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Abstract

Purpose To evaluate the feasibility of proposed integrated slice-by-slice shimming (iShim) for whole-body diffusion weighted
imaging (WB-DWTI) in comparison to conventional 3D shim in patients with breast cancer.

Materials and methods Retrospective analysis of 116 consecutive patients (116 lesions) who underwent whole-body PET/
MR using iShim (iShim group) were performed and compared with historical control of 103 patients (105 lesions) using
3D Shim (3D Shim group).

Results As compared with dynamic contrast-enhanced (DCE) breast MRI, the apparent diffusion coefficient (ADC) value
could not be determined for 15 (14%) of the 105 lesions of the 3D shim group and for 10 (9%) of the 116 lesions on iShim
group. The intergroup difference failed to reach statistical significance (P =0.1843). On the other hand, there was a signifi-
cant difference in the frequencies of PET-positive and DWI-negative lesions between the 3D shim and iShim group (8.6%
vs. 1.7%, respectively, P=0.01942).

Conclusion In regard to detectability of breast cancers by DWI, iShim may allow improved detectability as compared to
conventional 3D shim.

Keywords PET/MRI - Apparent diffusion coefficient - Diffusion-weighted imaging - Integrated slice-by-slice shimming -
Breast carcinoma
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and lower parts of the body owing to the fact that shimming
adjustment is to be done for each imaging separately. This
leads, in particular, to occurrence of the broken spine phe-
nomenon at the junction between neck and chest (lack of
contiguity between the spine and spinal cord). In contrast,
with iShim technique, homogeneous shimming data can be
ensured by performing slice-by-slice shimming. For each
subsequent imaging slice, the slice-specific shim data are
applied. With this procedure, the broken spine phenomenon
of the spinal cord in whole-body imaging is resolved and
the homogeneity of signals from regions other than the spi-
nal cord improves. Meanwhile, signal to noise ratio (SNR)
decrease in the neck region has an impact on the ADC. It
has been reported that, while there is no vital difference
between 3D shim and iShim for imaging regions such as
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the thoracoabdominal region and pelvic region, the precision
of imaging in the neck region improves [1].

Echo-planar imaging (EPI) is sensitive to local off-
resonance. Distortions Ad in EPI are proportional to the
field of view in the phase-encoding direction (FOVypp),
the echo spacing Afpg, and the local off-resonance ABO:
Ad~FOVyp X Atpp X ABO. Recent technical developments in
DWI acquisition, such as multishot (readout-segmented EPI)
[2,3], parallel imaging, and zoomed techniques [4,5] have
yielded less geometric distortion and higher image quality
from the perspective of the reduced Atpg and FOVpp. How-
ever, the aforementioned techniques are not clinically feasi-
ble for whole-body imaging because of the longer acquisi-
tion time, field of view (FOV) restrictions, and sensitivity to
motion. In addition to the aforementioned methods, another
approach is to optimize the BO homogeneity [1]. The iShim
technique is designed to reduce the local off-resonance term,
BO. A recent study using slice-dependent shimming has also
shown improved image quality in 3 T breast DWI [6]. How-
ever, its advantage for WB-DWI is still unknown.

In our previous reported work [7], we encountered
cases with difficulty in visual assessment of the WB-DWI
in patients in the supine position, as compared to DWI in
patients in the prone position. Therefore, it was assumed that
application of the iShim technique, which has been shown
to improve the signal integrity and spatial alignment, might
lead to improved breast cancer-detection performance.

The purpose of this study was to evaluate the feasibility of
the proposed iShim technique for WB-DWI in comparison to
conventional 3D shim-based shimming adjustment for each
thoracic area in patients with breast cancer, in terms of the
detection sensitivity.

Materials and methods
Patients

This retrospective study was conducted with the approval
of our institutional review board. All the patients provided
written informed consent for our review of their medical
records and images.

In the present study, pertinent data on patients who had
undergone PET/MRI scans for preoperative evaluations
were collected retrospectively from the image database at
this institution. All patients were diagnosed as having breast
cancer by histopathology and treated by surgery.

