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Background: Diffusion-weighted imaging (DW1I) shows promise in detecting and monitoring breast cancer, but standard spin-echo
(SE) echo-planar DWT methods often have poor image quality and low spatial resolution. Proposed alternatives include readout-
segmented (RS) echo-planar imaging and axially reformatted (AR)—simultaneous multislice (SMS) imaging.

Purpose:  To compare the resolution and image quality of standard SE echo-planar imaging DWT with two high-spatial-resolution
alternatives, RS echo-planar and AR-SMS imaging, for breast imaging.

Materials and Methods: In a prospective study (2016-2018), three 5-minute DWI protocols were acquired at 3.0 T, including standard
SE echo-planar imaging, RS echo-planar imaging with five segments, and AR-SMS imaging with four times slice acceleration.
Participants were women undergoing breast MRI either as part of a treatment response clinical trial or undergoing breast MRI for
screening or suspected cancer. A commercial breast phantom was imaged for resolution comparison. Three breast radiologists re-
viewed images in random order, including clinical images indicating the lesion, images with & value of 800 sec/mm?, and apparent
diffusion coefficient (ADC) maps from the three randomly labeled DWI methods. Readers measured the longest dimension and
lesion-average ADC on three DWI methods, reported measurement confidence, and rated or ranked the quality of each image. The
scores were fit to a linear mixed-effects model with intercepts for reader and subject.

Results: The smallest feature (1 mm) was only detectible in a phantom on images from AR-SMS DWI. Thirty lesions from 28
women (mean age, 50 years = 13 [standard deviation]) were evaluated. On the five-point Likert scale for image quality, AR-SMS
imaging scored 1.31 points higher than SE echo-planar imaging and 0.74 points higher than RS echo-planar imaging, whereas RS
echo-planar imaging scored 0.57 points higher than SE echo-planar imaging (all 7 < .001).

Conclusion: The axially reformatted simultaneous multislice protocol was rated highest for image quality, followed by the readout-
segmented echo-planar imaging protocol. Both were rated higher than the standard spin-echo echo-planar imaging.
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Difﬁlsion—weighted imaging (DWI) measures the appar-
ent diffusion coefficient (ADC) of tissue, which is often
lower because of cancer. There is growing interest in the
use of DWI for breast cancer imaging for screening, disease
characterization, and monitoring treatment response (1).
DWIT is typically acquired by using single-shot spin-echo
(SE) echo-planar imaging, which faces several challenges
that are often exacerbated in breast imaging because of the
large field of view, adipose signal, and respiratory motion
that alters the B field. Standard breast DWI has low spatial
resolution, large geometric distortions, chemical shift arti-
facts, and Nyquist ghost artifacts, which can limit its clini-
cal value. Higher spatial resolution may also enable the use
of DWT for additional analyses, including minimum ADC,
DWI radiomics, histogram analysis, and rim sign (2,3).
Several strategies to improve the image quality of SE
echo-planar imaging in breast DWI have been explored,

including readout segmentation (RS) (4-7), reduced field of
view (8,9), and multiband encoding in the phase encoding
direction (10). A proposed strategy uses simultaneous mul-
tislice (SMS) imaging (11-13) to improve image quality in
breast DW1I (14-16). Because the SMS potential is greater
in the right-to-left directions based on the coil geometry,
this approach acquires sagittal images with aggressive SMS
to cover a large volume with many thin slices. The images
are axially reformatted (AR) for interpretation, according to
standard clinical practice. Thus, the axial images are encoded
by the readout and slice directions, which provides high
in-plane resolution whereas the blurred and artifact-prone
phase encoding direction is rotated through-plane.

In this study, we compared the image quality and reso-
lution of standard SE echo-planar imaging breast DWI
with two high-spatial-resolution imaging protocols on the
basis of RS echo-planar imaging and AR-SMS imaging,
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Abbreviations

ADC = apparent diffusion coefficient, AR = axially reformatted, DWI =
diffusion-weighted imaging, I-SPY 2 = Investigation of Serial Studies to
Predict Your Therapeutic Response with Imaging and Molecular analysis
2, RS = readout segmentation, SE = spin echo, SMS = simultaneous
multislice

Summary

Axially reformatted simultaneous multislice imaging produced diffu-
sion-weighted images and apparent diffusion coefficient maps with
improved image quality, resolution, and coverage compared with a
readout-segmented echo-planar imaging strategy and standard spin-
echo echo-planar imaging.

