four volunteers were scanned, n=1 with a TE spacing of 20ms and n=3 with 10ms,
both with a slice thickness of 2mm. In addition, one of the 10ms spacing volunteers was also
scanned with a slice thickness of 10mm. Volunteers were aged between 24.1-36.1 years with an
even split of males and females. Volunteers were healthy controls, with the exception of a single
patient with Crohn’s disease. Thirteen regions of interest across four volunteers were used to
validate the model. The model was validated by comparing code developed independently from
two sites (Glasgow and Newcastle).
Results. With an echo spacing of 10ms and slice thickness of 10mm, the T2 values between sites
were within 1% (0.3ms). The slice thickness was found to alter the T2 output with thicker slices
producing higher T2 values in the same volunteer. Results were found to be more variable when a
TE spacing of 20 ms was used in comparison with the recommended 10 ms.
Discussion. The increased T2 values with thicker slices may be due to partial volume effects, with
different types of tissues being visualised in the same slice, reducing contrast. A follow-up
investigation is currently underway to investigate the difference in T2 value with TE spacing.
Conclusion. The models developed in Glasgow and Newcastle show good agreement with each
other but it remains unclear how they relate to the true underlying T2. The deviations in T2 values
produced by different protocols are undergoing further investigation to determine whether images
acquired from different protocols can be compared.
Key reference
1. Azzabou, Noura, et al. "Validation of a generic approach to muscle water T2 determination
at 3T in fat‐infiltrated skeletal muscle." Journal of Magnetic Resonance Imaging 41.3
(2015): 645-653.

Figure 1: Whilst both examples show an increased T2 value compared with normal muscle, the
measured values originating due to inflammation or fat infiltration can be indistinguishable using a
monoexponential fit. Performing a tri-exponential fit can distinguish these two cases.
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Background. The US National Institute of Science and Technology (NIST) has led the
development of a suite of quantitative MRI (qMRI) phantoms1,2 intended as standardised reference /
calibration objects for a range of quantitative variables in MRI. Manufactured by QalibreMD Inc.3
(previously High Precision Devices Inc.), the test objects include a ‘system standard’ phantom
(incorporating relaxometry and geometric modules), a diffusion phantom and a dedicated breast
phantom4 for measurement of quantitative parameters in MRI. The authors present findings from
scanning a prototype of the qMRI breast phantom (Model 131, produced in collaboration with the
University of California, San Francisco) using a range of standardised QA sequences and clinical
protocols.
Methods. The phantom5 (figure 1) consists of two separate multi-compartment breast-shaped
objects with an adjustable separation distance, designed to fit in a range of breast coils. The
‘diffusion’ side contains a spatial resolution test object and vials containing polyvinylpyrrolidone
(PVP) in water in a range of concentrations, whose temperature-specific apparent diffusion
coefficients (ADC) are supplied. The ‘T1’ side contains four layers of spherical compartments,
whose contents are mimics of fat, fibroglandular and water-based tissues. The temperature-specific
T1 and T2 values at 1.5T and 3T are supplied. The phantom has been scanned at 1.5T using inhouse QA protocols, quantitative QA sequences recommended by the manufacturer, and typical
clinical sequences used in breast MR.

Figure 1: The qMRI breast phantom Model 131

Figure 2: FLASH 3D Dixon acquisition illustrating fat
(L) and water (R) distribution in the ‘T1’ test object