Between May 2017 and July 2017, whole-body PET/MRI
with the patients in the supine position and breast PET/MRI
with the patients in the prone position were performed for
pre-operative evaluations in 103 consecutive patients (age
range 31-83 years; median 58 years) with a total of 105

breast cancers, using the conventional 3D shim (referred to
as “3D shim group” in the following).

Between August 2017 and November 2017, whole-
body PET/MRI with the patients in the supine position and
breast PET/MRI with the patients in the prone position were
performed for pre-operative evaluations in 116 consecu-
tive patients with a total of 116 breast cancers (age range
34-84 years; median 60 years) at our hospital, using the
iShim (referred to as “iShim group” in the following).

Imaging protocol

Patients fasted for at least 4-6 h before the intravenous
administration of 18F-FDG with average radioactivity of
185MBq (3.7 MBg/kg of body weight).

First, a supine whole-body PET/MR scan was performed
60-100 min after the injection of 18F-FDG, covering a
field of view from the parietal region to the mid thighs.
After whole-body PET/MR was completed in the supine
position, breast PET/MRI was performed with the patients
in the prone position; the scan was started approximately
90-130 min after the injection.

The integrated PET/MR scanner (Biograph mMR; Sie-
mens Healthcare GmbH, Erlangen, Germany) consists of a
3-T MR system and PET system with an avalanche photodi-
odes (APD) detector. The APD are relatively insensitive to
a magnetic field and are located in the MR gantry between
the RF body coil and the gradient coils. The PET unit has
an axial field of view of 25.8 cm resulting in 4-5 bed posi-
tions depending on the patient’s height. The PET data were
acquired for 4 min per bed position and reconstructed using
a three-dimensional (3D) Ordinary Poisson Ordered-Subsets
Expectation Maximization with point spread function algo-
rithm with 3 iterations and 21 subsets (172 X 172 matrix,
zoom 1, slice thickness 2 mm). A post-reconstruction Gauss-
ian filter with 4.0 mm full-width at half maximum was
applied. An MRI-based attenuation correction of the PET
data was accomplished according to the method described
by Martinez-Moller et al. [8]. The imaging protocol was
designed with reference to the study by Martinez-Moller
et al. [9].

Whole-body PET/MR was performed in a caudocranial
direction using total imaging matrix (Tim) phased array
coils. After acquisition of the initial T1-weighted two-point
Dixon 3D volumetric interpolated breath-hold examination
(VIBE) for attenuation correction, axial T1-weighted VIBE,
axial T2-weighted half-Fourier single-shot turbo spin-echo
(HASTE) sequences and axial diffusion weighted imaging
(DWI; b=0, b=800) were obtained during simultaneous
PET acquisition.

The breast PET/MRI comprised a breast PET scan of 1
bed position and a simultaneous breast MRI using a stand-
ard 4-channel breast coil. The emission time of the PET
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scan was 15 min. The breast MRI examination consisted
of a localizer sequence, coronal T1-weighted turbo spin-
echo, and sagittal T2-weighted fat-suppressed turbo spin-
echo sequence, coronal a single-shot echo planar diffusion-
weighted sequence (DWI; b=0, b=1000), and 3D dynamic
contrast-enhanced (DCE) sequence. DCE-MRI was per-
formed with coronal T1-weighted fat-suppressed 3D VIBE,
with 1 pre-contrast and 3 post-contrast dynamic series per-
formed within 5 min depending on the breast thickness after
bolus injection. Next, 1 mL/s of gadobutorol (0.1 mmol/kg
of body weight, Gadovist; Bayer Schering Pharma, Berlin,
Germany) was injected, followed by a 20-mL saline flush.

Shimming techniques

In the conventional 3D shim protocol, high-order shim (up to
second order) was applied and single-center frequency was
determined for the entire stack of slices in each bed position.