Key Results

m For breast diffusion-weighted imaging, axially reformatted (AR)—
simultancous multislice (SMS) imaging provided the highest
spatial resolution, covered the largest volume, and helped to detect
the smallest feature (1 mm) compared with readout-segmented
(RS) echo-planar imaging and standard spin-echo (SE) echo-
planar imaging.

= By using the five-point Likert scale for image quality, AR-SMS im-
aging scored 1.31 points higher than SE echo-planar imaging and
0.74 points higher than RS echo-planar imaging whereas RS echo-
planar imaging scored 0.57 points higher than SE echo-planar
imaging (all 2 < .001).

with each optimized to provide full bilateral coverage in a clini-
cally acceptable (<5 minute) imaging time. The three protocols
were characterized with phantom resolution measurements, and
in vivo performance was assessed by using a multireader study.

Materials and Methods

Study Participants

In this prospective institutional review board—approved and
Health Insurance Portability and Accountability Act—compliant
study, women undergoing clinical breast MRI at our imaging
center were offered additional diffusion imaging to be acquired
after their clinical examination between December 2016 and
December 2018. Participants underwent breast MRI either as
part of a treatment response clinical trial (Investigation of Se-
rial Studies to Predict Your Therapeutic Response with Imag-
ing and Molecular analysis 2 [I-SPY 2] trial) or clinical MRI for
screening or for suspected cancer and provided written informed
consent. Data from [-SPY 2 may be included in other studies
(clinicaltrials.gov NCT01042379, NCT02058758), excluding
RS echo-planar imaging and AR-SMS imaging.

Phantom Acquisition for Resolution Assessment

A commercial breast phantom (Model 131; CaliberMRI, Boul-
der, Colo) (17) with a resolution test grid was imaged with all
DWI protocols. The phantom was rotated to assess the resolu-
tion in each plane. Feature detection was subjectively assessed
(J.A.M., with 6 years of experience, and PJ.B., with 21 years
of experience).

MRI Scan Acquisition

All images were acquired with a 3-T system (Siemens Prismafit;
Siemens Healthcare, Erlangen, Germany) by using a 16-chan-
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nel breast coil (Sentinelle; Philips Medical Systems, Hamburg,
Germany). For every participant, standard MRI scans were ac-
quired, including T2-weighted and a contrast agent—enhanced
T1-weighted series with an intravenous injection of gadolin-
ium-based contrast agent (gadobutrol, 0.1 mM/kg). RS echo-
planar images and AR-SMS images were acquired after clinical
imaging was completed. See Appendix E1 (online) for details.

Three different SE echo-planar imaging strategies were
used to perform bilateral breast DWI. Whereas not fixed
in resolution or volumetric coverage, each protocol was in-
dividually optimized for a 5-minute acquisition time. The
first, Standard-A, represented the standard clinically avail-
able breast MRI by using single-shot SE echo-planar imaging
compliant with the American College of Radiology Imaging
Network, known as ACRIN, 6698 clinical trial (18) with
nominal resolution of 1.7 mm X 1.7 mm X 4 mm. Because
of time restrictions of clinical imaging, a shorter version with
fewer b values, Standard-B, was used for participants under-
going clinical breast MRI (nontrial). The vendor’s implemen-
tation was used for RS echo-planar imaging with protocol
parameters on the basis of Wisner et al (5), chosen for its high
and nearly isotropic resolution, with five readout segments
and nominal resolution of 1.8 mm X 1.8 mm X 2.4 mm.
AR-SMS imaging was implemented by modifying the cus-
tom SMS echo-planar imaging acquisition and reconstruc-
tion pipeline developed for the Human Connectome Project
(19). The AR-SMS image acquisition used a four-time slice
acceleration for 1.25-mm isotropic axial resolution and 2.5
mm through-plane (phase encoding) interpolated to 1.25
mm and included an additional reference examination with
opposite phase encoding for geometric distortion correction
(20). See Table 1 for protocol details.

Preparing Data Set for Reader Analysis

The MRI system vendor’s image reconstructions were used for
clinical acquisitions, standard SE echo-planar DWI, and RS
echo-planar DWI. AR-SMS reconstruction was performed of-
fline in Matlab R2017b (Mathworks, Natick, Mass) by using
in-house reconstruction (Appendix E1 [online]). All images
were transferred to a clinical picture archiving and commu-
nication system (iSite; Philips Healthcare, Andover, Mass) for
analysis.

