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Diagnostic Performance of Diffusion Tensor Imaging
with Readout-segmented Echo-planar Imaging for Invasive
Breast Cancer: Correlation of ADC and FA with
Pathological Prognostic Markers

Ken Yamaguchi!’, Takahiko Nakazono!, Ryoko Egashira?, Yoshiaki Komori?,
Jun Nakamura®, Tomoyuki Noguchi'*, and Hiroyuki Irie!

Purpose: To assess the diagnostic performance of readout-segmented echo-planar diffusion tensor imaging
(DTI based on rs-EPI) for breast cancer and to determine the correlation between the apparent diffusion
coeflicient (ADC) and fractional anisotropy (FA) values obtained from DTI based on rs-EPI with prognostic
markers of invasive breast cancer.

Materials and Methods: This retrospective study examined 80 pathologically proven breast lesions (22 benign
and 58 malignant lesions) of 80 patients who underwent both diffusion-weighted imaging based on single-shot
echo-planar imaging (DWI based on ss-EPI) and DTI based on rs-EPI with b-values of 0 and 1000. We identi-
fied and compared the diagnostic performances of the DWI based on ss-EPI and the DTI based on rs-EPI
using ADCs by conducting a receiver-operating-characteristics (ROC) analysis. We determined the correla-
tions between the ADCs and the prognostic markers and those of the FA values and the same markers.

Results: The median ADCs of the benign and malignant lesions based on the ss-EPI were 1.57 and 1.2 x 1073
mm?/sec, and those based on the rs-EPI were 1.53 and 1.09 x 107> mm?/sec, respectively. The area under the
curve on the ROC analysis based on rs-EPI (0.924) was greater than that based on ss-EPI (0.897). There were
no significant correlations between the ADCs and the prognostic markers, but there were significant correla-
tions between the FA values and the estrogen receptor status, a proliferative marker, the nuclear grade and
the intrinsic subtype.

Conclusion: For breast cancer, DTI based on rs-EPI had superior diagnostic performance compared to
DWTI based on ss-EPI. Compared with the ADCs, the FA values were more closely correlated with prog-
nostic markers of invasive breast cancer.
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Introduction

Breast magnetic resonance imaging (MRI) has become an
important tool in the evaluation of various breast lesions and
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conditions, including the diagnosis and staging of breast
cancer.' Breast MRI has been performed based mainly on a
post-contrast dynamic sequence with the use of contrast-
enhancement materials. Diffusion-weighted imaging (DWI)
of the breast can detect breast cancer without the need for
contrast-enhanced materials.””'® DWI findings can be
obtained for patients who have contraindications for con-
trast-enhanced MRI such as poor renal function and allergy
to contrast-enhanced materials.

However, the image quality of DWI is lower than that of
typical dynamic contrast images for several reasons, including
geometric distortions, image blurring, ghost artifacts and the
problem of fat suppression.”!: Diffusion-weighted images are
usually made from single-shot echo-planar imaging (ss-EPI).
DWI based on readout-segmented echo-planar imaging (rs-EPI)
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has begun to be used in clinical settings involving breast
cancer.'”* This technique is designed to provide improved
image quality compared to ss-EPI with the use of two-dimen-
sional navigator phase correction sequences to minimize the
motion artifact,' and the rs-EPI technique was reported to reduce
geometric distortions, image blurring and ghost artifact.!>4

Diffusion tensor imaging (DTI) for the breast has been
reported.'®23 DTI represents an extension of standard DWI
with diffusion encoding in at least six directions, and it can
measure the full diffusion tensor and characterize the motion
of water in more detail.'®!® In addition to apparent diffusion
coefficient (ADC) values, DTI provides measures of diffu-
sion anisotropy (fractional anisotropy, or FA).!"!8 Several
studies reported the results of quantitative analyses of breast
lesions with the use of FA values in DTL.!720:22

To our knowledge, only a few studies have compared the
diagnostic performance between DWI based on ss-EPI and
that based on rs-EPI.'>'3 In addition, although several studies
have described the diagnostic performance of DTI for breast
cancer,'82% no study has established the relationship between
DTI findings and prognostic markers of breast cancer. We
designed a new DWI technique that combines rs-EPI and DTI
to obtain both ADC and FA values with image quality that is
improved compared to that obtained with ss-EPI. The pur-
poses of the present study were to assess the diagnostic per-
formance of readout-segmented echo-planar DTI (DTI based
on rs-EPI) for breast cancer and to determine the correlation
between ADC and FA values obtained from DTI based on
rs-EPI with prognostic markers of invasive breast cancer.

