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Biomarkers Predictive of Distant Disease-free Survival Derived
from Diffusion-weighted Imaging of Breast Cancer

Maya Honda®", Mami Iima"?, Masako Kataoka', Yasuhiro Fukushima®,
Rie Ota', Akane Ohashi’, Masakazu Toi° and Yuji Nakamoto'

Purpose: To investigate whether intravoxel incoherent motion (IVIM) and/or non-Gaussian diffusion
parameters are associated with distant disease-free survival (DDFS) in patients with invasive breast cancer.

Methods: From May 2013 to March 2015, 101 patients (mean age 60.0, range 28-88) with invasive breast
cancer were evaluated prospectively. IVIM parameters (flowing blood volume fraction [frvim] and pseu-
dodiffusion coefficient [D*]) and non-Gaussian diffusion parameters (theoretical apparent diffusion
coefficient [ADC] at a b value of 0 s/mm? [ADC,] and kurtosis [K]) were estimated using a diffusion-
weighted imaging series of 16 b values up to 2500 s/mm?. Shifted ADC values (SADCy0_1500) and standard
ADC values (ADCy_ggo) were also calculated. The Kaplan-Meier method was used to generate survival
analyses for DDFS, which were compared using the log-rank test. Univariable Cox proportional hazards
models were used to assess any associations between each parameter and distant metastasis-free survival.

Results: The median observation period was 80 months (range, 35-92 months). Among the 101 patients,
12 (11.9%) developed distant metastasis, with a median time to metastasis of 79 months (range, 10-92
months). Kaplan-Meier analysis showed that DDFS was significantly shorter in patients with K > 0.98 than
in those with K < 0.98 (P = 0.04). Cox regression analysis showed a marginal statistical association between
K and distant metastasis-free survival (P = 0.05).

Conclusion: Non-Gaussian diffusion may be associated with prognosis in invasive breast cancer. A higher
K may be a marker to help identify patients at an elevated risk of distant metastasis, which could guide
subsequent treatment.
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Introduction

Breast cancer is a very common cancer in women, affecting
2.3 million new cases per year worldwide, and is a major
cause of cancer deaths.' Metastases are responsible for as
much as 90% of breast cancer deaths.>” Patients without
detectable distant metastasis at the time of diagnosis may
harbor undetectable micrometastases.* Based on the rate of
cancer progression and histopathological findings, patients
with high-risk features can receive systemic chemotherapy
and/or endocrine therapy to eradicate such occult disease.
Several clinical and histopathological factors are known to
be predictors of distant metastasis,™° but there is a room for
improvement. Some researchers have focused on identifying
imaging markers that can help predict distant metastasis
using contrast-enhanced MRL.”~°

The clinical use of diffusion-weighted imaging (DWTI) has
expanded and is now incorporated into routine clinical MRI
protocol in many centers. The appeal of DWI is that it does
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Eligible patients (n = 411)
(1) Breast MR examinations
(May 2013 — March 2015)
(2) Known or suspected breast cancer

Analyzed patients (n = 101) |

5 years of followup

Exclusion (n = 310)

« Treatment prior to MRI (n = 107)
» Benign lesion (n = 47)

* Mass lesion <1 cm (n =42)

* Unavailable data about patients’
prognosis (n = 40)

No abnormal findings (n = 36)
Only non-mass lesions (n = 17)
Bilateral lesions (n = 9)

Poor image quality (n = 5)

Lack of informed consent (n = 5)
In situ lesion (n = 2)

Patients developing distant metastasis (n = 12)

Single site (n = 4): lung (n = 2), bone (n = 1), pleura (n = 1)

Multiple sites (n = 8): lung (n = 6), liver (n = 5), bone (n = 4), distant lymph node (n
= 3), pleura (n = 2), pericardium (n = 1), peritoneum (n = 1), brain (n = 1), stomach
(n = 1), cutaneous (n = 1), subcutaneous fat (n = 1)

Fig. 1 Flowchart of patient selection and exclusion.

not require intravenous contrast to perform noninvasive and
qualitative assessment of the biological characteristics of
tumors. The apparent diffusion coefficient (ADC) is a robust
parameter that is easy to derive from DWI. There is accu-
mulating evidence of ADC’s value in detection, diagnosis,
and characterization of breast cancers, as well as prediction
of treatment response.'®!" Recently, Kim et al. found that a
wider range in ADC values within a tumor, reflecting intra-
tumoral heterogeneity, was significantly and positively asso-
ciated with the risk of distant metastasis.'?

