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Background and purpose: A wide variation of MRI systems is a challenge in multicenter imaging biomar-
ker studies as it adds variation in quantitative MRI values. The aim of this study was to design and test a
quality assurance (QA) framework based on phantom measurements, for the quantitative MRI protocols
of a multicenter imaging biomarker trial of locally advanced cervical cancer.
Materials and methods: Fifteen institutes participated (five 1.5 T and ten 3 T scanners). Each institute opti-
mized protocols for T2, diffusion-weighted imaging, T1, and dynamic contrast-enhanced (DCE–)MRI
according to system possibilities, institutional preferences and study-specific constraints. Calibration
phantoms with known values were used for validation. Benchmark protocols, similar on all systems, were
used to investigate whether differences resulted from variations in institutional protocols or from system
variations. Bias, repeatability (%RC), and reproducibility (%RDC) were determined. Ratios were used for T2
and T1 values.
Results: The institutional protocols showed a range in bias of 0.88–0.98 for T2 (median %RC = 1%; %
RDC = 12%), �0.007 to 0.029 � 10�3 mm2/s for the apparent diffusion coefficient (median %RC = 3%; %
RDC = 18%), and 0.39–1.29 for T1 (median %RC = 1%; %RDC = 33%). For DCE a nonlinear vendor-specific
relation was observed between measured and true concentrations with magnitude data, whereas the
relation was linear when phase data was used.
Conclusion: We designed a QA framework for quantitative MRI protocols and demonstrated for a multi-
center trial for cervical cancer that measurement of consistent T2 and apparent diffusion coefficient val-
ues is feasible despite protocol differences. For DCE–MRI and T1 mapping with the variable flip angle
method, this was more challenging.
� 2020 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 153 (2020) 114–121 This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
The interest in quantitative MRI (qMRI) for radiation oncology is
growing as it has the potential to improve outcome prediction and
the assessment of treatment response [1,2]. The two most investi-
gated techniques are diffusion weighted imaging (DWI), providing
images associated with cell density modulated water mobility, and
dynamic contrast-enhanced (DCE–) MRI, depicting tissue perfusion
and vascular permeability. Nonetheless, the use of qMRI in clinical
practice is currently limited [1]. Most studies using DWI and DCE–
MRI have been performed in a single-center setting or in collabora-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.radonc.2020.09.013&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.radonc.2020.09.013
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:p.v.houdt@nki.nl
https://doi.org/10.1016/j.radonc.2020.09.013
http://www.sciencedirect.com/science/journal/01678140
http://www.thegreenjournal.com


P.J. van Houdt et al. Radiotherapy and Oncology 153 (2020) 114–121
tion between a few expert centers [3–7]. O’Connor et al. identified
the challenges in imaging biomarker research and proposed a road-
map to go from feasibility studies to clinical implementation [8].
One of the challenges in multicenter imaging studies is that they
involve a variety of MR systems, with different vendors, field
strengths, scanner models, software versions, and imaging proto-
cols [9]. This explains for example part of the variation in the
apparent diffusion coefficient (ADC) from DWI between different
studies [10].

One approach to reach consistency is to use standardized MRI
protocols. The quantitative imaging biomarkers alliance (QIBA) is
working towards consensus recommendations for standardized
acquisition protocols for DWI and DCE–MRI based on existing liter-
ature [11]. For example, Malyarenko et al. showed an improved
reproducibility of the ADC across different MR systems when a
standardized DWI protocol was used [12]. However, standardiza-
tion may be difficult to achieve in practice. As standardized proto-
cols have to be feasible for the oldest system, this limits the use of
advanced functionality of newer systems (e.g. parallel imaging
techniques) affecting the scanning time for patients. Therefore, a
more feasible approach for large-scale studies could be to give
more freedom for protocol development such that the protocols
can be optimized for each system individually based on system
possibilities and local preferences. However, before initiating clin-
ical trials quality assurance to assess the performance of the qMRI
protocols between institutes will be even more crucial [8,13].

