UCSF

UC San Francisco Previously Published Works

Title
Variability and bias assessment in breast ADC measurement across multiple systems

Permalink
https://escholarship.org/uc/item/70c510jf

Journal
Journal of Magnetic Resonance Imaging, 44(4)

ISSN
1053-1807

Authors

Keenan, Kathryn E
Peskin, Adele P
Wilmes, Lisa )

Publication Date
2016-10-01

DOI
10.1002/jmri.25237

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/70c510jf
https://escholarship.org/uc/item/70c510jf#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Magn Reson Imaging. Author manuscript; available in PMC 2017 October 01.

-, HHS Public Access
«

Published in final edited form as:
J Magn Reson Imaging. 2016 October ; 44(4): 846-855. d0i:10.1002/jmri.25237.

Variability and bias assessment in breast ADC measurement
across multiple systems

KE Keenanl, AP Peskin2, LJ Wilmes3, SO Aliu3, EF Jones3, W Li3, J Kornak?4, DC Newitt3,
and NM Hylton3

KE Keenan: kathryn.keenan@nist.gov

1Physical Measurement Laboratory, National Institute of Standards and Technology, Boulder,
Colorado, USA

2Information Technology Laboratory, National Institute of Standards and Technology, Boulder,
Colorado, USA

3Department of Radiology and Biomedical Imaging, University of California, San Francisco,
California, USA

4Department of Epidemiology and Biostatistics, University of California, San Francisco, California,

USA

Abstract

Purpose—To assess the ability of a recent, anatomically-designed breast phantom incorporating
T4 and diffusion elements to serve as a quality control device for quantitative comparison of
apparent diffusion coefficient (ADC) measurements calculated from diffusion-weighted MRI
(DW1) within and across MRI systems.

Materials and Methods—A bilateral breast phantom incorporating multiple T4 and diffusion
tissue mimics and a geometric distortion array was imaged with DWI on 1.5 T and 3.0 T scanners
from two different manufacturers, using three different breast coils (three configurations total).
Multiple measurements were acquired to assess the bias and variability of different diffusion
weighted single-shot echo-planar imaging (SS-EPI) sequences on the scanner-coil systems.

Results—The repeatability of ADC measurements was mixed: the standard deviation relative to
baseline across scanner-coil-sequences ranged from low variability (0.47, 95% Confidence Interval
(CI): 0.22-1.00) to high variability (1.69, 95% CI: 0.17-17.26), depending on material, with the
lowest and highest variability from the same scanner-coil-sequence. Assessment of image
distortion showed that Right/Left measurements of the geometric distortion array were 1 to 16 %
larger on the left coil side compared to the right coil side independent of scanner-coil systems,
diffusion weighting, and phase-encoding direction.

Conclusions—This breast phantom can be used to measure scanner-coil-sequence bias and
variability for DWI. When establishing a multi-system study, this breast phantom may be used to
minimize protocol differences (e.g. due to available sequences or shimming technique), to correct
for bias that cannot be minimized, and to weigh results from each system depending on respective
variability.
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INTRODUCTION

Quantitative magnetic resonance imaging (MRI) is increasingly used for breast cancer
diagnosis, staging and treatment monitoring. Several clinical trials that use MRI techniques
to assess neoadjuvant treatment protocols are underway (1, 2).

Diffusion MRI is used increasingly to provide characterization of breast cancer tumors (3,
4), either in addition to or as a replacement for dynamic contrast enhanced MRI with T
measurements and Tq-weighted images (5, 6). Quality control is much needed to ensure
accurate quantitation of diffusion-weighted MRI (DWI) measurements for clinical
assessments (4), the importance of which is further substantiated by the bias in diffusion
measurements recently observed in a multicenter trial (7). Similarly, Min et al. summarized
several studies that determine a threshold ADC value between benign and malignant breast
tumors (8): the reported thresholds ranged from 0.85 x 1073 m?/s to 1.48 x 10~3 m2/s, which
is too broad to be used clinically. To determine a threshold ADC value, an improved study
would distinguish the variance in measurements due to the scanner, coil and sequence from
differences between patients’ benign and malignant tumor tissue.