Results. Measurements of ADC, T1 and T2 are compared with published data, and other metrics
such as tissue suppression effectiveness (figure 2) are presented.
Discussion. Recommendations are given on scanning the phantom as part of a standardised
quality assurance test. The utility of the phantom as a standard reference for cross-platform or
longitudinal quantitative measurements is discussed, with particular reference to clinical trials and
the NHS breast screening programme6.
Key references.
1. https://www.nist.gov/programs-projects/quantitative-mri
2. Keenan KE et al. Quantitative magnetic resonance imaging phantoms: a review and the need for a system
phantom. Magnetic Resonance in Medicine 2018;79(1):48-61 [doi: 10.1002/mrm.26982]
3. https://www.qalibre-md.com/
4. Keenan KE et al. Design of a breast phantom for quantitative MRI. Journal of Magnetic Resonance
Imaging 44(3) 610-9 2016
5. Breast Phantom Model 131 Instructions Version 2. High Precision Devices Inc.
6. Technical guidelines for MRI for the surveillance of women at higher risk of developing breast cancer. NHS
Breast Cancer Screening Programme. NHSBSP Publication No. 68. March 2012
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Background. The US National Institute of Science and Technology (NIST) has led the
development of a suite of quantitative MRI (qMRI) phantoms1,2 intended as standardised reference /
calibration objects for a range of quantitative variables in MRI. Manufactured by QalibreMD Inc. 3
(previously High Precision Devices Inc.), the test objects include a ‘system standard’ phantom
(incorporating relaxometry and geometric modules), a diffusion phantom and a dedicated breast
phantom for measurement of quantitative parameters in MRI. The authors present findings from
scanning the qMRI system standard phantom (Model 130, developed in collaboration with the
International Society for MR in Medicine) using a range of standardised QA sequences and clinical
protocols.
Methods. The spherical phantom4 (figure 1) contains three arrays each of 14 spheres for
quantitative relaxometry: a proton density array (H2O and D2O in a range of proportions); a T2 array
(MnCl2 solution in a range of concentrations) and a T1 array (NiCl2 solution in a range of
concentrations). In addition, the phantom contains an array of fiducial spheres for assessment of
geometric distortion, crossed wedges for slice width measurement and a spatial resolution test
object. An access port and calibrated thermometer permit measurement of the internal temperature
of the interstitial phantom fluid (deionised water). Traceable T 1 and T2 values and proton density
concentrations are supplied by the manufacturer, as are recommended scanning protocols for the
range of tests offered.
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Figure 1: The qMRI ‘System
Standard’ phantom Model 130
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Figure 2: Parametric T2 map of
T2 array

Figure 3: Geometric test objects

Results. Parametric relaxometry maps have been produced using dedicated analysis software
written by the authors. Measurements of relative proton density, T1 and T2 (at 1.5T and 3T) are
compared with published data, and the effects of temperature differences are presented.
Shortcomings of some on-board scanner tools for performing relaxometry are discussed.
Discussion. Recommendations are given on scanning the phantom as part of a standardised
quality assurance test. Alternative scanning protocols to those suggested by the manufacturers
have been developed by the authors in the interests of efficiency and practicality. The utility of the
phantom as a standard reference for cross-platform or longitudinal quantitative measurements is
discussed.
Key references.
1. https://www.nist.gov/programs-projects/quantitative-mri
2. Keenan KE et al. Quantitative magnetic resonance imaging phantoms: a review and the need for a system
phantom. Magnetic Resonance in Medicine 2018;79(1):48-61 [doi: 10.1002/mrm.26982]
3. https://www.qalibre-md.com/
4. System Standard Model 130 Product Manual. QalibreMD m14130-500-0-doc Rev H. 2016
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Background. The US National Institute of Science and Technology (NIST) has led the
development of a suite of quantitative MRI (qMRI) phantoms1,2 intended as standardised reference /
calibration objects for a range of quantitative variables in MRI. Manufactured by QalibreMD Inc. 3
(previously High Precision Devices Inc.), the test objects include a ‘system standard’ phantom, a
diffusion phantom and a dedicated breast phantom for measurement of quantitative parameters in
MRI. The authors present findings from scanning the qMRI diffusion phantom (Model 128,
developed in collaboration with the Radiological Society of North America and the National Cancer
Institute) using a range of standardised QA sequences and clinical protocols.
Methods. The spherical phantom4 (figure 1) contains 13 vials filled with aqueous solutions of the
polymer polyvinylpyrrolidone (PVP) in a range of concentrations up to 50%. Diffusion of water
molecules in the solution is isotropic, and is progressively restricted as the concentration of PVP
increases. An access port and calibrated thermometer permit measurement of the internal
temperature of the interstitial fluid. The apparent diffusion coefficient of water in the vials is highly
temperature sensitive. The manufacturer recommends that the phantom is filled with ice water prior
to each scan and allowed to reach thermal equilibrium, and provide benchmarked ADC values at
0°C. As this is often a prohibitively impractical approach, the authors instead use benchmarked
values published elsewhere5 with strategies to compensate for local temperature differences. The
phantom has been scanned using both the quantitative QA sequences recommended by the
phantom manufacturer, and typical clinical sequences used in MRI.
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Figure 1: Diffusion phantom Model
128 with PVP concentrations
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Figure 2: Parametric ADC map
from HASTE DWI acquisition