Quality assurance (QA) with phantoms can be used to estimate
the bias, repeatability, and reproducibility of the qMRI parameters
[9,11]. In this study, we designed a QA framework to reduce differ-
ences in qMRI parameters between institutes without having to
use fixedMR protocols. As a first step we introduced a set of bench-
mark protocols to investigate whether deviations in qMRI values
between institutes result from protocol differences or from system
variations. Second, we measured qMRI values from protocols that
were optimized by each institute. We applied this QA framework
to the qMRI protocols optimized for a multicenter imaging biomar-
ker discovery trial of locally advanced cervical cancer (IQ-
EMBRACE, clinicaltrials.gov NCT03210428). In the trial patients
undergo an extended pre-treatment MRI examination with T2
mapping, DWI, and DCE–MRI to assess whether they can be used
to predict disease free survival. As the trial is a sub-study of the
EMBRACE-II trial [14], the treatment of patients is homogeneous
across centers creating a unique opportunity for biomarker discov-
ery. The aim of this study was to design a QA framework and test it
for the qMRI protocols of the IQ-EMBRACE trial to assess the vari-
ation in qMRI values in the participating institutes.
Fig. 1. Overview of the QA framework illustrated for one institute. Calibration phantoms
DCE. First, benchmark protocols, which are established protocols without acceleration,
variations could be investigated. Next, the MR protocols used for the patients in the IQ-
differences were assessed with benchmark protocols, any additional variations in qMRI v
parameter settings or sequence choice.
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Materials and methods

Design of quality assurance framework

Fig. 1 illustrates the design of the QA framework for validation
of T2, DWI, and DCE–MRI based on measurements with calibration
phantoms with known values (qMRItrue). First, benchmark proto-
cols, which are established protocols without acceleration, and
too slow for clinical use, were tested. By comparing the measured
values to qMRItrue the effect of system variations were investi-
gated, including differences in hardware, such as gradient systems
and coil-set-up, as well as vendor-specific implementations of the
sequences. Next, the MR protocols used for the patients in the IQ-
EMBRACE trial were optimized per institute (i.e. institutional pro-
tocols). As system differences were assessed with benchmark pro-
tocols, any additional variations in qMRI values measured with the
institutional protocols should originate from differences in param-
eter settings or sequence choice. The evaluation of DCE–MRI con-
sisted of multiple steps, because direct evaluation of
pharmacokinetic parameters (e.g. Ktrans) with phantoms and
benchmark protocols is not practically feasible. Consistent with
the QIBA DCE–MRI profile, we therefore tested the performance
of T1 mapping necessary for the conversion of DCE–MRI signal
intensities to contrast agent concentration values, signal stability
to investigate magnet stability, and signal linearity to investigate
the accuracy of the conversion of signal intensity to concentration
values [15]. As a result, a benchmark protocol was not included in
the QA for DCE–MRI.
Data acquisition

In total 15 centers participated in the QA measurements with
MR systems from three vendors (five 1.5 T systems and ten 3 T sys-
tems, Table 1). The measurements were done between 2017 and
2020.

The parameters of the benchmark protocols were specified in
detail in Table 2. For T2 mapping, a non-accelerated multi-echo
spin-echo sequence was used. For DWI, the echo-planar imaging
(EPI) sequence for phantom scans specified by QIBA was used
[16]. For T1 mapping, as one of the validation steps for DCE–MRI,
an inversion recovery acquisition was used as the benchmark.

For the institutional sequences more freedom in protocol set-
tings was allowed. However, a few minimal requirements were
set, for example to ensure full tumor coverage (Table 3). Details
of the institutional protocols are summarized in Supplementary
Tables 1–4. All institutes used a multi-echo spin echo based
were used with known values (qMRItrue) for T2, T1, ADC, and concentration values of
were tested. By comparing the measured values to qMRItrue the effect of system
EMBRACE trial were optimized per institute (i.e. institutional protocols). As system
alues measured with the institutional protocols should originate from differences in



Table 1
Description of all systems.