A Dbreast phantom is a quality control device that can be used to quantify measurement
variability due to system hardware, software or imaging sequence. A breast phantom was
introduced that is compatible with multiple coil styles, contains diffusion mimics for fat and
healthy fibroglandular tissue, and benign and malignant tumor tissue, and has an
anatomically appropriate design (9), distinguishing it from previous breast phantoms that
were compatible with only one coil (10), lacked diffusion mimics (11), or lacked fat tissue
mimics (12). The goal of this study is to assess the ability of this breast phantom to serve as
a quality control device for comparison of ADC data across scanner-coil-sequence
combinations and repeated scanning (e.g. as would be required in a multi-system study or
clinical trial).

METHODS

Phantom

The breast phantom evaluated in this study was created as two distinct interchangeable units:
one for diffusion and distortion evaluation and one for T1 relaxation evaluation (9) (Figure
1). The interchangeable nature allows each phantom unit to be imaged on each side of the
coil, thereby allowing examination of differences between the left and right sides of the coil.
As described in the phantom design paper (9), the polyvinylpyrrolidone (PVP) solutions (13,
14) in the breast phantom span the range of apparent diffusion coefficient (ADC) values for
malignant mass to benign lesion reported in the literature (3, 15, 16).

The diffusion phantom unit includes a central, axial plate for measuring distortion. The
phantom was oriented with the plate in the axial imaging plane. The plate contains a grid of
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10 mm diameter holes on 20 mm center-to-center spacing in both A/P and R/L directions,
with four A/P rows of four or six holes.

Magnetic Resonance Imaging Techniques

Diffusion weighted imaging sets and Tq-weighted (T1-w) images were collected on three
clinical scanner-coil configurations (Table 1). Apparent Diffusion Coefficient (ADC)
measurements were performed using single-shot echo-planar imaging (SS-EPI) as described
in Table 2. T1-w images at 1.5 T used a 3-Dimensional (3D) fast gradient echo sequence
with fat suppression, repetition time/echo time (TR/TE) 7.0/4.2 ms, flip angle 10 degrees,
field of view (FOV) 400 mm?, resolution 0.78 mm?2, and slice thickness 2 mm. T-w images
at 3.0 T used a 3D spoiled gradient echo with fat suppression, TR/TE 7.1/2.2 ms, flip angle
20 degrees, FOV 340 mm?, resolution 0.76 mm2, and slice thickness 2 mm. All sequences
were acquired in the axial plane.

The diffusion and T4 relaxation phantom units were swapped between the left and right
imaging positions, and the acquisition was repeated to gather data from each side of the
breast coil. In some cases, measurements were repeated on the same day and on subsequent
days over several months to determine variation in system performance. In addition,
components with the same material were in multiple locations in the diffusion phantom unit,
allowing evaluation of measurement variation with position from the magnet isocenter.

Bore temperatures were measured continuously at the time of scanning using an MRI-
compatible fiber-optic temperature probe (OTP-M, OpSens, Québec, Canada). Temperature
information was used in the interpretation of results; temperature corrections were not
applied.

ADC Calculation

ADC measurements required calculation of parametric maps from DWI data and selection of
the regions of interest (ROIs). We used software developed in the IDL programming
environment (Exelis Visual Information Solutions, Boulder, CO) at the University of
California San Francisco (16). ADC maps were generated by fitting the equation:

In Sp=In Sy — b ADC (1)

using a linear least-squares approach, where Spand Spare the diffusion-weighted and non-
diffusion-weighted signals respectively, and & is the diffusion sensitizing factor.

ROIs were created manually. ROIs for the diffusion phantom unit were delineated by
rectangles measuring approximately 70 mm by 3 mm on three contiguous axial slices for the
four large tubes and 55 mm by 2 mm on two contiguous axial slices for the 12 small tubes.
These 2D ROIs were subsequently stacked into 3D multi-slice ROIs. In some data sets, the
geometry of the tubes was distorted due to EPI artifacts. For those data sets, ROIs were
rotated in the axial plane plane up to 5 degrees to ensure that the ROIs were circumscribed
within the tubes.
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Image Segmentation and Distortion Measurement

Segmentation was performed on the diffusion and T1-w sets of breast phantom images in
order to assess differences in distortion as a function of b-value, direction of the frequency-
encoding gradient (Right/Left, R/L or Anterior/Posterior, A/P) and coil position of the two
units (diffusion phantom unit on Coil Left or Coil Right). The image segmentation and
distortion measurement processes were fully automated and checked against manual
measurements.