For each participant, a single study was chosen with prefer-
ence for pretreatment examinations when available. By using
T2-weighted and contrast-enhanced subtraction images, all con-
trast-enhanced, mass-like lesions within each DWTI field of view
were identified and their length was measured. The largest lesion
from every woman was included, and secondary lesions from
distant sections were included from two women.

Reader Analysis

Two lesions of different sizes were used to train the breast radi-
ologists. The remaining lesions were independently presented
to three radiologists (T.H.E., N.EH., and J.E.K.H., with 19,
3, and 14 years of breast MRI experience, respectively) in ran-
dom order in one or two (separated by < 7 days) sessions.
The radiologists were blinded to the participant and the DWI
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Table 1: Acquisition Parameters

DWI Clinical Examination
Standard SE Echo-planar Contrast-enhanced T1-weighted
Imaging Imaging
RS Echo-planar T2-weighted I-SPY 2 Clinical
Parameter Standard-A Standard-B Imaging AR-SMS Imaging (Standard-A) (Standard-B)
Type of imaging Single-shot SE  Single-shot SE  SE echo-planar ~ Single shot SE  SE 3D gradient echo 3D gradient echo
echo-planar  echo-planar  imaging (5)*  echo-planar
imaging imaging imaging
TR (msec) 8000 8000 7800 6500 4500 4.72 4.72
TE (msec) 74.0 74.0 64.0 60.80 72.0 1.82 1.82
Phase encoding R/L R/L AP H/F R/L R/L R/L
Readout encoding AP AP R/L AP AP AP AP
Slice orientation Axial Axial Axial Sagittal Axial Axial Axial
Echo spacing (msec) 0.74 0.74 0.32 0.93 NA NA NA
No. of echoes acquired 48 48 43 38 NA NA NA
No. of averages 1 1 1
b values (no. of
averages)'
0 sec/mm? 5(1) 5(1) 3 (1) 4 (1)
100 sec/mm? 3 (3) 3(3)
600 sec/mm? 3 (3)
800 sec/mm? 3(3) 3(3) 2 (3) 8 (3)
Diffusion scheme Bipolar Bipolar Bipolar Monopolar ... e
Nominal resolution 1.7 X 1.7 1.7 X 1.7 1.8 X 1.8 1.25X 25 0.8X0.8 0.6 X 0.6 0.6 X 0.6
(mm)?*
Coverage (mm)
R/L 320 320 350 320 320 300-340 300-340
AP 320 320 156 240 320 300-340 300-340
H/F 144-176 144-176 134.4 240 198 208 208
No. of slices 3644 44 56 256 60 160 160
Slice thickness (mm) 4 4 2.4 1.25 3.0 1.3 1.3
Slice gap (mm) 0 0 0 0 0.3
GRAPPA 3 3 2 2 2 3 3
SMS 4
Partial Fourier
Phase 6/8 6/8 None 6/8 ... 6/8 6/8
Slice None 6/8 6/8
Acquisition time (min) 4:58 3:46 4:58 4:52 4:59 1:32 1:58
No. of acquisitions 7 4

Note.—Standard-A was used for participants in the Investigation of Serial

Studies to Predict Your Therapeutic Response with Imaging and

Molecular analysis 2 (I-SPY 2) clinical trial; Standard-B, with fewer & values, was used for clinical participants not enrolled in I-SPY 2 to reduce
total imaging time. All participants were additionally imaged with readout-segmented echo-planar imaging and axially-reformatted simultane-
ous multislice imaging. A/P = anteroposterior, AR = axially reformatted, DW1I = diffusion-weighted imaging, FOV = field of view, GRAPPA =
generalized autocalibrating partially parallel acquisitions, H/F = head/foot, NA = not applicable, PE = phase encoding, R/L = right/left, RO =
readout, RS = readout segmented, SE = spin echo, SMS = simultaneous multislice imaging, TE = echo time, TR = repetition time, 3D = three-

dimensional.
* Data in parentheses are readout segments.
" Data in parentheses are number of directions.