Institute Code Field Strength Vendor Type

A 1.5 T Philips Ingenia
B 1.5 T Philips Ingenia
C 1.5 T Philips Ingenia
D 1.5 T Siemens Aera
E 1.5 T GE Optima
F 3 T Philips Ingenia
G 3 T Philips Ingenia
H 3 T Philips Ingenia
I 3 T Philips Ingenia
J 3 T Siemens Skyra
K 3 T Siemens Skyra
L 3 T Siemens Skyra
M 3 T Siemens Verio
N 3 T GE Discovery
O 3 T GE Signa
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sequence for T2 mapping, except for institute E and N where sep-
arate T2-weighted images were acquired with different echo times.
For DWI, all institutes used an EPI-based protocol. Maximum avail-
able gradient amplitudes and slew rates were recommended to
achieve the shortest echo time to minimize geometrical distor-
tions. Five institutes (A, C, J, M, N) included more b-values than
b = 0, 200, and 1000 s/mm2 according to institutional preferences.
For DCE–MRI, every institute used a variable flip angle approach for
T1 mapping. The DCE–MRI sequence itself was a spoiled-gradient
echo sequence with or without a Dixon technique for fat suppres-
sion. Phase data from DCE–MRI was saved in ten institutes. B1
maps were acquired in seven of the ten institutes with a 3 T sys-
tem, which was based on the actual flip angle imaging method or
double angle method [17,18].

We used three copies of the Eurospin II TO5 phantom (Diagnos-
tic Sonar LTD, Livingston, Scotland) for T2 assessment. A set of
twelve gel samples was chosen with T2 values ranging between
49 to 212 ms at 296 K and 3 T according to the manufacturer.
For DWI, we used three copies of the Diffusion Phantom Model
128 (High Precision Devices, Inc, Boulder, Colorado, USA) filled
with ice water to obtain a temperature of 273.15 K at the beginning
of the measurements per phantom instructions. For DCE–MRI we
used two phantoms. For the evaluation of T1 mapping, the Euro-
spin II TO5 phantom was used with eleven samples of T1 values
ranging from 331 to 1615 ms (296 K, 3 T) according to the vendor.
To assess signal stability and linearity, a series of ten tubes with
varying concentration of gadolinium-based (Gd) contrast agent
(Dotarem, Guerbet, France) was created in a range of 0 to 10 mM
in a solution of 0.045 mM manganese chloride (native T1 � 1.5 s,
T2 � 0.2 s). The samples fitted in the holder of the Eurospin II
TO5 phantom. If the phantoms were not available locally, arrange-
ments were made to ship them around.
Table 2
Details of benchmark protocols.

Parameter T2

Sequence type Multi-echo spin echo
FOV (mm3) 250 � 250 � 4
Voxel size (mm3) 2 � 2 � 4
TR (ms) 2000
TE (ms) Max TE = 200*
TI (ms) n.a.

No. of averages 1
b-Values (s/mm2) n.a.
Acceleration factor no

* For Philips systems use minimal dTE that resulted in perfect (i.e. nontruncated) pul
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The phantoms were positioned such that the samples were
aligned with the main magnetic field. The DWI phantom was posi-
tioned with the center tube at the isocenter of the scanner to min-
imize the effect of gradient nonlinearities. The same receive coils
were used as will be used in the patient MRI examinations. The
institutional protocols were repeated three times within the same
examination for assessment of short-term repeatability. For valida-
tion of the DCE–MRI protocol, the institutional protocol was
scanned for the full five minutes to collect data on signal stability
as well as signal linearity. If phase data could be saved in the pro-
tocol, an additional experiment was performed in which the tubes
were scanned one by one for at least five dynamic scans at the
same location in the phantom to avoid field inhomogeneity effects
[19]. Temperature was measured before and after each experiment
either from a tube filled with water placed next to the phantom for
T2, T1, and DCE–MRI or by measuring the temperature of the ice
water for DWI measurements.
Data analysis

Centralized data analysis was performed in institute I. All
acquired data were uploaded in DICOM format. The analysis was
done for regions of interest (ROIs), which were selected manually
in the center of each tube and in the center slice of the phantom.
T2, ADC, T1, and Gd concentration values were estimated from
the mean signal intensities of the ROIs. Fitting details are described
in Supplementary information. T2 and T1 values were corrected to
a temperature of 296 K using the tables provided in the phantom
manual. If a B1 map was available, T1 values and Gd concentration
values were derived both with and without correction of the flip
angles.
Statistical analysis