Materials and Methods

Patients

This retrospective study was approved by the institutional
review board at our institution, and written informed consent
was waived. Between June 1, 2013 and September 1, 2015, 62
cases of breast cancer were confirmed by surgery in 62 women
who underwent breast MRI at our institution. Of these patients,
four underwent the surgery after neoadjuvant chemotherapy,
and these four cases were excluded from the present analyses.
During the same period, 27 cases of benign breast lesions were
demonstrated by biopsy or surgery in 27 women who under-
went breast MRI. Of these 27 patients, five breast lesions were
not detected on DWI images due to their small size, and these
five cases were excluded from our analysis. Thus, a total of 80
pathologically proven breast lesions (22 were benign and 58
were cancer) from 80 women (median age: benign; 46 years,
cancer; 62.5 years) were examined in this study.

MRI technique

During the study period, all examinations were performed
using a 1.5T MR system (MAGNETOM Avanto, Siemens
Healthcare, Erlangen, Germany) with a dedicated two-
channel breast coil. The imaging protocol obtained axial
short-tau inversion-recovery (STIR) T,-weighted images
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(TR/TE, 7100/76; flip angle, 160°; echotrain length, 11;
acquisition matrix size, 140 x 140; slice thickness, 6 mm;
field of view [FOV], 350 mm), axial spin echo T,-weighted
images (TR/TE, 633/8.4; echotrain length, 1; acquisition
matrix size, 140 x 140; slice thickness, 6 mm; FOV, 350
mm), axial diffusion-weighted images based on ss-EPI (TR/
TE, 5500/75; parallel imaging, GRAPPA2; echo spacing,
0.69; acquisition matrix size, 140 x 140; slice thickness, 5
mm; FOV, 350 mm; fat suppression, STIR method; acquisi-
tion time, 2 min 52 s), axial diffusion tensor images based on
rs-EPI (TR/TE, 3000/69; parallel imaging, GRAPPA2; echo
spacing, 0.34; acquisition matrix size, 140 x 140; slice thick-
ness, 5 mm; FOV, 350 mm; fat suppression, chemical shift
selective (CHESS) method; acquisition time, 3 min 8 s; dif-
fusion directions, six directions and readout-segments, 7).

Both diffusion protocols were acquired at the b-values of
0 and 1000 s/mm?. Subsequently, one pre-contrast and five
dynamic post-contrast enhanced axial T,-weighted image sets
with a 3D gradient-echo sequence with fat suppression (TR/
TE, 3.42/1.4; flip angle, 6x%; echotrain length, 1; acquisition
matrix size, 140 x 140; slice thickness, 2 mm; FOV, 350 mm).

An ADC map was created automatically by the MRI con-
sole in both the DWI based on ss-EPI and the DTI based on
rs-EPI technique. An FA map was also created automatically
by the MRI console in the DTI based on rs-EPI technique.

Pathology
All pathology data were based on pathological reports. Of the
58 breast cancer lesions, there were 43 cases of invasive ductal
carcinoma (IDC), five cases of invasive lobular carcinoma
(ILC), two cases of mucinous carcinoma or IDC with muci-
nous component, one case of invasive micropapillary carci-
noma, one case of tubular carcinoma, one case of apocrine
carcinoma, and five cases of ductal carcinoma in situ (DCIS).
The median size of these breast cancer lesions was 19.5 mm
(range 690 mm). The 53 invasive breast cancer lesions
were classified into four intrinsic subtypes according to the
St. Gallen International Expert Consensus 2013.2* Of the 53
cases, 28 were classified as luminal A-like type, 10 were clas-
sified as luminal B-like type, four were classified as human
epidermal growth factor receptor 2 (HER2) positive type, and
11 cases were classified as triple-negative (TN) cancer.
Among the 22 benign breast lesions, there were four
cases of fibroadenoma, four of mastopathy, three of intra-
ductal papilloma, three cases of adenosis, two of ductal and
lactating adenoma, one benign phyllodes tumor, one pseu-
doangiomatous stromal hyperplasia, one focal ductal hyper-
plasia, two cases of hemorrhage and inflammatory change
and one case of fibrotic change. The median size of these
benign lesions was 15 mm (range 10-60 mm).