In the iShim protocol, the above-mentioned conventional
3D shim was disabled. The acquisition of the field map was
integrated into a prototypical single-shot DWI EPI sequence
(iShim). During the initial calibration phase, 2D dual-echo
FLASH (Fast Low-Angle SHot) images were acquired which
were used to calculate slice-specific field maps. For the

resulting, stack of field map slices, a center frequency and
linear shim terms were calculated individually for each slice.
During the imaging phase, the frequency and the linear shim
terms were then dynamically updated prior to the acquisition
of each slice [1] (Fig. 1). The time for the acquisition of the
field map was approximately 700 ms per slice, resulting in
21 s for a 30-slice station. The imaging parameters are listed
in detail in Table 1.

Whole body PET/MRI

The DWI and PET images were evaluated visually and quan-
titatively by one experienced radiologist (M.S) with 25 years
of experience with knowledge of the clinical information
and the presence of breast carcinoma. Then the radiologist
tried to measure the ADC for the respective lesion. The ADC
value was calculated according to the formula: ADC=[1/
(b, —b))] In (S,/S,), where S, and S, are the signal intensi-
ties in the ROI obtained by two gradient factors, b, and b,
(b, =0 and b, =800 s/mm?). For the measurement of the
ADC value, one radiologist (M.S) placed a region of inter-
est (ROI) within the tumor on the ADC map by referring to
the solid portion of DCE, TIWI, T2WI and fusion imaging,
according to the methods published previously [10]. The
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Fig. 1 Schematics of the prototypical iShim sequence. The acqui-
sition of the field map was integrated into the single-shot DWI EPI
sequence. During the initial calibration phase, 2D dual-echo FLASH
(Fast Low-Angle SHot) images were acquired which were used to
calculate slice-specific field maps. For the resulting stack of field map
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slices, a center frequency and linear shim terms were calculated indi-
vidually for each slice. During the imaging phase the frequency and
the linear shim terms are then dynamically updated prior to the acqui-
sition of each slice
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Table 1 Sequence parameters of WBMRI protocol

Parameter iShim WBDWI 3D shim
Scan plane Transversal
Acquisition dimension 2D

Scan period

August 2017 and November 2017 (N=116)

May 2017 and July 2017 (N=105)

Acceleration GRAPPA, 2

No. slices per station 30

Slice thickness, mm 6.5

Gap between slices, mm 0

In-plane FOV, mm 450x 425 450%393.8

Plane resolution, mm 4.17x4.17 3.52%x3.52

No. stations/bed positions 5-6 (depending on height to cover from head to thigh) 5-6 (depending on height to cover
from head to thigh)

TR/TE, ms 4650/55 4830/50

Fat suppression Slice-selective inversion recovery STIR

b, s/mm” 0, 800

Acquisition time per station, s 111 136

ROIs were carefully placed inside the tumor avoiding the
cystic portion or any visual artifact, and the mean ADC val-
ues with in each ROI were recorded. We calculated the aver-
age of the mean ADC values for all ROIs within the tumor.
For quantitative analysis of FDG uptake, a volume of interest
(VOI) was placed over the most intense area of FDG accu-
mulation by the primary breast tumor for each patient. PET
scans with focally marked increased FDG uptake were con-
sidered definite. Moreover, the cases with diffuse or slightly
to moderate focally increased FDG uptake were considered
positive to represent malignant tissue. The SUV was calcu-
lated as: SUV =VOI radioactivity concentration (Bq/mL)/
[injected dose (Bq)/patient’s weight (g)]. SUVmax, which
was defined as the highest SUV in the pixel with the highest
count within the VOI, was measured and recorded for the
focal areas of uptake.

Breast PET/MRI as the reference standard

For the DCE-MRI analysis, subtraction images were gener-
ated by subtracting the pre-contrast images from all contrast-
enhanced images. Subsequently, the tumor size, morpho-
logic pattern (shape, margin, and internal enhancement of
the mass lesion) during the early phase, and kinetics (per-
centage signal intensity increase during the early phase and
kinetic curve type during the delayed phase) were evaluated
for each lesion according to the Breast Imaging Reporting
and Data System MRI guidelines [11].

