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Abstract: Relevant to co-clinical trials, the goal of this work was to assess repeatability, reproducibility,
and bias of the apparent diffusion coefficient (ADC) for preclinical MRIs using standardized proce-
dures for comparison to performance of clinical MRIs. A temperature-controlled phantom provided
an absolute reference standard to measure spatial uniformity of these performance metrics. Seven
institutions participated in the study, wherein diffusion-weighted imaging (DWI) data were acquired
over multiple days on 10 preclinical scanners, from 3 vendors, at 6 field strengths. Centralized versus
site-based analysis was compared to illustrate incremental variance due to processing workflow.
At magnet isocenter, short-term (intra-exam) and long-term (multiday) repeatability were excellent at
within-system coefficient of variance, wCV [£CI] = 0.73% [0.54%, 1.12%] and 1.26% [0.94%, 1.89%],
respectively. The cross-system reproducibility coefficient, RDC [+CI] = 0.188 [0.129, 0.343] um? /ms,
corresponded to 17% [12%, 31%)] relative to the reference standard. Absolute bias at isocenter was low
(within 4%) for 8 of 10 systems, whereas two high-bias (>10%) scanners were primary contributors
to the relatively high RDC. Significant additional variance (>2%) due to site-specific analysis was
observed for 2 of 10 systems. Base-level technical bias, repeatability, reproducibility, and spatial uni-
formity patterns were consistent with human MRIs (scaled for bore size). Well-calibrated preclinical
MRI systems are capable of highly repeatable and reproducible ADC measurements.

Keywords: preclinical MRI; diffusion phantom; repeatability; reproducibility; apparent diffusion
coefficient; ADC; ADC bias

1. Introduction

Water mobility, quantified via apparent diffusion coefficient (ADC), is being utilized
in preclinical and clinical studies as a quantitative MRI biomarker that is sensitive to tissue
alteration due to disease evolution and response to treatment [1-4]. ADC measurement has
desirable features of being largely independent of magnet field strength, being derived by a
simple mathematical model of monoexponential MRI signal decay as a function of diffusion
weighting (b-value), and being widely available as a standard technique on preclinical and
clinical MRI systems. Despite these advantages, disparity in diffusion measurement across
sites and scanner platforms has hampered the adoption of ADC as a reliable objective
readout of disease/tissue status in (pre-) clinical trials and routine medical practice [5-7].
Aside from biological variability attributable to the subject/patient being scanned, technical

Tomography 2023, 9, 375-386. https:/ /doi.org/10.3390/ tomography9010030

https:/ /www.mdpi.com/journal /tomography


https://doi.org/10.3390/tomography9010030
https://doi.org/10.3390/tomography9010030
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/tomography
https://www.mdpi.com
https://orcid.org/0000-0003-0403-1501
https://orcid.org/0000-0003-4018-381X
https://orcid.org/0000-0001-8647-0975
https://orcid.org/0000-0003-3505-2479
https://orcid.org/0000-0003-4183-3634
https://orcid.org/0000-0002-6330-4007
https://orcid.org/0000-0001-7952-8526
https://orcid.org/0000-0002-8767-191X
https://doi.org/10.3390/tomography9010030
https://www.mdpi.com/journal/tomography
https://www.mdpi.com/article/10.3390/tomography9010030?type=check_update&version=2

Tomography 2023, 9

376

sources undermining ADC reproducibility include variable acquisition protocols, scanner
manufacturer and platform capabilities, gradient calibration, and software that convert
diffusion-weighted images (DWI) to ADC. Ideally, base-level technical sources of variability
are identified, characterized, and mitigated independent of incremental patient-related
variability [7-9]. Once an overall level of variability is estimated, realistic confidence
thresholds can be established for use of the quantitative biomarker in disease detection,
progression, or response to treatment. Degree of variability relative to anticipated effect size
has a major impact on study design, feasibility, and financial cost, as well as on scientific
expense due to underpowered studies [8-10]. Given this, there is a strong incentive to
identify and minimize all technical sources of variability and bias in both clinical and
preclinical settings.

Physical phantoms with known properties are essential for technical performance
assessments in the quality control (QC) programs [11-14]. Several diffusion phantom mate-
rials have been developed over the years, although aqueous solutions of polyvinylpyrroli-
done (PVP) are popular and comprise diffusion coefficient standards within homemade
and commercially available phantoms [15-18]. PVP is stable and exhibits monoexponen-
tial diffusion that is tunable over the full tissue ADC range, although internal phantom
temperature must be known and controlled to ~0.5 °C to measure diffusion coefficients
to within 1% accuracy [15,19]. Ice-water-based diffusion phantoms provide an effective
inexpensive means for absolute temperature control and a precisely known true diffu-
sion value for MRI system bias assessment [20-22]. Ice-water DWI phantoms have been
employed in multicenter clinical studies [22-24] and demonstrate generally good repeatabil-
ity /reproducibility, reasonable platform and field strength independence, and low absolute
bias (~3%) at magnet isocenter on human scanners [22]. Gradient nonlinearity was identi-
fied as the main source of inter-scanner variability and spatial bias patterns as a function
of location from isocenter [22,25,26]. Overall good repeatability /reproducibility was also
noted previously on preclinical systems, though significant positive bias relative to ground
truth was reported [27]. Despite the phantom materials being characterized by specific
diffusion coefficients, as opposed to apparent diffusion, the nomenclature “ADC” will be
used in this article for consistency with most prior publications.

A central goal of the NCI Co-Clinical Imaging Research Resource Program (CIRP) [28]
is to develop quantitative imaging biomarkers applicable to both human and corollary
preclinical domains to advance state-of-the-art translational quantitative imaging method-
ologies from mouse to human. Given its independence of field strength, water diffusion in
reference standards should be equivalent on human and mouse MRI systems. The goals of
this work were to measure on CIRP preclinical MRI scanners the (1) ADC bias at isocenter;
(2) short- and long-term repeatability and cross-system reproducibility; (3) ADC spatial
uniformity; and (4) degree of agreement between site-generated ADC versus central-lab-
generated ADC values. To achieve these goals, the CIRP image acquisition data processing
(IADP) working group (WG) performed a round-robin study of an ice-water-based DWI
phantom using a detailed phantom preparation procedure and standardized DWI acquisi-
tion protocol, with both site- and core-lab-generated ADC measurements being derived
from common DWI datasets.