Assessment of ADCs and FA values and the
statistical analyses

For the assessment of ADCs and FA values, one radiologist
(K.Y.) manually traced the region of interest (ROI) in the
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breast cancer and benign breast lesions on DWI. Each ROI
was placed over as much of the lesion as possible on the slice
showing the maximum diameter. Each ROI was then copied
to the ADC and FA maps, and the ADC and FA value of each
lesion were calculated. These ADCs and FA values were
assessed on a dedicated workstation (AZE VirtualPlace, AZE,
Tokyo, Japan). Pathology data were blinded during this assess-
ment. The patient information including pathology results
was collected from our hospital’s electronic medical records
and Picture Archiving Communication System (PACS).

For the statistical evaluation, we used Shapiro-Wilk’s
test to determine whether or not the data were normally dis-
tributed. We used the Mann—Whitney test to analyze the rela-
tionship between ADCs and malignancy. We performed a
receiver operating characteristic (ROC) analysis to evaluate
the diagnostic performance of the ADCs in both the DWI
based on ss-EPI and the DTI based on rs-EPI. Our evaluation
of the relationship between FA values and malignancy was
also performed with the Mann—Whitney test.

To evaluate the relationships between both ADCs and FA
values with prognostic markers of invasive breast cancer, we
used the following parameters: estrogen receptor (ER) (posi-
tive vs. negative), progesterone receptor (PgR) (positive vs.
negative), human epidermal growth factor receptor 2 (HER2)
(positive vs. negative), a proliferative marker (the Ki67 labe-
ling index: percentage), the nuclear grade (grades 1 and 2 vs.
grade 3), the intrinsic subtype (luminal A and B-like type vs.
HER2-positive type and TN cancer) and lymph node (LN)
status (positive vs. negative).

For the DWI based on ss-EPI, we used the Mann-
Whitney test for the statistical evaluation of the relationship
between ADCs and the ER status, PgR, HER2, nuclear grade,
and intrinsic subtype. We used #-test to evaluate the relation-
ship between ADCs and the LN status, and Spearman’s rank
correlation test to evaluate the relationship between ADCs
and the Ki67 labeling index (the proliferative marker).

For the DTI based on rs-EPI, we used t-test to evaluate
the relationships between ADCs and the following parame-
ters: the ER status, PgR, HER2, nuclear grade, intrinsic sub-
type and LN status. We evaluated the relationship between
ADCs and the Ki67 labeling index with Pearson’s correla-
tion test. The relationships between the FA values and the ER
status, PgR, HER2, nuclear grade, intrinsic subtype and LN
status were evaluated using the Mann—Whitney test. We
used Spearman’s rank correlation test to determine the rela-
tionship between FA values and the Ki67 labeling index.
P-values <0.05 were considered significant. The PASW sta-
tistics 18 software package (SSPS, Chicago, IL) was used for
all analyses.

Results

As summarized in Table 1, the mean (median) ADCs of the
benign and cancer lesions revealed by DWI based on ss-EPI
were 1.99 (1.57) and 1.2 (1.2), respectively. The mean (median)
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Table 1. ADCs obtained by DWI based on ss-EPI and by DTI
based on rs-EPI

Mean (median) + SD P-value
DWI based on ss-EPI  benign ~ 1.99 (1.57) + 2.06
breast 1.2(1.2)£0.22 <0.001
cancer
DTI based on rs-EPI benign 1.51(1.53) + 0.22
breast  1.11(1.09) + 0.22  <0.001
cancer

ADCs are given in 107> mm?. SD, standard deviation.
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Fig 1. The AUC based on readout-segmented EPI (0.924) was
greater than that based on single-shot EPI (0.897).

ADC:s of the benign and cancer lesions revealed by DTI based
on rs-EPI were 1.51 (1.53) and 1.11 (1.09), respectively. The
ADC:s calculated from DTI based on rs-EPI tended to be lower
than those from DWI based on ss-EPI (Table 1). With both
techniques, the ADCs of the breast cancers were significantly
lower than those of the benign lesions (P < 0.001 for both tech-
niques) (Table 1).