Accuracy was assessed with Bland-Altman analysis calculating
the bias and the limits of agreement for the average of the repeated
measurements per institute [20]. The true values were plotted on
the x-axis with the differences on the y-axis (DqMRI). Kendall’s
tau test was used to test whether the differences were proportional
to the magnitude of the true value [21]. If this was the case
(p < 0.05), relative values were used to calculate bias by taking
the ratio of the measurement and the true value [20]. As the bias
is calculated for all ROIs of one institute together, we also calcu-
lated the percentage error (%error) for each ROI of each institute
to be comparable with previous literature [12,22,23]:

%error ¼ 100 � DqMRIj j
reference

ð1Þ

To estimate the short-term repeatability, the percentage
repeatability coefficient (%RC) was estimated as 2.77 times the
within-subject coefficient of variation (wCV) calculated from the
DWI T1 for DCE–MRI

Single-shot EPI Inversion recovery series
220 � 220 � 100 250 � 250 � 4
1.72 � 1.72 � 4 2 � 2 � 4
10,000 8000
Shortest Not specified
n.a. 30, 50, 75, 100, 150, 200, 250, 300, 400,

500, 750, 1000, 1250, 1500, 2000, 4000
1 1
0, 500, 900, 2000 n.a.
2 No

ses.



Table 3
Overview of specified protocol parameters for institutional protocols. Not specified indicates that institutes were free to adjust this parameter to their needs; n.a. indicates that
this parameter was not relevant for this protocol.

Parameter T2 DWI T1 for DCE–MRI DCE–MRI

Minimal FOV (mm3) 260 � 260 � 100 260 � 260 � 100 260 � 260 � 100 260 � 260 � 100
Imaging plane Transversal Transversal Transversal Transversal
Maximal slice thickness (mm) 5 5 5 5
TR (ms) 2000–5000 >2000 Not specified �7
TE (ms) Max TE � 200* 90 Not specified Not specified
Number of echoes �5 n.a. n.a. n.a.
Flip angle Not specified Not specified Not specified �20
Fat suppression no yes Not specified Not specified
b-Values (s/mm2) n.a. At least b = 0, 200, 1000 n.a. n.a.
Dynamic interval (s) n.a. n.a. n.a. �5
Total acquisition time (min) Not specified Not specified Not specified �5

* For Philips systems: dTE that resulted in perfect (i.e. nontruncated) pulses.
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repeated measurements [11]. In a similar way, the inter-
institutional reproducibility was estimated by the percentage
reproducibility coefficient (%RDC) as 2.77 times wCV calculated
from the first measurement of all institutes. In addition, the DWI
data were analysed with the QIBAPhan software package (R1.4)
to be sure that parameters were calculated in the same way and
could directly be compared to the QIBA requirements [16]. The
software package calculated voxel-wise ADC maps and extracted
amongst others ADC bias, ADC error, and RC.

To assess signal stability of the DCE–MRI data, we calculated the
coefficient of variation (CV) per phantom tube from the standard
deviation of the signal intensities for all dynamic scans. From that,
the mean CV per institute was calculated. To investigate the effect
of B1 correction on the T1 values and Gd concentration values of
DCE–MRI, the difference in %error with and without B1 correction
was calculated.
Assessment of protocol updates

If modification of an institutional protocol was needed after the
phantom measurements, additional experiments were performed
to test the updated institutional protocol with respect to the
already validated benchmark protocol of the initial phantom mea-
surements. In case the calibration phantoms were no longer avail-
able at an institute, simpler phantoms were created locally. These
phantoms were scanned with the benchmark protocol, the old
institutional protocol and the updated institutional protocol.

Results

Short-term repeatability was assessed everywhere except for T2
mapping at institute B and for ADC mapping at institute J. The
DCE–MRI stability measurements were not performed at institutes
C and J. At this stage institute O has not yet been accredited for par-
ticipation in the IQ-EMBRACE trial.

For T2 mapping, we observed an underestimation of the T2
value for both benchmark and institutional protocols for all insti-
tutes (Fig. 2A). As the differences increased for larger T2 values,
ratios were used for bias estimation (Supplementary Fig. 1A). The
bias in relation to the true values ranged between 0.90 and 0.98
for the benchmark and between 0.88 and 0.98 for the institutional
protocols. The %error ranged between 4 and 10% for the benchmark
protocol and between 4 and 12% for the institutional protocol. The
median %RC for short-term repeatability was 1% (range 0–2%). The
%RDC across institutes was 12%.