2. Materials and Methods
2.1. DWI Phantom

The phantom shown schematically in Figure 1a was constructed from a 50 mL plastic
centrifuge tube with a 29 mm outer diameter (OD) lined with a 3 mm thick closed-cell
insulation foam and a 100 mm long (8 mm OD) glass measurement tube centrally held
in place by foam end plugs. As detailed in the phantom preparation instructions [29],
the distilled-water-filled measurement tube was replaced by an air-filled 8 mm OD glass
tube, while the phantom interstitial space was filled with water and then frozen overnight
in a conventional freezer (—18 °C). The foam insulation lining and end plugs allowed
the ice to expand without cracking the plastic centrifuge tube and served to extend the
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ice hold time. Immediately prior to scanning, the air-filled glass tube was flushed with
50-60 mL of room-temperature water to melt a thin layer of water so that the air-filled tube
could be removed and quickly replaced with the water-filled measurement tube. For RF
coils that could accommodate a 45 mm diameter object, the phantom was scanned within
an outer foam sleeve (provided with the phantom kit) to further extend the phantom
thermal hold time; otherwise, the 29 mm diameter phantom was scanned without the outer
foam insulation. Benchtop measurements of temperature versus time following insertion
of the measurement tube (initially at room temperature) into the frozen phantom were
performed using a 1.37 mm OD optical temperature probe (OTP-M, OPSens, Quebec QC,
Canada) located in the center of the measurement tube. Plot of temperature versus time
in Figure 1c indicates that the water in the measurement tube quickly achieves thermal
equilibrium (<0.5 °C in ~5 mins) and holds this temperature for at least 90 min, which
is sufficient to position the phantom and acquire two sequential DWI scans using the
standardized protocol.
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Figure 1. (a) Schematic of DWI phantom constructed from a 50 mL centrifuge tube designed to hold
water in an 8 mm measurement tube at known temperature, thus with known diffusion coefficient.
(b) Coronal and axial MRI with internal phantom components labeled. (c) Plot of measurement tube
temperature versus time after measurement tube, initially at room temperature, is inserted into frozen
phantom. Note, thermal equilibrium at ~0 °C is achieved.

2.2. DWI Acquisition Protocol

To eliminate potential variability due to acquisition protocol, the CIRP IADP WG
achieved consensus on a standardized DWI test procedure that was within the capabilities
of all preclinical MRI systems at participating sites. Details of the DWI scan procedure are
provided elsewhere [29], though key parameters include Stejskal-Tanner [30] spin-echo
DWI sequence (A = 10 ms; 6 = 5 ms); field-of-view, FOV = 32 mm X 32 mm; acquisition
matrix = 64 X 64; 29 axial slices (2 mm thick, 0 mm gap); three-orthogonal DWI directions,
target b-values = 0, 1000, 2000 s/ mm?2; number of averages, NSA = 1; and repetition
time/echo time, TR/TE = 2000/30 ms for nominal scan duration of 15 min.

2.3. Participating Site Procedures

Participating sites were asked to (1) prebuild the standardized DWI acquisition pro-
tocol on their MRI system(s); (2) prepare the phantom and scan it twice within a given
scan session for intra-exam (short-term) repeatability; (3) repeat the prep/scan process on a
second day for inter-exam (long-term) repeatability; (4) provide reconstructed DWI and
ADC data in MRI vendor-native format and an insight tool kit (ITK)-compatible format
(e.g., DICOM, NIFTI, or MHD) [31-34]; and (5) use its own preferred workflow to generate
ADC maps and perform ROI measurements using a 4 mm diameter circular ROI defined
within the measurement tube on each slice. This allowed sites to either use scanner-vendor-
generated ADC maps, or their own in-house software for off-scanner conversion of DWI
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into ADC maps, although site-specific workflow details were not the focus of this study.
DWI and ADC maps in vendor-native and ITK-compatible formats from each site were
uploaded to the core lab site via shared network storage account (DropBox, per institutional
policy), along with each site’s ROI measurements. Seven CIRP institutions participated in
the study. DWI data were acquired on 10 preclinical MRI systems, from 3 vendor platforms
at 6 field strengths. A summary of MRI system demographics and data provided for
each system are shown in Table 1. Systems 8 and 9 did not provide the second scans on
both days and were excluded from the short-term repeatability evaluation. Inspection
of DWI received from all sites (data not shown) confirmed that an adequate cylinder of
ice surrounded the measurement tube (Figure 1b), indicating the water was at ~0 °C, so
absolute bias was measurable on all systems.

Table 1. MRI system demographics and data produced.

Svstem  Vendor Field Gradient Inner SW Day 1 Day 2 ITK
yste ¢ Strength (T) Diameter (mm) Version Scanl Scan2 Scanl Scan2 Format
1 Bruker 7 114 PV7.0.0 v v v v MHD
MHD and Classic
2 Bruker 94 120 PV6.0.1 v v v v DICOM
3 Bruker 7 120 PV6.0.1 v v v v Classic DICOM
Enhanced
4 Bruker 94 114 PV360 v2.0 v v v v DICOM
5 Agilent 11.74 80 VnmrJ4.2revA Vv v v v Classic DICOM
6 Bruker 3 105 PV6.0.1 v v v v Classic DICOM
7 Bruker 9.4 60 PV360 v3.0 v v v v NIFTI
8 Bruker 4.7 90 PV6.0.1 v v Classic DICOM
9 Bruker 14 40 PV5.1 v v Classic DICOM
MR MHD and Classic
10 Solutions 3 95 V4.0.2.4 v v v v DICOM