Figure 3: Measured ADC vs published
ADC for typical sequences

Results. Parametric ADC maps have been produced using dedicated analysis software written by
the authors. Measurements of ADC are compared with published data, and the effects of
temperature differences are presented. Shortcomings of some on-board scanner tools are
discussed.
Discussion. Recommendations are given on scanning the phantom as part of a standardised
quality assurance test. The utility of the phantom as a standard reference for cross-platform or
longitudinal quantitative measurements is discussed.
Key references.
1. https://www.nist.gov/programs-projects/quantitative-mri
2. Keenan KE et al. Quantitative magnetic resonance imaging phantoms: a review and the need for a system
phantom. Magnetic Resonance in Medicine 2018;79(1):48-61 [doi: 10.1002/mrm.26982]
3. https://www.qalibre-md.com/
4. Diffusion Phantom Model 128 Product Manual. High Precision Devices Inc.
5. Wagner F et al. Temperature and concentration calibration of aqueous PVP solutions for isotropic diffusion
MRI phantoms. PloS ONE 2017;12(6):e0179276
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Background. Diffusion of water in many biological tissues is anisotropic. This anisotropy is usually
quantified with the fractional anisotropy (FA) via diffusion tensor imaging (DTI) [1]. Liquid crystal
particles exhibit phases between the isotropic liquid state and the positionally-ordered solid state.
Theories of liquid crystals have developed since the pioneering work of Langmuir and Onsager
[2,3] and have also been applied to diffusion-weighted imaging (DWI) [4]. An example of such a
mesophase is the nematic state, in which the centre-of-masses of the rod-like particles are
randomly positionally organised but on average, their long axis points in a particular direction: the
nematic director n. The orientational distribution function (ODF), which in general depends upon
the azimuthal angle φ and the polar angle θ is denoted Ψ(θ, φ) and describes the probability
distribution of the orientations of the rods. The degree of order of a nematic state is characterised
by the nematic order parameter S. For systems with up-down symmetry with only dependence on
θ i.e. Ψ(π) = Ψ(−π), S is defined as

where P2(cos(θ)) is the second Legendre polynomial. When normalized, Ψ(θ) = 1/4π for isotropic
systems, S = 0 and S = 1 indicates perfectly aligned particles. We investigate whether an order
parameter may be assigned to diffusion systems where there is an assumption of mainly uniaxial
symmetry.
Methods. The stems of three plant tissues were investigated: asparagus (asparagus officianalis)
celery (apium graveolens) and Brazilian giant rhubarb (gunnera manicata). These plants were
chosen due to the large size of their vascular bundles. All images were acquired on a Siemens
(Erlangen, Germany) Magnetom 3T Skyra system. User-defined diffusion directions were probed
(Fig. 1). The set of diffusion directions was chosen as an equally distributed set of Nθ = 360
vectors on θ = [0, π] at a fixed azimuthal angle φ. The diffusion sequence was a vendor-supplied
pulsed-gradient spin echo sequence with echo-planar imaging (EPI) readout. One signal average
was acquired. Four non-zero b-values were used (100, 200, 300, 400 s mm-2). The matrix size was
64 x 64 and the field of view of 100 mm. The slice thickness was 10 mm. A water phantom was
also imaged using the same protocol. TE , TR and the receive bandwidth were optimised for
different phantoms (Fig. 2). The apparent diffusion coefficient (ADC) was calculated as a function
of θ and function fitting performed. A normalised ODF was then calculated for each pixel. All postprocessing was performed using MATLAB.
Results. Diffusion is shown to be larger parallel to the vascular bundles, as expected. The ODFs
2