*Data are readout X phase encoding.

method. For each lesion, the radiologists were provided with
clinical images, images with & value of 800 sec/mm?, and ADC
maps from all three DWI methods, presented axially in ran-
dom order. The lesion was indicated on the contrast-enhanced
subtraction, as shown in Figure 1.
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The readers measured the longest dimension on the contrast-
enhanced subtraction images and images with & values of 800
sec/mm? and lesion-average ADC by using a frechand two-
dimensional region of interest on a representative section. Read-
ers reported their confidence of these measurements by using
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Clinical images

Screenshot of a picture archiving and communication system setup in a 7O-year-old participant with large biopsy-proven cancer. Readers were provided with

clinical images, including, G, a noncontrast-enhanced image, H, a single contrast-enhanced image, |, a contrast-enhanced subtraction T1-weighted image, and, J, a T2-
weighted image, with the lesion indicated (arrow). Diffusion data included axial images with, A-C, b value of 800 sec/mm? and, D-F, apparent diffusion coefficient (ADC)

maps for all three methods, randomly ordered as methods A, B, and C, which are labeled here for illustration purposes. The metal needle of the contrast injection port

caused the artifact on the right breast. AR-SMS = axially reformatted-simultaneous multislice, RS-EPI = readout-segmented echo-planar imaging.

a five-point Likert scale from no confidence (1 point) to very
high confidence (5 points). Readers reported their impression of
overall image quality by using a scale of 1 (unusable) to 5 (excel-
lent and equivalent to contrast-enhanced MRI) and ranked the
methods (first through third).

Statistical Analysis

Scores were fit to a linear mixed-effects model including
random intercepts for reader and participant to account for
repeated measurements. The model was used to measure dif-
ferences in the overall image quality, method rank, and con-
fidence in length and ADC measurements on images from
DWI. A second model was used, adding the effect of lesion
size. Intraclass correlation (two-way random effects of type
consistency and single) was used to determine the interreader
consistency.

Whereas primary analysis was performed by combining Stan-
dard-A and Standard-B for larger data size, a subanalysis sepa-
rately considered the image quality to confirm that the quality
was comparable despite fewer & values used in Standard-B
(Appendix E1 [online]).

We used statistical software (R version 3.6.0; R Core Team, Vi-
enna, Austria) for this analysis. P values less than .05 after a Tukey
adjustment for the three pairwise comparisons were considered to
indicate statistically significant results (emmeans package in R).
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Results

Participant Characteristics

Forty women (age rage, 27—78 years; mean age, 51 years =
13 [standard deviation]) consented to and underwent ad-
ditional DWTI; of these, 30 women (age range, 27-78 years;
mean age, 50 years * 14) presented with contrast-enhanced
lesions on contrast-enhanced subtraction images. Of 32 le-
sions identified for inclusion, two were used to train radi-
ologists, leaving 30 lesions for analysis from 28 participants

(Table 2).

Phantom

In the resolution phantom (Fig 2), the 1-mm feature was only
considered detectable on the axial plane on AR-SMS and T2-
weighted images. The 2-mm feature was detectable in the axial
plane for all methods but was nearly undetectable in the sagit-

tal plane of Standard-A.

Reader Analysis

Representative examples of large and small lesions are shown in
Figures 3 and 4. All three readers rated AR-SMS images with
the highest image quality and ranked AR-SMS images higher
than both RS echo-planar images and standard SE echo-planar

images, as shown in Figure 5.
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Table 2: Inclusion and Demographics of Participants