For each set of images, we selected the center, axial slice of the actual imaging volume,
which always contained the grid of holes in the axial distortion plate in the diffusion
phantom unit. To locate the rows of holes within the distortion plate, we first located the R/L
boundaries of the distortion plate within this unit, and placed the rows of grid points relative
to those plate boundaries. The outer boundary of the distortion plate was located by taking a
threshold, defining the background to be the lowest 5 % of intensity values. By locating the
top and bottom A/P position of the boundary, we estimated the R/L vertical locations of the
three structural plates in the diffusion phantom that are used for tube alignment from the
computer aided design (CAD) model (Figure 2 A). In an A/P area of +/- 10 pixels from
each vertical estimate, we located pixels whose intensities are well below the neighboring
pixel above or below by more than 5 % of the neighboring pixel intensity range. These were
clustered and filled to establish the structural plate locations. From the structural plate
locations, each of the four rows of grid holes is easily located.

Between the top and bottom large structural plates and inside the diffusion phantom unit
outer boundary, we collected and averaged pixel intensity gradients, using a Sobel gradient
operator. Gradient magnitudes corresponding with individual pixels in the image are
calculated separately in the horizontal (G,) and vertical (G,) directions, applying a 3 x 3
kernel:

The gradient magnitude is then the square root of the sum of the squares of Gyand G, For
pixels whose Sobel gradient magnitudes were at least 0.1 standard deviations above the slice
average, we collected those with at least an intensity difference of more than 5 % of the
image’s pixel intensity range between the pixel and an outside neighboring pixel. These
clusters were located and filled, defining the holes. Figure 2 B shows an example of these
pixel clusters before they are filled. We measured the center of each hole and all center-to-
center distances between holes in the R/L and A/P directions. In each set of images,
measurements from the diffusion images in both coil positions were compared with those
from T1-w images, in which no distortion occurred, based on comparison with the design
specifications.
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All statistical analysis was performed in R with the nlme package (cran.r-project.org). We
used the generalized least squares modeling (GLS) using the nime package function gls.
GLS models are identical to linear models/multiple regression, except that they allow for
non-constant (heterogeneous) variance structures across subjects. Specifically, we allow for
different variances across scanner-coil-sequence combinations. This extension to linear
modeling is critical to our analysis, since estimation of differences in variability between
scanner-coil-sequence combinations is central to our repeatability (test-retest) analyses. In
this study design, we efficiently obtain estimates under varying sets of parameters
simultaneously, using a modeling approach applied to all of the different combinations,
rather than generating an individual data set for each and every parameter to be estimated.
We therefore considered each scanner-coil-sequence combination as a separate condition in
the model.

The outcomes in all models were the median MR measurement over voxels in a 3D ROI
(i.e., for a particular tissue mimic within a tube), and the predictors are the scanner-coil-
sequence combination, distance of the ROI from the magnet isocenter (modeled as linear
change from isocenter), and left vs. right coil position. All results are given in terms of
estimates, 95 % confidence intervals (Cls), and p-values without adjustment for multiple
testing (17-19). We consider p < 0.05 to constitute statistical significance, and we indicate
where caution is warranted despite findings with p < 0.05.

We examined the relative standard deviation (SD) in measurements for the four different
scanner-coil-sequence combinations; a lower relative standard deviation (lower variability)
corresponds to a higher repeatability. Rather than providing absolute estimates and Cls of
standard deviationsto estimate repeatability, we provide the standard deviations in
comparison to a particular baseline scanner-coil-sequence combination. The baseline
scanner-coil-sequence combination for ADC was chosen to be that with measured ADC
values closest to the reference measurements acquired using a spin-echo sequence with
diffusion-weighted gradients (9), Configuration “1.5Ta — 2 b-value” (Tables 1 and 2). A
relative standard deviation less than one is more repeatable than the baseline, and above one
is less repeatable than the baseline.

To assess reproducibility, we compared the difference in estimated means to the baseline
configuration mean ADC. GLS model term mean estimates (e.g. for scanner-coil-sequence
effects or distance from the magnet isocenter) and Cls relate to lack of reproducibility. For
example, for scanner-coil-sequence effects or distance from the magnet isocenter, the mean
ADC estimate increases or decreases due to scanner-coil-sequence, or linear change in mean
ADC due to distance from magnet isocenter. If the estimated mean ADC is significantly
different from the baseline mean ADC, there is bias, and the measurement is not
reproducible. In addition, we determined the estimated mean ADC as a percent of the
baseline mean ADC to assess the clinical impact of the change, e.g. a different scanner-coil-
sequence or a change in phantom position.
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RESULTS

Temperature

The bore temperatures ranged from 17.53 to 24.10 °C across all configurations, and the
standard deviation of temperature for each single MRI session ranged from 0.16 to 0.78 °C.