Statistical analysis

The statistical analyses were performed with the R statisti-
cal software, version (3.2.3) [3]. A p value of <0.05 was

considered to be indicative of statistical significance. In the
analysis of the diagnostic performance of both the iShim
and 3D shim DWI sequences, the number of detected suspi-
cious lesions using DWI and PET was evaluated for each
of the DWI techniques and then compared using the X2 test
and Z test. In addition, the relationships between 3D Shim
group, iShim group, and the clinical situations (age, size
and histopathological situations) were calculated using the
Mann—Whitney U test and the Xz test (for two groups).

We examined whether there was a difference in the detec-
tion capability for breast cancer between the 103 cases that
underwent PET/MRI and DWI using the conventional 3D
shim and the 116 cases who underwent imaging with iShim.

Results
All breast cancers could be detected on DCE-MRI.
Histopathology

3D shim group with a malignant biopsy result underwent
a mastectomy or breast-conserving surgery. The histologic
types of malignancy included ductal carcinoma in situ
(DCIS) (n=14), invasive ductal carcinoma, not otherwise
specified (ductal NOS) (n =83, including papillotubular car-
cinoma in 17, solid-tubular carcinoma in 23, and scirrhous
carcinoma in 43), invasive lobular carcinoma (n=>5), and
mucinous carcinoma (n=3). The average size of the invasive
tumors was 36.7 mm (range 4.0-115.0 mm), while that of
the DCIS lesions was 33.7 mm (range 4.0-80.0 mm). When
classified according to the histological grade, 45 tumors
were nuclear grade 1, and 46 tumors were grade 2 or 3.
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Meanwhile, iShim group with a malignant biopsy result
underwent a mastectomy or breast-conserving surgery
between August 2017 and November 2017. The histologic
types of malignancy included ductal carcinoma in situ
(DCIS) (n=15), invasive ductal carcinoma, not otherwise
specified (ductal NOS) (n =88, including papillotubular car-
cinoma in 24, solid-tubular carcinoma in 19, and scirrhous
carcinoma in 45), invasive lobular carcinoma (n="7), muci-
nous carcinoma (n=23), adenoid cystic carcinoma (n=1),
and apocrine carcinoma (n=2). The average size of the inva-
sive tumors was 17.1 mm (range 1.0-80 mm), while that of
the DCIS lesions was 34.4 mm (range, 4.0-90 mm). When
classified according to the histological grade, 56 tumors
were nuclear grade 1, and 49 tumors were grade 2 or 3.

There was no difference in the clinical situation between
the 3D shim group and the iShim group (Table 2).

Visual assessment of DWI

Of the 105 lesions which were found by dynamic MRI in the
3D shim group, it was not feasible to determine the apparent
diffusion coefficient (ADC) value in whole body PET/MRI
for 15 lesions (14%) because of the likelihood of artifacts
and coil sensitivity unevenness in the step border due to
respiratory movements, as summarized in Table 3. Similarly,
there were 10 lesions (9%) among the 116 lesions in the
iShim group, for which the ADC value could not be deter-
mined. while the percentage was decreased, there was no
statistically significant difference in the incidence of failure
of lesion detection (P =0.1843) between the two groups.
As can be seen in Table 4, among undetectable lesions
in the 3D shim group, the standardized uptake value
(SUV) value was measurable, whereas the ADC value was

Table 2 Association in the clinical situation between 3D shim and
iShim group

Whole body (3D Whole body P value
Shim), N=105 (iShim), N=105
Age, y/o
Median 60 61 0.5862
Range 31-83 34-84
Extent (IDC), mm
Median 30 27.5 0.1983
Range 4-115 5-105
Extent (DCIS), mm
Median 35 20 0.9338
Range
Histological grade
I 45 56 0.6898
IL, 111 46 49

IDC invasive ductal carcinoma, DCIS ductal carcinoma in situ
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Table 3 Visual assessment of diffusion-weighted imaging and PET
imaging