The ROC analysis showed that the area under the ROC
curve (AUC) of the DWI based on ss-EPI was 0.897 (Fig. 1),
and at the cutoff ADC value of 1.353, the sensitivity and speci-
ficity for diagnosing breast cancer were 86% and 81%, respec-
tively. The AUC of the DTI based on rs-EPI was 0.924
(Fig. 1). At the cutoff ADC value of 1.338, the sensitivity and
specificity for diagnosing breast cancer by this technique were
91% and 86%, respectively. The AUC based on rs-EPI (0.924)
was thus greater than that based on ss-EPI (0.897) (Fig. 1).

There were no significant correlations between the ADCs
and any of the prognostic markers in the DWI based on
ss-EPT or the DTI based on rs-EPI (Tables 2, 3).
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Table 2. ADCs obtained with DWI based on ss-EPI regarding the
prognostic markers

Table 4. FA values obtained by DTI based on rs-EPI regarding
prognostic markers

Mean (median) + SD  P-value

Mean (median) + SD  P-value

ER positive 1.19 (1.14) £ 0.25 0.612
negative 2(1.2)+0.17

PgR positive 2(1.15) = 0.25 0.985
negative 1.18 (1.19) £ 0.17

HER2 positive 1.16 (1.13) £ 0.15 0.792
negative 2(1.18) +0.24

Nuclear grades 1, 2 1.22(1.19) £ 0.23

grade  oade 3 111 (1.1)£0.18 0247

Intrinsic  luminal type 2 (1.15) £ 0.24

subtype  ERD positive, TN 1.18 (1.2) = 0.18 0-984

LN positive 1.14(1.12) £ 0.17

status negative 1.2(1.2) £ 0.24 0249

ER positive 0.45(0.46) £ 0.12 .
negative 0.38(0.32) +0.11 ’
PgR positive 0.45 (0.45) = 0.11
, 0.085
negative 0.39(0.36) £ 0.12
HER2 positive 0.39 (0.36) £ 0.1
) 0.196
negative 0.44 (0.44) = 0.12
Nuclear gradel, 2 0.45 (0.45) = 0.11
rade 0.011
8 grade 3 0.36 (0.32) + 0.1
Intrinsic  luminal type 0.45 (0.45) £ 0.11
subtype . 0.017
YPE  HER2-positive, TN 0.36 (0.32) £ 0.12
LN positive 0.39(0.33) +0.12
status , 0.1
negative 0.44 (0.45) £ 0.12

ADCs are given in x1073 mm?. The relationships between the ADCs
and the proliferative markers were analyzed by Spearman’s rank
correlation test; there were no significant correlations (correlation
coefficient: —0.206, P = 0.14).

Table 3. ADCs obtained by DTI based on rs-EPI regarding
prognostic markers

Mean (median) + SD  P-value

ER positive 1.1(1.08) £ 0.25
) 0.856

negative 1.09 (1.06) £ 0.18

PgR positive 1.08 (1.05) + 0.25
, 0.321

negative 1.14 (1.11) £ 0.19

HER2 positive 1.08 (1.04) = 0.16
‘ 0.709

negative 1.11(1.09) = 0.25

Nuclear grades 1, 2 1.11 (1.09) + 0.25
rade 0.53

8 grade 3 1.07 (1.05) £ 0.15

Intrinsic  luminal type 1.1(1.06) £ 0.25
subtype - 0.841

YP€  HER2-positive, TN 1.11 (1.11) £ 0.19

LN positive 1.06 (1.07) £ 0.2

status , 0.44

negative 1.12 (1.08) + 0.24

ADCs are given in 107> mm?. The relationships between the
ADCs and the proliferative markers were analyzed by Pearson’s
correlation test; there were no significant correlations (correlation
coefficient: —=0.136, P = 0.354).

Mean (median) FA values of the benign and cancer
lesions at DTI based on rs-EPI were 0.38 (0.43) and 0.42
(0.41), respectively, and these values were not significantly
different (P = 0.289).