For ADC, the bias ranged between 0.002 and 0.040 � 10�3 mm2/
s for the benchmark protocol and between �0.007 and
0.029 � 10�3 mm2/s for the institutional protocol (Fig. 2B). For
the institutional protocol, the data from institute N were not used
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in the analysis as the temperature increased to 275 K at the time of
these measurements. The %error of the center tube ranged
between 0 and 3% for the benchmark and between 1–4% for the
institutional protocol. Median %RC of the institutional protocol
was 3% (range 1–13%), whereas the %RDC was 18%. Comparing
the ADC estimates to the criteria of the QIBA DWI profile indicates
that the bias criterion was met in all institutes for the benchmark
protocol and in all but one for the institutional protocol (Supple-
mentary information). The ADC error was higher than the QIBA
requirements in twelve institutes for the benchmark protocol
and in three for the institutional protocol, whereas the RC was
higher in seven and three institutes, respectively.

For T1 mapping, as part of the validation of DCE–MRI, we
observed that the T1 values estimated from the benchmark proto-
col were closer to the true values than those estimated with the
institutional protocols (Fig. 2C). Similar to T2 values, a dependency
was observed between the absolute differences and the magnitude
of the T1 values. The range in relative bias in T1 values was smaller
in the benchmark sequences (0.97–1.05) compared to the institu-
tional sequence (0.39–1.29) (Supplementary Fig. 1B). The relative
bias in institute E was about three times larger than the bias of
the other institutes as a gradient echo sequence was used instead
of a spoiled gradient echo sequence. The results of this sequence
were not taken into account in further analysis. The %error ranged
between 1 and 6% for the benchmark protocol and between 5 and
29% for the institutional protocol. The median %RC for short-term
repeatability was 1% (range 1–10%). The %RDC across institutes
was 33%. For six of seven institutes where B1 map correction
was applied, the %error decreased with a median of 3% (range 3–
8%), whereas in one institute the %error increased with 7%.

For the evaluation of the DCE–MRI protocol itself, we observed
that the median CV as a measure for signal stability ranged
between 0.2 and 1.5% across institutes. Furthermore, the assess-
ment of signal linearity showed a vendor-specific non-linear rela-
tion for the magnitude data between measured and true Gd
concentrations for all institutes (Fig. 3a). Up to concentrations of
2 mM, the relation was linear for Siemens and GE systems, whereas
Philips systems showed an underestimation. For larger Gd concen-
trations the differences between institutes increased. B1 correction
improved the %error for Philips (�0.5% to 1.6% at 2 mM) and Sie-
mens systems (3.6% and 7.4% at 2 mM; 29% and 152% at 10 mM).
On one GE system B1 correction led to negative Gd concentration
values. For phase data, a linear relation for the whole range of con-
centration values was present in eight of ten institutes (Fig. 3b).
The phase data of institutes F and H resulted in erroneous concen-
tration values, most likely due to phase shift corrections performed
as the data of each tube was collected in a separate acquisition.

The QA procedure allowed for changes in the protocol after the
phantom measurements were performed. At institute E further



Fig. 2. Summary of the results of the benchmark (left column) and institutional protocol (right column). Absolute differences are shown between the measured values and
the true values for T2 (A), ADC (B), and T1 (C). For the institutional T1 protocol, the data are shown without B1 correction. Error bars represent the standard deviation of the
repeated measurements. The colors of the markers refer to different vendors, whereas the symbols refer to the field strength. The reason for the outlier results in the
institutional T1 protocol (C) is that a gradient echo sequence was used and not a spoiled-gradient echo sequence. The protocol was modified later, which resulted in a lower
bias.