2.4. Core Lab Processing

To mitigate variability in data processing workflow, core lab Matlab version R2019b
(Mathworks Inc., Natick, MA, USA) scripts were adapted to convert all sites’ vendor-native
DWI into ADC maps using a pixelwise linear fit of log DWI signal intensity versus b-value,
where slope (ADC) and intercept were the fit parameters. Each of three orthogonal DWI
directions were fit independently using vendor-provided b-values (when available), then
averaged for the mean diffusivity (i.e., ADC). Trace DWI (b = 0 and geometric mean of
3-orthogonal b > 0 DWI) and ADC maps were output in the MHD format. While data
input and sort elements of the core lab scripts were tailored for each site datasets, ADC
fit routine was held essentially constant. 3D Slicer (version 4.6.2) [35] was used to inspect
DWI/ADC MHDs for definition of a 4 mm circular ROI within the measurement tube on
each slice independently, then export ROI statistics of the ADC and trace DWI as a function
of location along the MRI system z-axis. Additional Matlab scripts were used to convert
each site’s ITK-compatible DWI into ADC, as well as for conversion of the site-generated
ADC maps for output as MHDs. Analysis of the core-lab-generated ADC derived from
a vendor-native-format DWI was used to measure baseline repeatability / reproducibility
for the studied systems, whereas the ADC derived from an ITK-compatible DWI aided
interpretation of the potential differences between site-generated and core-lab-generated
ADC maps. Low signal-to-noise (SNR) can bias ADC calculation [36,37]; therefore, noise
was estimated by the standard deviation (SD) of an ROI drawn in a signal-free background
on the first slice, scaled by 1.53 since noise is Rician on magnitude DWI [38]. DWI SNR was
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estimated by the mean ROI DWI signal in the measurement tube divided by the noise SD,
plotted as a function of location along the z-axis (Supplemental Figure S1).

Site-generated ROI mean ADCs (as a function of z-location) were averaged over all avail-
able scans (intra- and inter-day exams) from each site’s MRI system(s). Likewise, core-lab ROI
mean ADC was calculated from the average of core-lab results derived from the correspond-
ing vendor-native-format DWI. Core-lab versus site processing workflows were compared
graphically by plotting the relative difference: 100% (ADCsite—ADCcorelab)/Dtrue as
a function of z-axis location for each system, where Dtrue = 1.1 umZ /ms is the known diffu-
sion coefficient of water at 0 °C [39].

2.5. Statistics

The difference in ROI mean ADC from a pair of consecutive DWI scans within each
scan session was used to calculate the short-term repeatability. Each site was also instructed
to repeat phantom preparation and paired DWI scan acquisition on a second day, yielding
two short-term ADC differences (except Systems 8 and 9, Table 1) and two day-to-day
differences used to estimate long-term repeatability. For a given pair of ROl mean ADC
values (ADC1, ADC,) from the ith scanner, mean (M;) and variance (V;) were constructed
as [10,40]

(ADC; 4+ ADG,) (ADC; — ADG,)?

M; = 5 ; Vi= ) (1)

Repeatability representative of N MRI systems was quantified by estimates of within-
system standard deviation (wSD), coefficient of variation (wCV), and repeatability coeffi-
cient (RC), defined as [10,40]

N
Y Vi; wCV =100%-

i

wSD = RC = 2.77 -wSD . @)

1
N

For cross-system reproducibility, available ROI mean ADC values for each system
were first averaged across all scans and days for the given system, then mean and stan-
dard deviation (SD) across the N systems was calculated. Analogous to repeatability
coefficient, reproducibility coefficient (RDC) was assessed as 2.77 SD. All repeatability and
reproducibility metrics were derived as a function of location along the z-axis relative to
the magnet isocenter, defined as z = 0. Graphical display of the percent ADC bias was
plotted relative to the known diffusion coefficient of water at 0 °C, Dtrue = 1.1 um?/ms [39],
as 100% [(ADC-Dtrue)/Dtrue]. Likewise, wSD and SD were scaled by 100% /Dtrue on
plots so that the degree of variability could be directly compared relative to the systematic
bias. Unrealistic ADC values < 0.5 um?/ms were automatically dropped from the plots
and analysis. Each system’s absolute ADC bias was measured at the isocenter by averaging
the ADC in the measurement tube over the three central slices.

3. Results

Measured SNR at the isocenter for low b-value exceeded 150 on all systems evaluated
in our study (Supplemental Figure Sla,b). Numerical simulation of noise-induced error
using the standardized protocol indicates that bias (i.e., ADC underestimation) would
occur for low b-value SNR below 20 (Supplemental Figure Slic).

Figure 2 illustrates the median and range of the absolute ADC bias measured at the
isocenter over all scans for each system, with respect to the true diffusion coefficient of
water at 0 °C (Dtrue = 1.1 um? /ms). The small error-bar range relative to the offset from the
truth indicates that the system absolute bias was measurable and repeatable on each system.
Eight of ten MRI systems were within £2.5% bias (mostly positive) and the remaining two
exceeded +10% bias.
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Figure 2. Median ADC measured at the isocenter of each system. Each data point is the median of
all scans (up to 4) from each system, and error bars indicate the maximum and minimum (range of)
isocenter ADC values. The solid line marks Dtrue (1.1 pm?/ ms), and dashed lines are +5% relative

to Dtrue.

Figure 3 displays relative bias of each system as a function of location on the z-axis.
All systems are displayed on the same scale to aid visual comparison. Again, the solid
horizontal line represents 0% bias relative to Dtrue. Automatic rejection of unrealistic ADC
values (<0.5 pm?/ms) only occurred outside | z-offset| > 20 mm. Most systems display the
pattern of maximum ADC at isocenter, with lower ADC as | z-offset | distance increases,
which is consistent with gradient nonlinearity patterns for horizontal bore gradients on
human scanners. Systems 9 and 10 showed >10% bias for ADC at isocenter, while others
had low isocenter bias (comparable to measurement error). These two systems also showed
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Figure 3. Percent bias of each MRI system relative to Dtrue as a function of z-axis location.