Our evaluation of the relationship between the FA values
and the prognostic markers of invasive breast cancer revealed
significant correlations with the ER status, the Ki67 labeling
index, the nuclear grade and the intrinsic subtype (Table 4).
The ER-negative cancers had significantly lower FA values
(median 0.32) than the ER-positive cancers (median 0.46)
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The FA values are ranged from 0 to 1. The relationships between
the FA values and the proliferative markers were analyzed by
Spearman’s rank correlation test; there were significant correlation
(correlation coefficient: —=0.327, P = 0.018).

(P=0.017) (Fig. 2). The FA values were significantly lower
with a decreasing Ki67 labeling index (correlation coeffi-
cient: -0.327, P=0.018) (Fig. 3).

The nuclear grade 3 breast cancer had significantly lower
FA values (median 0.32) than the nuclear grade 1 or 2 breast
cancers (median 0.45) (P = 0.011) (Fig. 2). Regarding the
intrinsic subtype, the HER2-positive type or TN cancers had
significantly lower FA values (median 0.32) compared to the
luminal-type cancers (median 0.45) (P =0.017) (Fig. 2).

Representative DW images based on ss-EPI and corre-
sponding DT images based on rs-EPI of benign and breast
cancer cases (luminal A-like type cancer and TN cancer) are
shown in Figs. 4-6.

Discussion

The results of the present study demonstrate that DTI based
on rs-EPI had a superior diagnostic performance for breast
cancer compared to DWI based on ss-EPI. The mean ADCs
of each benign and breast cancer lesion in the DTI based on
rs-EPI were lower than the corresponding ADC obtained by
DWI based on ss-EPI. Other studies have reported the same
finding.'*>'* Wisner et al. reported that this result is due to
reduced blurring artifact in the cancer from nearby normal
breast parenchyma'?® because the rs-EPI technique improves
lesion conspicuity.'>'* Wisner et al. also reported that the
mean ADC was the same or lower on rs-EPI than on ss-EPI,
and this effect was largest in the malignancies.'® This is the
reason that the diagnostic performance of DTI based on
rs-EPI is superior to that of DWI based on ss-EPI.

In addition, the improvement of lesion conspicuity enables
easier tracing of the ROI of a breast lesion while avoiding the
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Fig 3. The FA values were significantly lower with a decreasing
Ki67 labeling index (correlation coefficient: —-0.327, P = 0.018).

blurring artifact. This may be another reason for the superior
diagnostic performance of DTI based on rs-EPI. In our ROC
analysis of the AUCs for diagnostic performance, the AUC
based on the rs-EPI (0.924) was greater than that based on
ss-EPI (0.897). Bogner et al. reported essentially the same
result.'? They also reported that at the cutoff ADC of 1.25, the
sensitivity and specificity for diagnosing breast cancer were
96% and 92%, respectively.'?

Herein we observed that at the cutoff ADC of 1.338, the
sensitivity and specificity for diagnosing breast cancer were
91% and 86%, respectively, which are slightly lower than
those reported by Bogner et al. This discrepancy may be
due to the differences in MR systems. In our study, a 1.5T
MR system was used; in the Bogner study, a 3 T MR system
was used. The signal-to-noise ratio (SNR) of a 3T MR
system is generally higher than that of a 1.5 T system. This
higher SNR may have affected the results. Differences in
the tumor grade and subtypes in the Bogner study and the
present investigation may also have affected the results.

Vol. 16, No. 3

However, both studies found that the diagnostic perfor-
mance of rs-EPI for breast cancer was superior to that of
ss-EPI, and it thus appears that rs-EPI is a promising new
technique in DWI.

In other studies, the FA values of benign and malignant
lesions ranged widely from 0.18 to 0.5 in benign lesions and
0.24 to 0.55 in malignant lesions.'”?° In the present study,
the mean FA values of the benign and malignant breast
lesions were 0.38 and 0.42, respectively, and these are within
the reported range.

Our evaluation of the relationship between FA values
with a variety of prognostic markers of invasive breast cancer
revealed significant correlations with the ER status, the pro-
liferative marker, the nuclear grade and the intrinsic subtype.
Many other studies reported that the ADC of breast cancer
was associated with cellularity, hormone receptor status,
HER?2 status, a proliferative marker, the tumor grade and the
LN status,?>~3¢ but in the present study there were no signifi-
cant correlations between the ADCs and prognostic markers
in either the DWI based on ss-EPI or the DTI based on
rs-EPI. This may be due to differences in the number, the MR
systems, the b-values used, the tumor grade and/or the sub-
type in the various studies.