Mean Le-
No. of Mean BI-RADS sion Length
Description Participants  Mean Age (y) Breast Density Score  (mm)
Women offered research add-on for at least one examination 52 49 = 14 (27-78) 2.8 = 0.8 (1-4) NA
Screening 18
I-SPY 2 34
Women who did not consent to research examinations at any time 4 51 * 4 (47-55) 2.5 % 0.6 (2-3) NA
Screening 0
I-SPY 2 4
Women who consented to additional DWI scanning for at least one 48 49 = 13 (27-78) 2.9 = 0.8 (1-4) NA
examination
Screening 18
[-SPY 2 30
Women who consented for additional DWT but did not complete 8 41 = 3 (34-46) 3.1 £ 0.6 2-4) NA
it at any examination
Screening 2
I-SPY 2 6
Withdrew for discomfort 7
Technical difficulties 1
Women who completed additional DWI scanning for at least one 40 51 =13 (27-78) 2.8 = 0.8 (1-4) NA
examination
Screening 16
[-SPY 2 24
Excluded for missing data 2 54 + 9 (47-60) 2.0 = 1.4 (1-3) NA
Screening 1
I-SPY 2 1
Excluded for no qualifying lesion 8 55 £ 9 (44-70) 3.1 = 0.8 (2-4) N/A
Screening 7
[-SPY 2 1
Women with enhanced lesions on CE subtraction images 30 (32)* 50 = 14 (27-78) 2.8 = 0.8 (1-4) 19.6 £ 13.3
included in study (3.1-51.2)
Enrolled in I-SPY 2 with biopsy-proven cancer, before treatment’ 12 (13)* 55 * 14 (36-78) 2.8 = 0.8 (2—4) 30.6 + 9.6
(12.7-51.2)
Analysis 11
Training 1
Enrolled in I-SPY 2 with biopsy-proven cancer, after treatment’ 10 (11)* 43 + 16 (27-71) 2.8 £ 1.0 (1-4) 15.7 = 13.7
(3.1-46.3)
Analysis 9
Training 1
Underwent MRI screening? 8 (8)* 50 £ 6 (39-59) 2.8 = 0.5 (2-3) 85*53
(4.1-16.9)
Analysis 8
Training 0

Note.—Mean data are * standard deviation. Unless otherwise indicated, data in parentheses are range. Age indicates age at enrollment in
the study. Breast density was recorded according to the participant’s medical records on the BI-RADS scale (1 = BI-RADS A [mostly fatty],
2 = BI-RADS B [scattered density], 3 = BI-RADS C [heterogeneous density], and 4 = BI-RADS D [extremely dense]). Any participant
included twice was included for two unique lesions. Lesion length was measured on contrast-enhanced subtraction images on the basis of
the average over three readers (lesions included in analysis) or measured by an MRI physicist (training cases). BILRADS = Breast Imaging
Reporting and Data System, CE = contrast enhanced, DWI = diffusion-weighted imaging, I-SPY 2 = Investigation of Serial Studies to Predict

Your Therapeutic Response with Imaging and Molecular analysis 2.
* Data in parentheses are number of lesions.

" Underwent Standard-A DWI.

# Underwent Standard-B DWI.
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Standard-A RS-EPI AR-SMS T,-weighted

Sagittal

Axial

Figure 2: Resolution phantom comparing feature defection on b= 0 sec/mm? images. Key indicates feature sizes. The smallest feature (1 mm), indicated by an arrow,
was only considered visible on the axially reformatted-simultaneous multislice (AR-SMS)and T2-weighted axial images. The T mm and 1.25 mm dots in the resolution grids
are differentiable on axially reformatted simultaneous multislice and T2-weighted images. RS-EPI = readout-segmented echo-planar imaging.

Clinical Standard-B

Figure 3:  Small lesion example. Shown are, A, a contrast-enhanced subtraction image, E, a T2-weighted image, B-D, images with b value of 800 sec/mm?, and, F-H,

apparent diffusion coefficient (ADC) maps, focused on an example of a small contrast-enhanced lesion (arrow). Radiologists were asked to measure the longest dimen-
sion on images with b value of 800 sec/mm? (B-D) and a lesion-average ADC by drawing a freehand two-dimensional region of interest on each ADC map (F-H). The
longest lesion diameter was 4.7 mm, measured on the contrast-enhanced subtraction image (A) and averaged across all readers. Average measurements on images with b
value of 800 sec/mm? were as follows: B, standard, 5.8 mm; C, readout-segmented (RS) echo-planar imaging (EPI), 4.6 mm; and D, axially reformatted (AR)-simultaneous
multislice (SMS) image, 5.5 mm. Average ADC measurements were as follows: F, standard, 1.45 X 107* mm?/sec; G, RS echo-planarimage, 1.59 X107 mm?/sec; and
H, R-SMS image, 1.34 X107 mm?/sec. The average quality scores on a five-point Likert scale were as follows: standard, 2.3; RS echo-planar imaging, 2.7; and AR-SMS
imaging, 3.7.
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Clinical Standard-A RS-EPI AR-SMS