Plots of the relative bias (with respect to Dtrue), repeatability, and reproducibility
of all 10 systems combined are illustrated in Figure 4. Note, relative bias (solid blue
line) was unchanged in Figure 4a—c to display the degree of variability (width of shaded
region denotes £100-wSD/Dtrue) relative to bias for short-term (Figure 4a) and long-term
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repeatability (Figure 4b) and cross-system reproducibility (Figure 4c). Aggregate bias
of ten CIRP systems at the isocenter was within 5% of truth (marked by dashed lines).
Short-term repeatability (Figure 4a) wCV relative to Dtrue was <1% for all 10 systems
at the isocenter and was fairly uniform with respect to location on z-axis. There was a
slight increase in wSD observed at the isocenter for long-term repeatability (Figure 4b) that
further increases with distance from the isocenter. As expected, reproducibility across all
systems (Figure 4c) shows the greatest variance (shaded region denotes +100-SD/Dtrue),
with standard deviation (SD) < 7% across systems for locations within +15 mm of the
isocenter, which increased to 10-15% for greater |z-offset| locations. Summary statistics
(with 95% confidence intervals) relevant to ADC measurements at isocenter on all systems
are provided in Table 2. The Bland-Altman analysis for isocenter ADC measurements
excluding the outliers Sys9 and Sys10 is summarized in Supplemental Figure S2. Without the
two outlier systems, the short-term and long-term repeatability were comparable, and cross-
system reproducibility was within 3%, with 1% average bias (Supplemental Figure S2).
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Figure 4. Summary of bias and repeatability for all studied systems: (a) mean bias (blue line) and
short-term (intra-exam) repeatability relative to Dtrue, plotted as a function of z-axis location. Note,
systems 8 and 9 did not provide short-term repeatability data (Table 1). (b) Corresponding plots for
long-term (inter-exam) repeatability. Shaded regions in (a) and (b) represent bias £ 100% wSD/Dtrue.
(c) Cross-system reproducibility, where shaded region represents bias + 100% SD/Dtrue. Green line
denotes ideal 0% bias. (d) Difference between site-generated and core-lab-generated ADC relative to
Dtrue. Difference for core-lab systems 1 and 10 is zero (not plotted). Plots are on the same scale to aid
visual comparison of bias, short- and long-term repeatability, reproducibility, and difference between
site- versus core-lab ADC generation routines.
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Table 2. Summary of isocenter ADC statistics across all systems with [95% confidence intervals].
Short-Term Repeatability Long-Term Repeatability Cross-System Reproducibility
wSD RC o wSD RC o, 2 2
(um?/ms) (um?/ms) wCV (%) (um?/ms) (um?/ms) wCV (%) SD (um“/ms)  RDC (upm*/ms)
0.009 0.025 0.73 0.015 0.042 1.26 0.068 0.188
[0.007,0.014] [0.018,0.038]  [0.54,1.12]  [0.011,0.023] [0.032, 0.064] [0.94, 1.89] [0.047, 0.124] [0.129, 0.343]

All data in Figure 4a—c were derived from the core-lab-generated ADC maps. Figure 4d
illustrates the percent difference between the core-lab-generated and the site-generated
ADC values relative to Dtrue. Sys1 and Sys10 are not plotted in Figure 4d since these were
core lab MRI systems, and thus would show “0%” difference. There were large random
differences at peripheral slices (| z-offset | > 20 mm), potentially due to how various site
algorithms deal with low SNR conditions. Of greater interest and significance were the clear
ADC discrepancies within ~15 mm of the isocenter, since measurements were derived from
the very same good-quality DWI data. Root-mean-square differences within +16 mm of
the isocenter, between core-lab and site processing, were negligible (<0.6%) for five systems
(Sys3, Sys4, Sysb, Sys8, and Sys9); ~1% for Sys7; ~3% for Sys2; and ~5% for Sys6.

4. Discussion

Standardization of DWI acquisition and data processing protocols is essential to iden-
tify and mitigate technical sources of variance to enhance the scientific yield in preclinical
and clinical studies. Even with consensus on primary acquisition parameters, platform
and scanner-specific idiosyncrasies in protocol implementation can lead to unanticipated
variance from system instability and chronic effects such as gradient nonlinearity and
amplitude miscalibration. The pattern of peak ADC at/near the isocenter (z = 0) that
falls off with |z | distance along the bore axis, as observed on these preclinical systems,
is consistent with gradient nonlinearity observed on horizontal-bore clinical MRIs [26,41,42]
due to known physical characteristics of gradient coils. In the context of quantitative ADC,
gradient nonlinearity results in a spatially variable b-value. Secondary acquisition factors
(e.g., shim routine and subject positioning) add yet more variance.

In this study, the CIRP IADP WG sought to determine base-level technical variance in
performing ADC measurements on preclinical MRIs. To achieve this, a shared temperature-
controlled DWI phantom with known diffusivity was used along with a detailed phantom
preparation and scan procedure. To reduce variance due to data processing, centralized
analysis was used to assess bias, short-term and long-term repeatability, and cross-system
reproducibility. A key finding of this work was that performance of preclinical MRlIs at
isocenter resembles clinical MRIs [22] in terms of low average bias at isocenter (<4%),
good repeatability (short-term wCV = 0.73%; long-term wCV = 1.26%), and cross-system
reproducibility (SD = 0.068 um?/ms or 6.2% of Dtrue). Spatial nonuniformity of ADC
measurements along the z-axis on preclinical MRIs also resembles the gradient nonlinearity
observed on human MRIs [26,42], though scaled for bore size. While reasonable ADC
uniformity over the central region (within ~10 mm of the isocenter) was observed for most
systems, the importance of repeatable subject (mouse) positioning of the organ/lesion of
interest at/near isocenter must not be overlooked.

In terms of bias at the isocenter, it is clear that systems 9 and 10 are the dominant
contributors to bias in this study. The aggregate CIRP system bias of <4% reported here
would be reduced to <1.5%, and cross-system variability improved from RDC = 17% to 3%
if these two outlier systems were excluded from analysis. Systems 9 and 10 happened to be
at field-strength extremes, though we expect this is incidental and not the source of their
bias. Elevated phantom temperature and data processing were eliminated as sources of
bias since ample ice surrounded the measurement tubes and there was excellent agreement
between site- and core-lab-generated ADC results for system 9. Of the CIRP scanners
evaluated, system 9 operated on the oldest Bruker software version and system 10 was
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the only MR Solutions platform, which may be contributing factors along with gradient
amplitude miscalibration. Vendor-provided directional b-values were used for core-lab
ADC map generation, although only system 10 (MR Solutions) b-values were numerically
identical to nominal b-values, suggesting that calibrated values are perhaps unknown for
this system.