ADC Measurement Variability

This breast phantom study found no clear trends for ADC repeatability (Table 3). For both
1.5 T scanner-coil-sequence combinations, the relative SD was both lower and higher than
the baseline SD, depending on the mimic material and scanner-coil-sequence configuration.
The relative SD to baseline across scanner-coil-sequences ranged from low variability (25%
PVP: 0.47, 95% CI: 0.22-1.00) to high variability (0% PVP: 1.69, 95% CI: 0.17-17.26),
both on 1.5Tb — 2 b-value EPI. The relative SD is higher, demonstrating lower repeatability
when compared to baseline for all materials on 3.0Tc — 4 b-value EPI.

Scanner-coil-sequence ADC Measurement Bias

In most cases, ADC measures were reproducible; there was little measurement bias. ADC
reproducibility for the scanner-coil-sequence model was assessed relative to the baseline,
1.5Ta - 2 b-value EPI, as shown in Table 4. The mean measured ADC for the baseline case,
all materials, are given in the second column of Table 4. Only three of the eighteen scanner-
coil-sequence and material combinations were statistically different than baseline and
therefore not reproducible: DI water, 1.5Ta — 4 b-value EPI (198.8 x 1076 mm?/s (95% Cl:
36.3, 361.3), p=0.0203); 10 % w/w PVP, 1.5Tb — 2 b-value EPI (75.3 x 1076 mm?/s (95%
Cl: 34.0, 116.5), p=0.0005); and 10% w/w PVP, 1.5Ta - 4 b-value EPI (56.1 x 108 mm?/s
(95% CI: 8.5, 103.8), p=0.0216).

Dependence on distance from the magnet isocenter

We included distance from the magnet isocenter as a predictor in the GLS model (Table 5).
We found a spatial dependence on position from magnet isocenter, as expected from the
nonlinear model previously reported (7, 20), and all ADC measurements reported in this
study were adjusted by the model to remove the dependence on position.

Phantom position within the coil

We included position of the phantom in the left or right side of the bilateral breast coil as a
predictor in the GLS model (Table 6). In the majority of cases, the resulting change in the
estimates of the mean ADC was not statistically significant. There was one statistically
significant result for phantom position: 40 % w/w PVP for the ADC scanner-coil-sequence
model (p=0.0352) with an estimated difference in mean ADC measured value of 8.96 %
(95% CI: 0.64 — 17.27 %).

SS-EPI distortion assessment

While the majority of the differences in estimate of the means for ADC measurement with
the phantom positioned in the left or right side of the coil were not significant, we did find a
difference in the image distortion between the Coil Left and Coil Right sides of the SS-EPI

J Magn Reson Imaging. Author manuscript; available in PMC 2017 October 01.
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axial diffusion images across all three scanner-coil configurations, independent of phase-
encoding gradient direction (Figure 3).

Distortion was assessed on both coil sides for T1-w and SS-EPI diffusion sequences,
comparing grid hole separation measurements in the R/L and A/P directions on the
geometric distortion plate to known measurements from the phantom design CAD model.
No measureable distortion effects were evident in either direction in the T1-w images, nor in
the A/P direction in the SS-EPI diffusion images. However, we did find a difference in
geometric distortion in the R/L direction between the Coil Left and Coil Right sides in the
SS-EPI axial diffusion images across all three scanner-coil configurations (Figure 3). The
image distortion was clearly visible as seen in Figure 4, illustrating the difference in relative
apparent size of the two phantom units, and in Figure 5 showing the geometric distortion
plate imaged with different sequences. Measured grid hole spacing was consistently larger
on the Coil Left than the Coil Right across configurations, with mean differences across the
four rows of 1.8 mm (9 %), 1.5 mm (7.5 %), and 0.7 mm (3.5 %) for Configurations 1.5Ta,
1.5Th, and 3Tc respectively. The direction of the phase-encoding gradient in the image
acquisition did cause the expected SS-EPI image distortions, but those distortions did not
change the R/L grid hole spacing distortion. Distortion measurements were the same for all
b-value images (b=0, 100, 600, and 800 s/mm?2), ruling out effects of diffusion gradients on
the observed grid hole spacing distortion. To verify that this was not an effect of the
phantom itself, we retrospectively examined data from human subjects, which agreed with
the phantom findings (details are provided in the Supplementary Information).