Figure 4: Large lesion example. Shown are, A, contrast-enhanced image, E, T2-weighted image, B-D, images with b value of 800 sec/mm?, and, F~H, apparent diffusion
coefficient [ADC) maps, which are focused on an example of a large contrast-enhanced lesion (arrow). Radiologists were asked fo measure the longest dimension on (B-D)
images with b value of 800 sec/mm? and (F~H) a lesion-average ADC by drawing a freehand two-dimensional region of interest on each ADC map. The longest lesion diam-
eter was 28.8 mm, measured on the contrast-enhanced subtraction image and averaged across all readers. Average measurements on images with b value of 800 sec/mm?
were as follows: B, standard, 26 mm; C, readout-segmented (RS) echo-planar imaging, 25.6 mm; and D, axially reformatted (AR)—simultaneous multislice (SMS) image, 26 mm.
Average ADC measurements were as follows: F, standard, 0.88 X 107 mm?/sec; G, RS echo-planar imaging, 0.93 X 107* mm?/sec; and, H, AR-SMS imaging, 0.84 X 107
mm?/sec. The average quality scores on a five-point Likert scale were as follows: standard, 2.3; RS echo-planar imaging, 3.0; and AR-SMS imaging, 4.0.

A B

5 Method Comparison Effect (95% ClI) p-value
[«}] 4
= 0.57
S 3 I RS-EPI vs. Standard <0.001*
Z (0.36,0.77)
E ’ : : AR-SMS vs. Standard 1.31 <0.001*
o ' (1.10, 1.52) '
’ Standard S SMS AR-SMS vs. RS-EPI 0.74 <0.001*
tandar RS-EPI AR-SM . (0.54, 0.95) .
M Reader 1 Reader 2 MReader3 mMAverage
C D
100 Method Comparison Effect (95% CI) p-value
5
g % -0.73 .
S 60 RS-EPI vs. Standard <0.001
5 (-0.89, -0.58)
g -1.53
AR-SMS vs. Standard <0.001*
z 20 Y (-1.69, -1.40)
o= = N - 0.80
- - AR-SMS vs. RS-EPI ’ <0.001*
ACRIN RS-EPI AR-SMS (-0.95, -0.65)

M 1st m2nd ®m3rd

Figure 5:  Summary of reader study results. A, Mean overall quality scores on a per-reader basis and, B, method comparison according fo linear mixed-effects model ac-
counting for participant and reader. Error bars, A, indicate standard error. Readers consistently scored axially reformatted (AR)—simultaneous multislice (SMS) imaging higher
than readout-segmented (RS) echo-planar imaging (EPI) and standard spin-echo (SE) echo-planar imaging. C, Histogram of relative rank across all three readers and all lesions
and, D, comparison of ranks according fo linear mixed-effects model including P values. AR-SMS imaging was most frequently rated first, followed by RS echo-planar imaging
at second. * Indicates statistical significance on the basis of Tukey-adjusted P values. ACRIN = American College of Radiology Imaging Network, Cl = confidence inferval.
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B
Method Comparison | Effect (95% Cl) p-value
RS-EPI vs. Standard 0-36 0.002*
(0.15, 0.56)
AR-SMS vs. Standard 0.48 <0.001*
(0.28, 0.68)
AR-SMS vs. RS-EPI 0.12 0.460
’ (-0.08, 0.32) )
D
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RS-EPI vs. Standard 0.908
(-0.16, 0.25)
0.16
AR-SMS vs. Standard 0.309
(-0.05, 0.36)
AR-SMS vs. RS-EPI 0.11 0.296
’ (-0.10, 0.32) '

Figure 6: Confidence of lesion size and apparent diffusion coefficient (ADC) measurements. Histograms of confidence ratings in measurement of, A, lesion size
and, C, ADC on diffusion-weighted images (DWIs) across all readers and lesions. B, D, Method comparison represents the linear mixed-effects model accounting for

participant and reader. Axially reformatted (AR)—simultaneous multislice (SMS) imaging was rated with the highest confidence in lesion size measurements on images with b
values of 800 sec/mm?, followed by, B, readout-segmented (RS) echo-planar imaging (EPI), and then standard spin-echo echo-planar imaging, with statistical significance.
D, The ADC confidence did not depend on the DWI method. * Statistical significance indicated on the basis of Tukey-adjusted P values.