Multiple studies of bias/repeatability /reproducibility of ADC on clinical MRIs using
DWI phantoms are available [22-26]. Spatial nonuniformity of ADC as a function of
x—y offset, as well as z-location on clinical scanners, has been studied using specialized
phantoms and procedures [43—46] within FOVs much larger than typical for preclinical
scanners. In our study, we limited ADC nonuniformity measurements to small offsets
(425 mm) relevant for mouse DWI along the bore axis (z-direction), since this typically
is the most nonuniform direction on clinical scanners, as predicted by horizontal bore
gradient coil design specifications [42-45]. The only other prior work on multisystem
preclinical MRIs [27] did not specifically address spatial nonuniformity. In addition, while
the repeatability and reproducibility results of our study were comparable to the prior
work [27], the overall system bias was much lower in our study. Reduced overall bias may
be the result of improved system calibration procedures, updated scanner software, and/or
use of a standardized acquisition protocol with centralized data processing. Our study used
higher maximum b-value than the previous work [27], and inadequate SNR at high b-values
is known to lead to ADC underestimation. However, our analysis showed that the average
ADC bias at isocenter was positive with respect to true diffusion value, suggesting that
low SNR was not a major contributor to the measured bias. Furthermore, our simulations
for the observed SNR > 150 (at low b-value) indicated that our ADC results could not be
significantly biased by Rician noise. Lastly, ADC was overestimated for systems 9 and
10, which dominated bias (as opposed to underestimating ADC, as predicted by low-SNR
simulation). This suggested gradient miscalibration as a more likely source of the detected
bias, possibly similar to systems in the prior multi-scanner study [27].

Observed discrepancies between a few site-generated and the core-lab-generated ADC
values were greater than those explainable by noise or slight shift in ROI location. Fit algo-
rithm details (e.g., log-linear versus nonlinear fit with possible accommodation of noise),
use of nominal versus scanner-specific calibrated b-values, and/or incorrect scaling of
scanner output are potential contributors to the detected deviations. In this study, core-lab
processing utilized directional b-values discovered within Bruker and Agilent native data
formats, although only nominal b-values were available in MR Solutions output data files.
Except for the system 4’s enhanced DICOM, which contained the b-matrix, all other ITK
DWI datasets did not contain diffusion b-values and direction information; thus, one would
need to know and use nominal b-values for quantitative ADC map generation. Site process-
ing of system 6 was the most disparate relative to core-lab processing, particularly in terms
of high slice-by-slice variability in ADC. Inspection of the system 6 ADC maps provided in
classic DICOM revealed that the rescale slope (DICOM tag (0028,1053)) varied substantially
(by ~50%) with the slice number. Ignoring the rescale slope was the likely source of the
high slice-by-slice variability observed in the system 6 site-based measurements [47]. These
observations underline the importance of a standardized ADC generation workflow, along
with standardized acquisition protocols and metadata (b-value and scale) recording.

5. Conclusions

Well-calibrated preclinical MRI systems are capable of highly repeatable and repro-
ducible ADC measurements with low bias using standardized DWI data acquisition and
processing protocols. Base technical-level repeatability and reproducibility metrics and
spatial uniformity patterns are comparable to those observed on human systems using
similar phantoms and test procedures.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ tomography9010030/s1, Figure S1: Measured SNR with
simulated random noise and bias ADC error; Figure S2: Bland-Altman analysis excluding outlier
scanners (systems 9 and 10) for short- and long-term ADC repeatability.

Author Contributions: Conceptualization, D.M. and T.L.C.; methodology, all authors; software,
DM, TLC,SP,]D.Q,PL, RGP, GA. and M.M,; validation, D.M. and T.L.C.; formal analysis,
D.M. and T.L.C,; investigation, DM., TL.C,, S.P, ].D.Q., PL, RG.P, ST.G., G.A. and M.M.; data
curation, D.M., TL.C,, S.P, ].D.Q., PL., R.G.P. and M.M.; writing—original draft preparation, D.M.
and T.L.C.; writing—review and editing, all authors; funding acquisition, T.L.C.,, R.Z., HC.M,, K.LS,,
R.S., M.T.L. and PEK. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Institutes of Health (grant numbers: U01CA166104,
U24CA237683, U24CA231858, U24CA220325, U24CA209837, U24CA253531, S100D026912, U24CA209837,
U24CA253377, U24CA226110, U24CA264044, R50CA211270, and RO1CA190299).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The MRI datasets generated and analyzed for the current the study are
available in MHD format from the corresponding author (T.L.C.) upon reasonable request.

Conflicts of Interest: T.L.C. and D.M. are coinventors of patents assigned to and managed by the
University of Michigan.

References

1.

10.

11.

12.

Fiordelisi, M.F.; Auletta, L.; Meomartino, L.; Basso, L.; Fatone, G.; Salvatore, M.; Mancini, M.; Greco, A. Preclinical Molecular
Imaging for Precision Medicine in Breast Cancer Mouse Models. Contrast Media Mol. Imaging 2019, 2019, 8946729. [CrossRef]
[PubMed]

Hormuth, D.A.; Sorace, A.G.; Virostko, J.; Abramson, R.G.; Bhujwalla, Z.M.; Enriquez-Navas, P,; Gillies, R.; Hazle, ].D;
Mason, R.P,; Quarles, C.C.; et al. Translating preclinical MRI methods to clinical oncology. J. Magn. Reson. Imaging 2019, 50,
1377-1392. [CrossRef] [PubMed]

Mendez, A.M.; Fang, L K.; Meriwether, C.H.; Batasin, S.J.; Loubrie, S.; Rodriguez-Soto, A.E.; Rakow-Penner, R.A. Diffusion Breast
MRI: Current Standard and Emerging Techniques. Front. Oncol. 2022, 12, 844790. [CrossRef] [PubMed]

Sorace, A.G.; Elkassem, A.A.; Galgano, S.J.; Lapi, S.E.; Larimer, B.M.; Partridge, S.C.; Quarles, C.C.; Reeves, K.; Napier, T.S.;
Song, PN.; et al. Imaging for Response Assessment in Cancer Clinical Trials. Semin. Nucl. Med. 2020, 50, 488-504. [CrossRef]
[PubMed]