DISCUSSION

Using the breast phantom, we completed an initial assessment of ADC measurement bias
and variability on clinical MRI scanners, breast coils and typical clinical imaging sequences.
We found that the breast phantom can be used to identify sources of bias and variability to
guide quantitative measurement methods in multisystem studies. Comparing left and right
sides of the coil, we identified distortions in the SS-EPI diffusion images, likely attributable
to Bg shim inhomogeneity, which means repeatability of the ADC measurements depends on
shimming and position in the coil.

In general, ADC measurements were not biased across scanner-coil-sequence combinations.
Temperature varied in the experiments conducted on the same configuration across time and
in experiments conducted across different configurations, by as much as 5 °C. Temperature
fluctuations and differences across configurations may have increased bias, especially for the
ADC measurements.

ADC repeatability in this study was mixed. In agreement with these results, a study with an
ice-water phantom using similar protocols across multiple scanner-coil combinations found
ADC variability increased at locations farther away from magnet isocenter (7), a challenge
in breast imaging. Giannotti et al. found high repeatability in ADC measurement of an ice-
water phantom assessed weekly over twelve weeks (12). In that study, using one scanner-
coil-sequence configuration, the largest error was inter-observer error in patient imaging.
Recognizing that inter-observer errors can be difficult to mitigate, studies that include
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multiple scanner-coil-sequence combinations could use this breast phantom during study set-
up to minimize errors due to protocol selection or shim technique and increase repeatability
of the ADC measurement.

Our results demonstrate that on the clinical systems we used, ADC values are dependent on
position within the magnet. Our generalized linear model indicates a statistically significant
effect of ROI position within the magnet on ADC estimates for all of the breast tissue-
mimicking materials. ADC measurement is dependent on the diffusion-sensitizing gradients,
which are known to have a nonlinear variation from the magnet isocenter (7, 20). Users
should be aware that this dependence exists, and methods to mitigate gradient nonlinearity
effects should be applied (21). This breast phantom enables diffusion sequences to be tested
for variation in artifacts with changes in sample position within the magnet, phase encoding
direction, spectral bandwidth, or gradient non-linearity corrections.

Position of the phantom in the left or right coil side was not a statistically significant
predictor in the gls model, but we did find differences in image distortion between the left
and right sides of the coil. Specifically, it was found that SS-EPI diffusion weighted imaging
method resulted in image distortion differences between the left and right sides of the coil.
The distortion was measured across different vendors, breast coils, and field strengths; at the
different imaging sessions; and stayed in the left/right orientation regardless of phase-
encoding direction. There were no cases for which we did not find distortion in the SS-EPI
diffusion images, indicating that the effect is likely caused by the SS-EPI imaging itself and
not a factor related to specific equipment.

This distortion effect could be due to eddy currents and diffusion-weighted pulses or Bg
shim. If the source of the distortion were from eddy currents and diffusion-weighted pulses,
the effect would scale with diffusion-weighting gradient strength (b-value) and would be
along the direction of the phase-encoding gradient (22), which was not the case. A second
possible cause is from the B shim (23), which is known to be important in breast imaging
(24, 25). In this study, we used the clinical breast imaging protocol shim procedure. In SS-
EPI, background gradients can combine with the series of phase-encoded blipped gradient
pulses. On one coil side, the By shim adds to the strength of the blipped positive phase-
encoded pulses and subtracts from it on the other coil side. In our study, distance was
increased on the left coil side and decreased on the right coil side across two MRI system
vendors. In a previous phantom study using a breast coil, geometric distortions were
reported in the diffusion weighted images, although no quantitative measurements were
reported (26). In agreement with our findings, the geometric distortions did not change with
diffusion weighting (different b-values). These findings indicate that this breast phantom can
be used to evaluate distortion correction methods (23, 27) and test improved shimming
approaches, such as dynamic multi-slice shimming (25).

One limitation of this phantom is the lack of temperature control, which increases the
uncertainty in ADC measurements. NIST intends to characterize and publish the ADC
values of the PVVP solutions at a range of bore temperatures. Coupled with an accurate
temperature measurement, we can reduce measurement uncertainty and increase
reproducibility of ADC measurements. Our statistical methods include the median ADC and
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standard deviation from each 3D ROI, but the voxel size discrepancy between 1.5 T and 3.0
T is a limitation that potentially introduced bias in the data. From this initial study, we
cannot make statements about manufacturer or product performance; a more substantial
study is needed to make such statements.