Phantom-based QA for multicenter quantitative MRI
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Fig. 3. The measured concentration values with the DCE protocols versus the true concentration values of the phantom samples. (A) Shows the results for the magnitude part
of the data with the insert showing a zoomed image between 0 and 2 mM. The results without B1 correction are shown. (B) Shows the results for the phase part of the data.
The colors of the markers refer to different vendors, whereas the symbols refer to the field strength. The black solid line represents the identity line.
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optimization of the institutional T1 mapping protocol after the QA
measurements reduced the bias to 0.73 with respect to the bench-
mark protocol. This was tested with a phantom consisting of four
30 mL tubes filled with water and contrast agent (Gadovist, Bayer
AG, Germany) with estimated T1 values of 600, 1000, 1200, and
1600 ms. At institute N where the temperature increased during
the DWI measurements, the benchmark DWI protocol was
repeated at 296 K as well. As the bias of the benchmark protocol
at 273 K was acceptable, the ADC values of the institutional proto-
col could be compared to the benchmark data at 275 K instead of
the true values at 273 K showing a bias similar as the other
institutes.

Discussion

In this study, we designed a QA framework for qMRI studies in
the presence of a large variety of MR systems and institutional pro-
tocols. We applied this framework to assess the performance of T2
mapping, DWI, and DCE–MRI across fifteen institutes participating
in the IQ-EMBRACE trial. Despite the freedom to choose the imag-
ing method (e.g. inversion recovery, look-locker, or variable flip
angle method for T1 mapping), many institutes opted for the same
basic method. By including benchmark protocols in the QA frame-
work, we enabled modification of the institutional protocols during
the trial by comparing the updated protocol with the benchmark
protocol.

For T2 mapping, we observed a consistent underestimation of
the T2 values with the benchmark and institutional protocols com-
pared to the values provided by the manufacturer, which could be
explained by the presence of stimulated echoes due to imperfect
refocusing pulses for example [24–26]. Interestingly, the bias and
%error were similar between benchmark and institutional proto-
cols suggesting that the larger variation in protocol settings that
was present in the institutional protocols did not affect the accu-
racy of the T2 values. Short-term repeatability values were similar
as reported in previous studies [22,27]. The %RDC of 12% was
higher than reported in a previous study [27] employing MR sys-
tems from a single vendor using the same acquisition scheme. To
our knowledge, T2 mapping data in cervical cancer has not been
119
reported yet to get an indication whether the reproducibility will
be sufficient to distinguish non-responders and responders.

For ADC, the bias with both the benchmark and the institutional
protocols satisfied the QIBA DWI criteria [16]. However, for the
benchmark protocol ADC error and RC exceeded the limits in most
institutes. An explanation for these findings could be that we used
the coil set-up for scanning patients with cervical cancer instead of
the head coil as recommended in the phantom instructions, which
could result in a lower SNR. This is illustrated by the results of the
institutional protocols where larger voxel sizes and lower maxi-
mum b-values were used, resulting in more institutes passing the
ADC error and RC requirements. The %RDC reported in this study
was higher than reported by Malyarenko et al. for standardized
DWI protocols [12]. However, in their calculation only the center
tube was taken into account, whereas we included all samples in
the %RDC calculation. Phantom positioning is most likely the main
explanation for these differences. The center tube was always in
the iso-center of the MRI, but the phantom was rotated differently
meaning that the position of the other tubes varied between insti-
tutes. This results in extra variation explained by gradient nonlin-
earities. When repeating our analysis for the center tube only, the %
RDC was 3.1% which is close to the reproducibility they reported
for using torso coils. Some previously reported differences in ADC
values between responders and non-responders [28,29] were
smaller than the %RDC of 18% we found in this study, but larger dif-
ferences have also been reported [30].