The intraclass correlation for overall image quality was poor
to fair, indicating that each reader calibrated a unique internal
scale. However, the linear mixed-effects model accounted for the
reader and participant effects. The model found that AR-SMS
outperformed RS echo-planar imaging, followed by standard
SE echo-planar imaging in both image quality and rank (Fig 5).
On the five-point Likert scale for image quality, RS echo-planar
imaging rated an average of 0.57 points higher than standard SE
echo-planar imaging (2 < .001), and AR-SMS imaging scored
1.31 points higher than standard SE echo-planar imaging and
0.74 points higher than RS echo-planar imaging (7 < .001).
Similarly, on a scale of first to third place, AR-SMS ranked high-
est, followed by RS echo-planar imaging and standard SE echo-
planar imaging as shown in Figure 5.

Histograms in Figure 6 indicate the number of reads rated
with each confidence level for lesion size and ADC measure-
ments, which reflects lesion measurability. There was higher
confidence in the measurement of lesion size by using AR-SMS
and RS echo-planar imaging compared with standard SE echo-
planar imaging (P < .001 and P = .002, respectively); the com-
parison between AR-SMS and RS echo-planar imaging was not
statistically significant. The method had no effect on the confi-
dence in the measurement of lesion-average ADC (P = .30). See
Figure 6 for details.

The statistical model indicated that lesion size played a role in
the overall image quality scores (= .01) independent of method
(P = .18), indicating that the lesion size did not help to predict
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what method would be superior. Multiplicity was nine for 26
participants (one lesion, three readers, three methods) and 18
for two participants (two lesions, three readers, three methods).

Discussion

With growing interest in diffusion-weighted imaging (DW1) for
breast cancer, it is vital to improve the image quality and spatial
resolution of DWI methods. We compared three 5-minute pro-
tocols, standard spin-echo (SE) echo-planar imaging, readout-seg-
mented (RS) echo-planar imaging, and axially reformatted (AR)
simultaneous multislice (SMS) imaging. In both phantom and
in vivo measurements, AR-SMS imaging outperformed RS echo-
planar imaging and standard SE echo-planar imaging. Whereas
both advanced methods have promise for improving clinical imag-
ing, AR-SMS achieved larger anatomic coverage and better image
quality than RS echo-planar imaging (0.74 points higher; P <
.001).

Both RS echo-planar imaging and AR-SMS imaging have
unique advantages and challenges. Practically, RS echo-planar
imaging is more commonly available on clinical systems, and
although general SMS methods are becoming more widespread,
AR-SMS imaging is not commercially available currently. By in-
creasing the number of segments, RS echo-planar images have
reduced geometric distortion at the cost of imaging time. How-
ever, the RS echo-planar imaging protocol was limited in the
anterior-posterior coverage, which prevented the inclusion of

most lymph nodes. However, AR-SMS encoded a large imaging
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volume quickly, which allowed for full coverage and a large
number of averages and directions but required robust distortion
correction. Combining the encoding speed of AR-SMS with the
reduced distortion of RS echo-planar imaging may be a promis-
ing strategy for future work (21).

Our study had limitations. We used a subjective rating of image
quality with expert readers because to our knowledge there is no
objective reference standard for defining image quality. Although
each reader interpreted the five-point Likert scale differently, the
differences between the imaging methods were consistent. Fur-
ther, we did not control all protocol parameters (ie, resolution,
averages, volume coverage, and diffusion scheme) but rather op-
timized each method independently within a time constraint, as
is performed clinically. All three methods could potentially be
improved with further optimization, which limits the ability to
generalize the study results.

'The picture archiving and communication system software we
used did not support colocalization of regions of interest across
ADC maps and diffusion-weighted source images. Although read-
ers rated the high-spatial-resolution methods with higher image
quality and confidence in size measurements, the confidence in
measuring ADCs did not change. With colocalization, we would
expect the confidence in ADC measurement to increase similarly
to that of lesion size measurement, which significantly improved
for RS echo-planar imaging and AR-SMS imaging. The confi-
dence in both lesion size and lesion-average ADC is likely to in-
crease with additional experience with DWTI in a clinical setting,
especially for methods with higher spatial resolution.

In conclusion, the proposed axially reformatted simultaneous
multislice imaging protocol provided higher spatial resolution
and image quality than both the standard spin-echo echo-planar
imaging breast diffusion-weighted imaging and a high-spatial-
resolution readout-segmented echo-planar imaging approach, on
the basis of phantom measurements and a reader study of in vivo
imaging. Future work is needed to further compare specific pro-
tocols and compare the clinical performance of these techniques.
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