for multiple voxels have been calculated as fits to the ADC variation. All fits were to fi(θ) = ai cos θ
+ bi , where the ai and bj i = 0, ⋯ N are fitting parameters. Order parameters in the range 0 ≤ S < 1
have been calculated.
Fig. 1
Example of the
superset of directions
probed on the sphere

Fig. 2.
S-map compared
with FA map for
asparagus

Discussion and Conclusion. S-maps are obtainable using standard sequences. Whilst the EPI
acquisition allows images to be acquired quickly and is therefore of great clinical utility, the
acquired images suffer inherent artefacts such as distortion. Potential applications include the
classification of the order parameter in highly-ordered systems, such as the optic nerve, though a
higher spatial resolution is required. The use of synthetic fibre phantoms is being explored.
[1] P.J. Basser, J. Mattiello and D. LeBihan, Biophys. J. 66, 259 (1994) [2] I. Langmuir, J. Chem.
Phys. 6, 873 (1938) [3] L. Onsager, Ann. N. Y. Acad. Sci. 51, 627 (1949) [4] S. Lasič, F.
Szczepankiewicz, S. Eriksson, M. Nilsson and D. Topgaard, AIP Conf. Proc. 2, 1 (2014)
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Background: Semi-quantitative dynamic contrast enhanced (DCE) MRI is a useful complementary
imaging technique for assessing sonogaphically indeterminant masses and is now recommended
as best practice for characterising complex ovarian masses [1-5]. University Hospitals Plymouth
NHS Trust did not have an existing DCE sequence set up for the ovarian cancer protocol, setting
up and incorporating a suitable DCE sequence into the existing ovarian cancer protocol was the
aim of this work.
Methods: The MRI scanner the sequence was developed on was a Siemens Avanto 1.5T with
gradients 125 T/m/s and max amplitude 50 mT/m. Sequences tested were the T1 VIBE with fat
saturation and a variation of GRAPPA and CAIPIRINHA with acceleration factor 2 and 3. The
sequences were trialled on a volunteer with no contrast. The volunteer imaging was reviewed by a
radiologist.
Results: The preliminary findings were that the imaging gave the necessary diagnostic
information. The GRAPPA accelerated imaging was found to have more noise in the image than
the CAIPIRINHA accelerated imaging. There was no apparent difference in image quality between
the different levels of acceleration.
Discussion: The CAIPIRINHA accelerated T1 VIBE protocol with an acceleration factor of 2
appears to be the best choice for the ovarian cancer protocol. But the study is waiting for contrast
measurements using an in-house phantom to be acquired and signal-to-noise and contrast-tonoise measurements to be taken on an ACR phantom. This will be reviewed for adequate
displaying of intensities and trialling the post-processing software. Finally patient trials will take
place and a complete clinical assessment of the sequences by the radiologist will be possible.
Conclusion: While this is a work in progress there has been some promising results coming from
the volunteer scanning. The T1 VIBE CAIPIRINHA fat sat sequence is appearing to be a promising
sequence for the local ovarian cancer protocol and appears to have better image quality than the
GRAPPA accelerated sequence. The study is waiting on validation of the image quality and
displayed uptake contrast intensity levels by phantom measurements. The sequence will be then
trialled on patients who will be given contrast and the sequence can then be validated using the
semi-quantitative post-processing software.
Key references.