The results we found for both the benchmark and institutional
baseline T1 mapping protocol are similar to those obtained in a
recent multicenter phantom T1 study [23]. As the large uncertainty
in the institutional T1 mapping data will introduce extra uncer-
tainty in the DCE–MRI analysis, the use of a fixed T1 value could
be considered instead, like in prostate data for example [31]. The
stability of the DCE–MRI signal was considered good with a median
CV below 1.5% which will have negligible impact on the pharma-
cokinetic parameters [32]. The results found for the estimated con-
centration values with magnitude and phase are in line with
previously reported results [33,34]. The vendor-specific relation
between measured and true concentration values for magnitude
values suggests that this is related to the vendor implementation
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of the spoiled gradient echo sequence such as RF spoiling [35], for
example. The large variations for higher concentration values indi-
cate that arterial input functions derived frommagnitude data only
will be inaccurate, especially for the peak height. Instead using the
combination of the magnitude and phase data, i.e. complex data,
will result in more accurate arterial input functions [36,37]. How-
ever, not all institutes were able to save the phase data due to scan-
ner software limitations, consequently a population or reference
AIF will be used in the analysis of the patient data. In tumor tissue,
usually lower concentrations of contrast agent are present (be-
tween 0 and 1 mM [38,39]). However, even for these concentra-
tions values we observed substantial variation across institutes,
which will impact the accuracy of the pharmacokinetic parameters
as the conversion from signal intensity to concentration value is an
essential step in the analysis. Errors in concentration values will
directly propagate to the Ktrans values estimated with the Tofts
model. For example, a 50% underestimation of concentration value
will result in a 50% underestimation of Ktrans. kep is less sensitive for
the variations in concentration values and might therefore, be a
more reproducible parameter to be compared between institutes
[40]. Several studies suggest that DCE–MRI is prognostic for cervi-
cal cancer [3,41–43]. However, difference in methods of analyzing
the data make a direct comparison difficult and except for [44], no
absolute Ktrans values of responders and non-responders were
reported.

While the results of the phantom measurements in this study
are specific for the qMRI protocols optimized for the IQ-
EMBRACE trial, the QA framework can be applied generally. For
other tumor sites, qMRI protocols may need to be modified. Then,
new phantom measurements are required to ensure consistent
qMRI values. The results of the phantom measurements can be
used for sample size calculations in clinical trial design [13]. In
addition, as the reproducibility of T2 and ADC was good, an institu-
tional bias is not to be expected in the patient data. As a result, the
patient data that will be acquired in the IQ-EMBRACE trial can be
used to determine thresholds or build prediction models to sepa-
rate between responders and non-responders. Furthermore, the
results of the phantom data for DCE–MRI and T1 mapping might
explain an institutional bias in the patient data that will be col-
lected and could potentially be used to apply institute-specific cor-
rections to reduce the variations between institutes. In addition,
the current data can be a starting point for the development of rec-
ommendations for quantitative MR protocols for cervical cancer, in
line with the recommendations of QIBA for DWI and DCE–MRI pro-
tocols for brain, breast, prostate, liver, and head and neck [11]. For
a large part the protocols for cervix can be based on prostate pro-
tocols. However, cervical tumors are larger than prostate tumors
and therefore larger field-of-views are required. This puts con-
straints on other parameters to limit the acquisition time.

While the benchmark sequences would ideally be identical, in
practice this is challenging. Even if protocol parameters are speci-
fied, this does not mean that the sequences are implemented iden-
tically by different vendors. Differences in the qMRI values of the
benchmark protocols can be related to differences in sequence
implementation as well as hardware differences, such as gradient
systems and coil set-up. However, despite these challenges, the
qMRI values of the benchmark sequences were consistent and
reproducible across institutes. As a certain degree of freedom
was allowed for the optimization of the institutional protocols,
we could assess whether differences in qMRI values obtained with
these institutional protocols were related to differences in protocol
parameters or mainly due to more general system differences.
Additional sources of variation, like gradient nonlinearities for
ADC [12], were not considered in this study. For logistical reasons
we were not able to use the same phantom copy for all measure-
ments, which may have introduced unnecessary variation.
120
Phantom measurements are only a part of the validation of qMRI
protocols. Aspects like SNR, image artifacts and day-to-day varia-
tions in patients were not taken into account [10,45]. This needs
to be investigated with healthy volunteers or in patient test–retest
studies.

In conclusion, to meet the challenge of multicenter MRI biomar-
ker studies, we designed and tested a QA framework with calibra-
tion phantoms to assess the variation in qMRI values. The
framework allows updates of institutional protocols during a run-
ning trial by comparing themwith the benchmark protocols. While
allowing some variability in scan protocols, consistent ADC and T2
values were obtained. For DCE–MRI and T1 mapping with variable
flip angle mapping this was more challenging. The results of the
phantom measurements can be used for sample size calculations
and to apply corrections to the acquired patient data to further
reduce the variation.
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