DeSouza, N.M.; Winfield, ].M.; Waterton, J.C.; Weller, A.; Papoutsaki, M.-V.; Doran, S.J.; Collins, D.J.; Fournier, L.; Sullivan, D.;
Chenevert, T.; et al. Implementing diffusion-weighted MRI for body imaging in prospective multicentre trials: Current considera-
tions and future perspectives. Eur. Radiol. 2018, 28, 1118-1131. [CrossRef]

Keenan, K.E.; Peskin, A.P.; Wilmes, L.J.; Aliu, S.0.; Jones, E.E; Li, W.; Kornak, J.; Newitt, D.C.; Hylton, N.M. Variability and bias
assessment in breast ADC measurement across multiple systems. . Magn. Reson. Imaging 2016, 44, 846-855. [CrossRef]
O’Connor, ].P.B.; Aboagye, E.; Adams, J.E.; Aerts, HJ.W.L.; Barrington, S.F; Beer, A J.; Boellaard, R.; Bohndiek, S.; Brady, M.;
Brown, G.; et al. Imaging biomarker roadmap for cancer studies. Nat. Rev. Clin. Oncol. 2017, 14, 169-186. [CrossRef]

Doot, R K.; Kurland, B.F.; Kinahan, P.E.; Mankoff, D.A. Design Considerations for using PET as a Response Measure in Single Site
and Multicenter Clinical Trials. Acad. Radiol. 2012, 19, 184-190. [CrossRef]

Shukla-Dave, A.; Obuchowski, N.A.; Chenevert, T.L.; Jambawalikar, S.; Schwartz, L.H.; Malyarenko, D.; Huang, W,
Noworolski, S.M.; Young, R.J.; Shiroishi, M.S.; et al. Quantitative imaging biomarkers alliance (QIBA) recommendations for
improved precision of DWI and DCE-MRI derived biomarkers in multicenter oncology trials. J. Magn. Reson. Imaging 2019, 49,
e101-e121. [CrossRef]

Sullivan, D.C.; Obuchowski, N.A.; Kessler, L.G.; Raunig, D.L.; Gatsonis, C.; Huang, E.P.; Kondratovich, M.; McShane, L.M.;
Reeves, A.P,; Barboriak, D.P.; et al. Metrology Standards for Quantitative Imaging Biomarkers. Radiology 2015, 277, 813-825.
[CrossRef]

Keenan, K.E.; Ainslie, M.; Barker, A.].; Boss, M.A.; Cecil, K.M.; Charles, C.; Chenevert, T.L.; Clarke, L.; Evelhoch, J.L.; Finn, P; et al.
Quantitative magnetic resonance imaging phantoms: A review and the need for a system phantom. Magn. Reson. Med. 2018, 79,
48-61. [CrossRef] [PubMed]

Keenan, K.E.; Biller, J.R.; Delfino, J.; Boss, M.; Does, M.D.; Evelhoch, J.L.; Griswold, M.A.; Gunter, J.L.; Hinks, R.S.;
Hoffman, S.W,; et al. Recommendations towards standards for quantitative MRI (qMRI) and outstanding needs. J. Magn. Reson.
Imaging 2019, 49, e26-e39. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/tomography9010030/s1
http://doi.org/10.1155/2019/8946729
http://www.ncbi.nlm.nih.gov/pubmed/31598114
http://doi.org/10.1002/jmri.26731
http://www.ncbi.nlm.nih.gov/pubmed/30925001
http://doi.org/10.3389/fonc.2022.844790
http://www.ncbi.nlm.nih.gov/pubmed/35880168
http://doi.org/10.1053/j.semnuclmed.2020.05.001
http://www.ncbi.nlm.nih.gov/pubmed/33059819
http://doi.org/10.1007/s00330-017-4972-z
http://doi.org/10.1002/jmri.25237
http://doi.org/10.1038/nrclinonc.2016.162
http://doi.org/10.1016/j.acra.2011.10.008
http://doi.org/10.1002/jmri.26518
http://doi.org/10.1148/radiol.2015142202
http://doi.org/10.1002/mrm.26982
http://www.ncbi.nlm.nih.gov/pubmed/29083101
http://doi.org/10.1002/jmri.26598
http://www.ncbi.nlm.nih.gov/pubmed/30680836

Tomography 2023, 9 385

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.

37.

38.

Stupic, K.E; Ainslie, M.; Boss, M.A.; Charles, C.; Dienstfrey, A.M.; Evelhoch, J.L.; Finn, P.; Gimbutas, Z.; Gunter, J.L.;
Hill, D.L.G,; etal. A standard system phantom for magnetic resonance imaging. Magn. Reson. Med. 2021, 86, 1194-1211.
[CrossRef] [PubMed]

Padhani, A.R; Liu, G.; Mu-Koh, D.; Chenevert, T.L.; Thoeny, H.C.; Takahara, T.; Dzik-Jurasz, A.; Ross, B.D.; Van Cauteren, M.;
Collins, D.; et al. Diffusion-Weighted Magnetic Resonance Imaging as a Cancer Biomarker: Consensus and Recommendations.
Neoplasia 2009, 11, 102-125. [CrossRef] [PubMed]

Amouzandeh, G.; Chenevert, T.L.; Swanson, S.D.; Ross, B.D.; Malyarenko, D.I. Technical note: Temperature and concentration
dependence of water diffusion in polyvinylpyrrolidone solutions. Med. Phys. 2022, 49, 3325-3332. [CrossRef]

Keenan, K.E.; Wilmes, L.J.; Aliu, 5.0.; Newitt, D.C.; Jones, E.F,; Boss, M.A.; Stupic, K.F.; Russek, S.E.; Hylton, N.M. Design of a
breast phantom for quantitative MRI. ]. Magn. Reson. Imaging 2016, 44, 610-619. [CrossRef] [PubMed]

Pierpaoli, C.; Sarlls, J.; Nevo, U.; Basser, P.J.; Horkay, F. Polyvinylpyrrolidone (PVP) water solutions as isotropic phantoms for
diffusion MRI studies. Intl. Soc. Magn. Reson. Med. 2009, 17, 1414.