In conclusion, this study demonstrates that this breast phantom is a tool to identify and
correct scanner-coil-sequence bias and variability. This breast phantom may be used when
establishing a multisystem study to create a protocol which minimizes differences (e.g. due
to available sequences or shimming technique), to correct bias that cannot be minimized, and
to weight results from each system depending on respective variability.
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Figure 1.
Breast phantom CAD model showing A) the diffusion phantom unit with vertically oriented

samples tubes and geometric distortion plate and B) the T4 phantom unit with sample
spheres arranged on four isolated levels, and C) prototype prepared for imaging in a breast
MR coil.
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Figure 2.
A) View of the components in the CAD model on the diffusion phantom unit with the three

structural plates used for tube alignment noted with (*). B) Segmentation of holes in the grid
using the center slice of the image set. This shows the high gradient/intensity pixels before
each cluster is filled.

J Magn Reson Imaging. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Keenan et al. Page 13

Average grid hole separation distance

for SS-EPI (mm)

Coil Side
22 -
Left
Grid hole distance
Right for T,-w images
and CAD model
21 -
20 -
19 -
. I I I I I I
Row 1'Row 2'Row 3'Row 4' Avg. Row 1'Row 2'Row 3'Row 4' Avg. Row 1'Row 2'Row 3'Row 4' Avg.
Figure 3.

Average right-left grid hole separation distance for the SS-EPI images for each configuration
(1.5Ta; 1.5Th; 3Tc) for each distortion plate row, and the overall average distance for a
configuration. In all cases the left coil side distances were greater than the right coil side
distances. The black line represents the actual grid hole separation distance of 20 mm from
the CAD maodel. For the T1-w images, no measurable difference was found from the CAD
model.
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Patient
Right

Figure 4.

Page 14

Patient
Left

Breast phantom slices at the same depth locations, imaged in opposite coil positions from
SS-EPI with b=100 s/mm? diffusion weighting. The diffusion side is visibly thinner in the
R/L direction (A), while the T side is visibly thinner in the R/L direction (B).
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Figure 5.
Central slice of the: A) T1-w image, B) SS-EPI, b=600 s/mm? Patient Right image, and C)

SS=EPI, b=600 s/mm? Patient Left image of the diffusion side of the phantom.
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Table 1

Scanner-Coil Configurations

Page 16

Configuration

MRI Scanner Manufacturer

Breast Coil

Field Strength

Open, 8-channel coil, Hologic (formerly

Germany

1.5Ta Signa, GE Healthcare, Milwaukee, WI Sentinelle Medical), Toronto, Ontario 15T
. . Open, 8-channel coil, GE Healthcare,

1.5Th Signa, GE Healthcare, Milwaukee, WI Milwaukee, W 15T

3Tc Verio, Siemens AG Medical Solutions, Erlangen, Open, 16-channel coil, Hologic (formerly 30T

Sentinelle Medical), Toronto, Ontario
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Table 2
ADC measurement parameters
Field 15T 30T
Sequence 2 b-value EPI 4 b-value EPI 4 b-value EPI
Configuration(s) 1.5Ta & 1.5Tb 1.5Ta 3Tc
TR (ms) 7500 7500 14100
TE (ms) 66.4 70.4 88
Flip Angle (degrees) 90 90 90
Bandwidth (Hz) 1953.1 1953.1 1935.0
b-value (s/mm?) 0, 600 0, 100, 600, 800 | 0, 100, 600, 800
Freq. encode direction AP AP AP
Averages 2,8 2,2,4,8 8
Slice Thickness (mm) 2.0 2.0 2.0
FOV (mm x mm) 400 x 400 400 x 400 399 x 399
Matrix size (pixels) 256 x 192 256 x 160 152 x 152
Imaging Plane Axial Axial Axial
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Table 3

Relative SD (repeatability) on ADC measurements across clinical MRI systems and sequences

Material

Baseline Residual SD
(95% CI low, high)
(1078 mm?/s)
1.5Ta, 2 b-value EPI

Relative SD on ADC
(95 % CI low, high)
1.5Tb, 2 b-value EPI

Relative SD on ADC
(95% CI low, high)
1.5Ta, 4 b-value EPI

Relative SD on ADC
(95% ClI low, high)
3Tc, 4 b-value EPI

Water (PVP 0 %)