[1] Forstner, R et al. ESUR recommendations for MR imaging of the sonographically indeterminate
adnexal mass: an update. Eur Radiol. (2017) 27:2248–2257.
[2] Li, H, et al. The value of dynamic contrast–enhanced MRI in characterizing complex ovarian
tumors. Journal of Ovarian Research. (2017) 10:4.
[3] Mansour, S et al. Semi-quantitative contrast-enhanced MR analysis of indeterminate ovarian
tumours: when to say malignancy? British Institute of Radiology. (2015).
[4] Thomassin-Naggara, I. Dynamic Contrast-Enhanced Magnetic Resonance Imaging: A Useful
Tool for Characterizing Ovarian Epithelial Tumors. Journal Of Magnetic Resonance Imaging.
(2008) 28:111–120
[5] Kazerooni, A. Semiquantitative Dynamic Contrast-Enhanced MRI for Accurate Classification of
Complex Adnexal Masses. Journal Of Magnetic Resonance Imaging. (2017) 45:337–355
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Background. Considered as a robust imaging biomarker, the apparent diffusion
coefficient (ADC) obtained from diffusion weighted imaging (DWI) data can aid in disease
diagnosis and monitoring of treatment response. However numerous studies have
highlighted that before clinical implementation, each MRI scanner should be assessed
through imaging diffusion phantoms and volunteers to ensure the ADC measurement are
accurate and reproducible [1,2,3]. The aim of this study was to characterise a newly
installed 1.5T MRI scanner (vendor 1) for whole body (WB) ADC measurement in patients
with primary and metastatic bone disease.
Methods. An in-house constructed ice-water
phantom was imaged on a 1.5T MRI system
(vendor 1) using a clinical WB DWI protocol
covering
the
entire
skeletal
anatomy
(TR/TE=7908/66ms,
FOV=46cm,
voxel=5.7x4.7x6cm2, b=50/800s/mm2). ADC
accuracy was determined across the phantom
field of view through comparison of ADC
measurements with the gold standard ADC value
of water at 0°C [1]. Repeatability of ADC
measures in the phantom was determined
through 5 repeated measures. Identical
measurements were obtained from a second
MRI system (vendor 2) on 3 repeated measures.
For vendor 1 ADC reproducibility was measured
across 6 healthy volunteers (age range 30-61yrs)
for ROI’s located on the ribs, ilia, lumber vertebra
(L5) and thoracic vertebra (T12). ADC
repeatability was assessed through 5 repeats in
2 of these volunteers. Statistical analysis was
undertaken using SPSS and significance levels
were set to p<0.05.

Fig 1. ADC accuracy across phantom FOV

Fig 2. Volunteer ADC reproducibility for skeletal ROI’s

Results. Fig 1 shows ADC accuracy and
repeatability measures across the phantom
FOV. The average±SD for the ADC for vendor 1
(1.18±0.06x10-3mm2/s) was found to be 7%
greater and significantly different from known
water diffusion values (1.1x10-3mm2/s). Volunteer
reproducibility (fig. 2) highlights how variability
across volunteers changed between ROI’s and
the repeatability (fig 3) highlights the magnitude
of the coefficient of variation (COV) in repeated
measures (average COV for all ROI’s was 13%).
Conclusion We found that vendor 1 gave a
significantly different ADC result to the known
Fig 3. Volunteer ADC repeatability for skeletal ROI’s
‘gold standard’ and volunteer ADC values varied
considerably from the literature [2,3]. This highlights the importance of characterising your
own MRI system before using quantitative ADC clinically.
Key references. [1] T. L. Chenevert et.al. J Magn Reson Imaging, 34(4):983, 2011 [2] A.
R Padhani, et.al. Neoplasia 11(2):102, 2009. [3] C. Messiou, et.al.. European Radiology,
21(8):1713, 2011