Our present investigation obtained negative results
regarding the relationship between ADCs and prognostic
markers, however, there were significant correlations
between the FA values and prognostic markers. Our data indi-
cated that the FA value tended to be lower with a decreasing
Ki67 labeling index, high nuclear grade, or intrinsic subtype
with poor prognosis (i.e., the HER2-positive type or TN
cancer). Thus, the FA values tended to be lower with
increasing malignant behavior. This tendency may be due to
the intratumoral heterogeneity with addition to increasing
cellular density.

For example, breast carcinomas with more malignant
potential tend to have a high nuclear grade (grade 3). In the
classification system used in Japan, nuclear grade 3 shows
nuclear pleomorphism with mixed small and large nucleus.’’
This intratumoral heterogeneity may affect the decreasing
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anisotropy. With or without micronecrosis, fibrosis and
differences in the degree of micronecrosis in the tumor may
also affect the anisotropy. Although further studies with
detailed pathologic evaluations are needed, we speculate that
the FA value may reflect malignant behavior more sensitively
compared to standard DWI.

Our study has some limitations. One is the small number
of cases (n = 80) in the data set, although a significant result
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Fig 4. A 39-year-old woman
with fibroadenoma. (A) Post-
contrast, fat-suppressed, axial
T,-weighted image. (B) DWI
based on ss-EPI. (C) ADC map
of panel B. (D) DTI based on
rs-EPI. (E) ADC map of panel
D. (F) FA map of panel D.
Post-contrast, fat-suppressed,
axial  T,-weighted image
shows an oval-shaped mass
with a smooth margin and
dark internal septation (A).
The mass shows high signal
intensity on both the DWI
based on ss-EPI (B) and the
DTI based on rs-EPI (D). On
the ADC map of the DWI
image, the ADC of the mass
was 1.66 (C). On the ADC
map of the DTl image, the
ADC of the mass was 1.62 (E).
On the FA map, the FA value
of the mass was 0.4 (F).

Fig 5. A 66-year-old woman
with invasive ductal carci-
noma (luminal A-like type). (A)
Post-contrast, fat-suppressed,
axial T,-weighted image. (B)
DWI based on ss-EPL. (C)
ADC map of panel B. (D)
DTI based on rs-EPI. (E) ADC
map of panel D. (F) FA map of
panel D. Post-contrast, fat-sup-
pressed, axial T,-weighted
image shows an oval-shaped
mass with a slightly irregular
margin and rim enhancement
(A). The mass shows high sig-
nal intensity on both the DWI
| based on ss-EPI (B) and the DTI
based on rs-EPI (D). On the
ADC map of the DWI image,
. the ADC of the mass was 1.21
(C). On the ADC map of the
Y DTI image, the ADC of the
mass was 1.02 (E). On the FA
map, the FA value of the mass
was 0.43 (F).

was obtained. More meaningful results could be obtained
with greater numbers of cases.

A second limitation is that the fat suppression method used
for the DTI based on rs-EPI differed from that used for the DWI
based on ss-EPI. We used the CHESS method for fat suppres-
sion in the rs-EPI. We first attempted to use the STIR method in
the rs-EPI, as this was the method used for the ss-EPI. However,
when we used the STIR method for the rs-EPI, the TR became
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longer and as a result, the acquisition time also became longer
(almost twice the current acquisition time).

We therefore selected the CHESS method for the rs-EPI to
compare the image quality between rs- and ss-EPI with almost-
equal acquisition times, taking the clinical effectiveness into
consideration. This difference may have influenced our results.
In the future, if the STIR method can be selected for rs-EPI
with the same acquisition time as that for ss-EPI, evaluations
using the STIR fat suppression method for both the rs-EPI and
ss-EPI techniques should be conducted. A third study limita-
tion is the lack of a detailed pathologic correlation.

In conclusion, DTI based on rs-EPI showed a superior
diagnostic performance for breast cancer compared to DWI
based on ss-EPI. The FA values were more closely correlated
with several prognostic factors (ER, the Ki67 labeling index,
the nuclear grade and the intrinsic subtype) for invasive
breast cancer compared to the ADCs.
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