156.0 (94.1, 258.5)

1.69 (0.17, 17.26)

0.78 (0.33, 1.81)

1.11 (0.69, 1.79)

10 % PVP wi/w in water

93.8 (74.2, 118.6)

0.63 (0.45, 0.89)

0.83 (0.66, 1.06)

1.45 (1.16, 1.81)

14 % PVP 73.8 (42.3, 128.9) 1.41 (0.54, 3.69) 1.06 (0.59, 1.88) 1.08 (0.58, 2.02)
18 % PVP 473" 097 * 130 * 173 %

25 % PVP 72.2 (51.9, 100.4) 0.47 (0.22, 1.00) 0.90 (0.63, 1.28) 1.29 (0.94, 1.77)
40 % PVP 74.4 (56.5, 97.8) 0.71 (0.50, 1.00) 1.16 (0.87, 1.54) 1.04 (0.76, 1.42)

*
Model did not converge on confidence interval results.
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Table 4

Page 19

Effect of scanner-coil-sequence configuration on ADC for scanner-coil-sequence model

Baseline mean
ADC
(standard error)

Estimated difference in mean
ADC for 1.5Tb, 2 b-value EPI

Estimated difference in
mean ADC for 1.5Ta, 4 b-

Estimated difference in mean
ADC for 3Tc, 4 b-value EPI

Material (106 mm/s) (107 mmes) and 959 C1 | (16 i) angasop ct | (10°°mmeS) and 9596 C1
1.5Ta,EZPbI-vaIue (low, high) (low, high) (low, high)
Wath;/(()l)JVP 1464.8 (479.7) 132.3 é—:%(ligélg,0830.8) 198.8‘;%%?503361.3) 157.8 é—:%)(.)22i22,4417.8)
10 OIAr)] 5\,\;{; :N/w 1365.1 (42.0) 75'3p(:3§.'86 3516'5) 56.1p %Sdzll%&s) 84.7 é_:%)?i%’eisg'l)
14.9% PVP 998.5 (138.5) 57.4 ‘gi&‘é& 1288.9) 46 (},i%%lgg %21.2) 67.8 i();z(t)gg,ggﬁ.l)
18%PVP | 10866(486) 7 o o
wuew | w6 R o LI
wxeve | sstowo aCks 2 782t 19 L0

*
Model did not converge on confidence interval results.
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Effect of position from magnet isocenter on ADC for scanner-coil and scanner-coil-sequence models

Table 5

Page 20

Absolute estimated difference in mean ADC measured value for 1 cm change in position from

Material magnet isocenter p-value
(1078 mm?/s) and 95% CI (low, high)

Water (PVP 0 %) 74.2 (3.2,145.3) 0.0418
10 % PVP w/w in water 37.4(30.0, 44.8) <0.0001
14 % PVP 63.1(27.9, 98.4) 0.0019
18% PVP * 47.1(20.4,73.7) 0.0023
25 % PVP 24.1(13.8,34.4) <0.0001
40 % PVP 16.3 (9.3, 23.4) <0.0001

*
Estimate, confidence interval and p-value are based on a model with the 1.5 T — Coil B data removed to enable confidence interval estimation for
the estimated difference in mean ADC for 1 cm lateral change in position from coil center.
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Table 6

Page 21

Effect of phantom position in right coil side on ADC for scanner-coil and scanner-coil-sequence models

Material Estimatfed _differepﬁce in 2mean ADC for phantom in right p-value Est. difference in mean ADC as a
coil side (107° mm?/s) and 95% ClI (low, high) percent of baseline mean ADC value

Water (PVP 0 %) 88.3 (-502.2, 678.7) 0.7519 6.03
10 % PVP w/w in water 1.0 (-35.1, 37.0) 0.9575 0.07

14 % PVP -107.5 (-217.3, 2.4) 0.0544 -10.77

18 % PVP * -97.0 (-254.2, 60.2) 0.2036 -9.09
25 % PVP 27.9 (-0.6, 56.3) 0.0549 3.72
40 % PVP 40.4 (2.9,77.9) 0.0352 8.96

*
Estimate, confidence interval and p-value are based on a model with the 1.5 T — Coil B data removed to enable confidence interval estimation for
the distance from the magnet isocenter.
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