Pullens, P; Bladt, P; Sijbers, ].; Maas, A.IL; Parizel, PM. Technical Note: A safe, cheap, and easy-to-use isotropic diffusion MRI
phantom for clinical and multicenter studies. Med. Phys. 2017, 44, 1063-1070. [CrossRef]

Keenan, K.E.; Stupic, K.F; Russek, S.E.; Mirowski, E. MRI-visible liquid crystal thermometer. Magn. Reson. Med. 2020, 84,
1552-1563. [CrossRef]

Chenevert, T.L.; Galban, C.J.; Ivancevic, M.K.; Rohrer, S.E.; Londy, FJ.; Kwee, T.C.; Meyer, C.R.; Johnson, T.D.; Rehemtulla, A.;
Ross, B.D. Diffusion coefficient measurement using a temperature-controlled fluid for quality control in multicenter studies.
J. Magn. Reson. Imaging 2011, 34, 983-987. [CrossRef]

Jerome, N.P; Papoutsaki, M.-V,; Orton, M.R,; Parkes, H.G.; Winfield, J.M.; Boss, M.A.; Leach, M.O.; Desouza, N.M.;
Collins, D.J. Development of a temperature-controlled phantom for magnetic resonance quality assurance of diffusion, dynamic,
and relaxometry measurements. Med. Phys. 2016, 43, 2998-3007. [CrossRef] [PubMed]

Malyarenko, D.; Galban, C.J.; Londy, FJ.; Meyer, C.R; Johnson, T.D.; Rehemtulla, A.; Ross, B.D.; Chenevert, T.L. Multi-system
repeatability and reproducibility of apparent diffusion coefficient measurement using an ice-water phantom. J. Magn. Reson.
Imaging 2013, 37, 1238-1246. [CrossRef] [PubMed]

Newitt, D.C.; Malyarenko, D.; Chenevert, T.L.; Quarles, C.C.; Bell, L.; Fedorov, A.; Fennessy, F. Multisite concordance of apparent
diffusion coefficient measurements across the NCI Quantitative Imaging Network. |. Med. Imaging 2018, 5, 011003. [CrossRef]
Palacios, E.; Martin, A.; Boss, M.; Ezekiel, E; Chang, Y.; Yuh, E.; Vassar, M.; Schnyer, D.; MacDonald, C.; Crawford, K.; et al.
Toward Precision and Reproducibility of Diffusion Tensor Imaging: A Multicenter Diffusion Phantom and Traveling Volunteer
Study. Am. J. Neuroradiol. 2017, 38, 537-545. [CrossRef] [PubMed]

Buus, T.W.; Jensen, A.B.; Pedersen, E.M. Diffusion gradient nonlinearity bias correction reduces bias of breast cancer bone
metastasis ADC values. J. Magn. Reson. Imaging 2020, 51, 904-911. [CrossRef]

Malyarenko, D.I.; Newitt, D.; Wilmes, L.J.; Tudorica, A.; Helmer, K.G.; Arlinghaus, L.R.; Jacobs, M. A ; Jajamovich, G.; Taouli, B.;
Yankeelov, T.E.; et al. Demonstration of nonlinearity bias in the measurement of the apparent diffusion coefficient in multicenter
trials. Magn. Reson. Med. 2016, 75, 1312-1323. [CrossRef]

Doblas, S.; Almeida, G.S.; Blé, F-X.; Garteiser, P.; Hoff, B.A.; McIntyre, D.J.; Wachsmuth, L.; Chenevert, T.L.; Faber, C,;
Griffiths, ].R.; et al. Apparent diffusion coefficient is highly reproducible on preclinical imaging systems: Evidence from a
seven-center multivendor study. J. Magn. Reson. Imaging 2015, 42, 1759-1764. [CrossRef]

Shoghi, K.I.; Badea, C.; Blocker, S.J.; Chenevert, T.L.; Laforest, R.; Lewis, M.T.; Luker, G.D.; Manning, H.C.; Marcus, D.S,;
Mowery, Y.M.; et al. Co-Clinical Imaging Resource Program (CIRP): Bridging the Translational Divide to Advance Precision
Medicine. Tomography 2020, 6, 273-287. [CrossRef]

CIRP TADP DWI Phantom Preparation and Scan Procedure. Available online: https:/ /drive.google.com/file/d/1ryA_6YY3
zwWOOQSKTmCbMah5fitLDSIn/view (accessed on 30 January 2023).

Stejskal, E.O.; Tanner, J.E. Spin Diffusion Measurements: Spin Echoes in the Presence of a Time-Dependent Field Gradient.
J. Chem. Phys. 1965, 42, 288-292. [CrossRef]

Digital Imaging and Communications in Medicine (DICOM) Standard. Available online: http://www.dicomstandard.org/
(accessed on 30 January 2023).

Enhanced MR Image Module. Available online: https://dicom.nema.org/medical/dicom/2020b/output/chtml/part03/sect_C.
8.13.html (accessed on 30 January 2023).

Neuroimaging Informatics Technology Initiative. Available online: https:/ /nifti.nimh.nih.gov/ (accessed on 30 January 2023).
Metaimage MHD Format. Available online: https://itk.org/Wiki/ITK/MetalO/Documentation#:~{}:text=Metalmage%20is%20
the%20text%2Dbased, library%20is%20known%20at%20MetalO (accessed on 30 January 2023).

3D Slicer. Available online: https://www.slicer.org/#what-is-3d-slicer (accessed on 30 January 2023).