Whole body (3D Shim), Whole body (iShim),

N=105 N=116

Negative Positive Negative Positive
DWI 15 90 10 106
PET 6 99 8 108

unmeasurable for 9 (8.6%) of the 105 lesions. In the iShim
group, the SUV value alone was measurable and the ADC
value was unmeasurable for 2 (1.7%) of the 116 lesions.
Thus, there was a significant reduction in the incidence
of failure to determine the ADC value in the iShim group
(P=0.01942). Both the SUV and the ADC value were
unmeasurable for 6 (5.7%) of the 105 lesions in the 3D shim
group and for 8 (6.9%) of the 116 lesions in the iShim group;
hence, no significant intergroup difference was noted in this
respect (P=0.7186). Figures 2 and 3 show representative
data from the 3D shim cases and iShim cases, respectively.

Discussion

The improvement of shimming data and signal uniformity
is very important in MRI images.

Improvements in DWI, which is a more non-invasive tool
than DCE-MRI, are of profound significance to patients.
Moreover, this tool is expected to play an important role,
not merely in improving breast cancer detection rates, but
also in evaluating distant metastases. The present study has
been designed to explore whether breast cancer detection
could be improved by adopting the iShim technique. The
intergroup difference failed to reach statistical significance,
but improvement of the sensitivity of lesion detection was
evident with iShim (P=0.1843). However, there was a
significant reduction in the incidence of failure to deter-
mine the ADC, while the SUV alone was measurable in
the iShim group (P=0.01942). With the iShim technique,
the number of lesions that could not be identified on WB-
DWI decreased, and the breast lesions visualized by PET

Table4 Visual assessment of diffusion-weighted imaging and PET
imaging

Whole body (3D Whole body
Shim), negative (iShim), negative
N=105 N=116

D(-)and P(+) 9
D(-)and P(-) 6

p=0.01942

D(-) not depiction on DWI, P(+) depiction on PET imaging, P(-)
not depiction on PET imaging
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Fig.2 Whole-body PET/MR images using the 3D shim of 61-year-
old patient with invasive ductal carcinoma of the left breast. a Gray
scale axial ADC map could not depict the left breast tumor. b PET
images show that the lesion is associated to a focal uptake of '°F-

became detectable even on DWI. Thus, the frequency of
breast cancer detection with the use of the iShim technique
is considered to be equal to or even better than that with the
conventional WB-DWI (3D shim WB-DWI).

Paucity of the SNR changes in the thoracic region includ-
ing the breast might account, at least in part, for the failure
in achieving a statistically significant intergroup difference
in the detection sensitivity, even though it has been reported
that there were no appreciable SNR changes in other regions
than the neck with iShim as compared to 3D Shim [1].

Our present study had several limitations. First, there
is the slight discrepancy of different imaging parameters
(Table 1, e.g., resolution, acquisition time, TR). Second,
the relatively small sample sizes seemed to account for the
failure to obtain a statistically significant intergroup dif-
ference in the sensitivity of lesion detection, although the
data imply improvement of this parameter on DWI using

FDG (arrow). A sagittal reformats of WB-DWI images acquired
using the 3D shim show the signal discontinuity across adjacent bed
positions (arrow). ¢

iShim as compared to 3D shim. Third, 3D Shim group
and iShim group were different, not same patients and not
same lesions. Fourth, one radiologist took charge of the
ADC measurement throughout this study, which poten-
tially entails the problem of ADC data reproducibility.
Fifth, the present investigation was not a double-blinded
prospective study, but a retrospective study, with inter-
pretation of the images carried out by investigators with
knowledge about other relevant imaging data and clinical
information. This likely introduced some bias.

In conclusion, the improvement of shimming data and
signal uniformity using iShim is very important in MRI
images, so the ADC is more reliable with iShim. Com-
pared with conventional 3D shim, the number of lesions on
DWI was matched equally or better when iShim was used.
Further investigation of 3D shim versus iShim with greater
precision in accumulated clinical cases is warranted.
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Fig.3 Whole-body PET/MR images of 40-year-old patient with inva-
sive ductal carcinoma of the left breast using the iShim technique. a
Gray scale axial ADC map could depict the left breast tumor (arrow).
b PET images show that the lesion is associated to a focal uptake
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