Dietrich, O.; Heiland, S.; Sartor, K. Noise correction for the exact determination of apparent diffusion coefficients at low SNR.
Magn. Reson. Med. 2001, 45, 448-453. [CrossRef]

Kristoffersen, A. Optimal estimation of the diffusion coefficient from non-averaged and averaged noisy magnitude data. . Magn.
Reson. 2007, 187, 293-305. [CrossRef]

Dietrich, O.; Raya, ].G.; Reeder, S.B.; Reiser, M.E,; Schoenberg, 5.0. Measurement of signal-to-noise ratios in MR images: Influence
of multichannel coils, parallel imaging, and reconstruction filters. J. Magn. Reson. Imaging 2007, 26, 375-385. [CrossRef]


http://doi.org/10.1002/mrm.28779
http://www.ncbi.nlm.nih.gov/pubmed/33847012
http://doi.org/10.1593/neo.81328
http://www.ncbi.nlm.nih.gov/pubmed/19186405
http://doi.org/10.1002/mp.15556
http://doi.org/10.1002/jmri.25214
http://www.ncbi.nlm.nih.gov/pubmed/26949897
http://doi.org/10.1002/mp.12101
http://doi.org/10.1002/mrm.28224
http://doi.org/10.1002/jmri.22363
http://doi.org/10.1118/1.4948997
http://www.ncbi.nlm.nih.gov/pubmed/27277048
http://doi.org/10.1002/jmri.23825
http://www.ncbi.nlm.nih.gov/pubmed/23023785
http://doi.org/10.1117/1.JMI.5.1.011003
http://doi.org/10.3174/ajnr.A5025
http://www.ncbi.nlm.nih.gov/pubmed/28007768
http://doi.org/10.1002/jmri.26873
http://doi.org/10.1002/mrm.25754
http://doi.org/10.1002/jmri.24955
http://doi.org/10.18383/j.tom.2020.00023
https://drive.google.com/file/d/1ryA_6YY3zwWOOQSKTmCbMah5fitLDS1n/view
https://drive.google.com/file/d/1ryA_6YY3zwWOOQSKTmCbMah5fitLDS1n/view
http://doi.org/10.1063/1.1695690
http://www.dicomstandard.org/
https://dicom.nema.org/medical/dicom/2020b/output/chtml/part03/sect_C.8.13.html
https://dicom.nema.org/medical/dicom/2020b/output/chtml/part03/sect_C.8.13.html
https://nifti.nimh.nih.gov/
https://itk.org/Wiki/ITK/MetaIO/Documentation#:~{}:text=MetaImage%20is%20the%20text%2Dbased,library%20is%20known%20at%20MetaIO
https://itk.org/Wiki/ITK/MetaIO/Documentation#:~{}:text=MetaImage%20is%20the%20text%2Dbased,library%20is%20known%20at%20MetaIO
https://www.slicer.org/#what-is-3d-slicer
http://doi.org/10.1002/1522-2594(200103)45:3&lt;448::AID-MRM1059&gt;3.0.CO;2-W
http://doi.org/10.1016/j.jmr.2007.05.004
http://doi.org/10.1002/jmri.20969

Tomography 2023, 9 386

39.

40.

41.

42.

43.

44.

45.

46.

47.

Holz, M.; Heil, S.R.; Sacco, A. Temperature-dependent self-diffusion coefficients of water and six selected molecular liquids for
calibration in accurate 1H NMR PFG measurements. Phys. Chem. Chem. Phys. 2000, 2, 4740-4742. [CrossRef]

Raunig, D.L.; McShane, L.M.; Pennello, G.; Gatsonis, C.; Carson, P.L.; Voyvodic, ]J.T.; Wahl, R.L.; Kurland, B.F.; Schwarz, A.J.;
Gonen, M; et al. Quantitative imaging biomarkers: A review of statistical methods for technical performance assessment. Stat.
Methods Med. Res. 2015, 24, 27—-67. [CrossRef] [PubMed]

Malyarenko, D.I.; Chenevert, T.L. Practical estimate of gradient nonlinearity for implementation of apparent diffusion coefficient
bias correction. J. Magn. Reson. Imaging 2014, 40, 1487-1495. [CrossRef] [PubMed]

Malyarenko, D.I; Ross, B.D.; Chenevert, T.L. Analysis and correction of gradient nonlinearity bias in apparent diffusion coefficient
measurements. Magn. Reson. Med. 2014, 71, 1312-1323. [CrossRef]

Barnett, A.S.; Irfanoglu, M.O.; Landman, B.; Rogers, B.; Pierpaoli, C. Mapping gradient nonlinearity and miscalibration using
diffusion-weighted MR images of a uniform isotropic phantom. Magn. Reson. Med. 2021, 86, 3259-3273. [CrossRef]

Fang, L.K.; Keenan, K.E.; Carl, M.; Ojeda-Fournier, H.; Rodriguez-Soto, A.E.; Rakow-Penner, R.A. Apparent Diffusion Coefficient
Reproducibility Across 3 T Scanners in a Breast Diffusion Phantom. J. Magn. Reson. Imaging 2022, e28355. [CrossRef]

Pang, Y.; Malyarenko, D.I.; Wilmes, L.J.; Devaraj, A.; Tan, E.T.; Marinelli, L.; Endt, A.V,; Peeters, J.; Jacobs, M.A.; Newitt, D.C.; et al.
Long-Term Stability of Gradient Characteristics Warrants Model-Based Correction of Diffusion Weighting Bias. Tomography 2022,
8, 30. [CrossRef]

Wang, J.; Ma, C; Yang, P.; Wang, Z.; Chen, Y.; Bian, Y.; Shao, C.; Lu, J. Diffusion-Weighted Imaging of the Abdomen: Correction
for Gradient Nonlinearity Bias in Apparent Diffusion Coefficient. ]. Magn. Reson. Imaging 2022. [CrossRef]

Chenevert, T.L.; Malyarenko, D.I; Newitt, D.; Li, X,; Jayatilake, M.; Tudorica, A.; Fedorov, A ; Kikinis, R.; Liu, T.T.; Muzi, M; et al.
Errors in Quantitative Image Analysis due to Platform-Dependent Image Scaling. Transl. Oncol. 2014, 7, 65-71. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1039/b005319h
http://doi.org/10.1177/0962280214537344
http://www.ncbi.nlm.nih.gov/pubmed/24919831
http://doi.org/10.1002/jmri.24486
http://www.ncbi.nlm.nih.gov/pubmed/25667948
http://doi.org/10.1002/mrm.24773
http://doi.org/10.1002/mrm.28890
http://doi.org/10.1002/jmri.28355
http://doi.org/10.3390/tomography8010030
http://doi.org/10.1002/jmri.28529
http://doi.org/10.1593/tlo.13811
http://www.ncbi.nlm.nih.gov/pubmed/24772209

	Introduction 
	Materials and Methods 
	DWI Phantom 
	DWI Acquisition Protocol 
	Participating Site Procedures 
	Core Lab Processing 
	Statistics 

	Results 
	Discussion 
	Conclusions 
	References