The ADC can be calculated from two b values (typically 0
and 800 s/mm?) but only weakly reflects non-Gaussian dif-
fusion features in tissues.'> There are advanced techniques to
better extract the non-Gaussian behavior of water diffusion
and the intravoxel incoherent motion (IVIM) in vivo. IVIM
effects are observed at low b values and include tissue
diffusivity, as well as tissue microcapillary perfusion,
observed as a pseudodiffusion process in the quasi-random
organization in the space of capillary beds.'* Non-Gaussian
DWI estimates the extent of kurtosis of water diffusion in
vivo at high b-values. Since the deviation from Gaussian
behavior is governed by the complexity of the tissue within
which the water is diffusing, non-Gaussian diffusion effects
can be regarded as a marker of tissue microstructures.'”
Previous studies have revealed the utility of IVIM and non-
Gaussian effects for discriminating malignant from benign
breast lesions and association with subtypes or prognostic
factors, such as the Ki-67 index and histologic grades.'®"
Shifted ADC (sADC) was conceived to shorten the acquisi-
tion time, which is calculated using only two shifted key b
values optimized to differentiate tissue types from Gaussian
and non-Gaussian diffusion altogether."'®

To the best of our knowledge, the use of IVIM and non-
Gaussian DWI to estimate the risk of distant metastasis has
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not been investigated. The purpose of this study was to
investigate whether these DWI parameters can predict dis-
tant metastasis-free survival in patients with invasive breast
cancer.

Materials and Methods

Patients

This prospective study was approved by our institutional
review board. From May 2013 to March 2015, 411 consecu-
tive breast MR examinations were performed in patients with
known or suspected breast cancer. Of the 411 patients, 310
patients were excluded according to the inclusion and exclu-
sion criteria (Fig. 1), and the remaining 101 patients (mean age
60.0, range 28-88) were included in the study. There were
34.7% (35/101) cases of luminal A cancer, 11.9% (12/101)
cases of luminal B/human epidermal growth factor 2 (HER2)
positive cancer, 35.6% (36/101) cases of luminal B/HER2
negative cancer, 10.9% (11/101) cases of hormone receptor
negative/HER2 positive cancer, and 6.9% (7/101) cases of
triple negative cancer. Detailed patient characteristics accord-
ing to distant metastasis pattern are shown in Table 1. When
more than one mass was present, only the largest mass was
considered so that the analysis would be performed on a per-
patient basis. There are some patient data overlap with a
previous study that analyzed lesion characterization in 199
breast cancer patients in 2018.'7 The current study focused
solely on patients’ prognoses.

DWI acquisition

All images were acquired using a 3T MRI scanner
(Tim Trio; Siemens Healthineers, Erlangen, Germany)
with a 16-channel dedicated breast coil. DWI data
were acquired using a single-shot echo-planar imaging
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Table 1 Patients’ characteristics according to distant metastasis
status
Patient without  Patient with dis-
distant metastasis  tant metastasis value?
(n=89) (n=12)
Age1 62.0 (50.0, 69.0) 50.5 (40.2, 71.8) 0.3
Tumor size? 0.12
<50 mm 50 (56%) 10 (83%)
>50mm 39 (44%) 2 (17%)
Neoadjuvant chemotherapy 0.2
No 57 (64%) 5 (42%)
Yes 32 (36%) 7 (58%)
Axillary node metastasis 0.11
Negative 60 (67%) 5 (42%)
Positive 29 (33%) 7 (58%)
Postoperative radiotherapy 0.8
No 40 (45%) 6 (50%)
Yes 49 (55%) 6 (50%)
Adjuvant chemotherapy 0.2
No 54 (61%) 5 (42%)
Yes 35 (39%) 7 (58%)
Anti-HER2 therapy 0.12
No 73 (82%) 7 (58%)
Yes 16 (18%) 5 (42%)
Adjuvant endocrine therapy >0.9
No 21 (24%) 3 (25%)
Yes 68 (76%) 9 (75%)
Estrogen receptor 0.7
Negative 15 (17%) 1(8.3%)
Positive 74 (83%) 11 (92%)
Progesterone receptor 0.7
Negative 21 (24%) 2 (17%)
Positive 68 (76%) 10 (83%)
HER2 receptor >0.9
Negative 69 (78%) 9 (75%)
Positive 20 (22%) 3 (25%)
Ki-67 status” 0.12
Negative 38 (43%) 2 (17%)
Positive 51 (57%) 10 (83%)

'Data are median, with interquartile range in parentheses. *Clinical
tumor size based on ultrasonography and/or contrast-enhanced MRI.
SWilcoxon rank-sum test; Fisher’s exact test. 4Negative< 14%,
Positive > 14%. HER2, human epidermal growth factor 2.
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prototype sequence with spectral attenuated inversion
recovery for fat suppression; b values of 0, 5, 10, 20,
30, 50, 70, 100, 200, 400, 600, 800, 1000, 1500, 2000,
and 2500 s/mm?; TR/TE, 4600/86 ms; FOV, 160 x 300
mm?; 80 x 166 matrix; section thickness, 3.0 mm; acqui-
sition time, 3min 55 s; generalized autocalibrating
partially parallel acquisition (GRAPPA); and accelera-
tion factor=2.

Image analysis

Two independent radiologists (M.I., reader 1, with 9 years of
experience in breast MRI and M.K., reader 2, with 19 years
of experience in breast MRI) manually drew ROIs around
each tumor from the b=0 and b= 1000 s/mm”> DW images
using one slice with the largest cross-sectional area of the
lesion. Care was taken to avoid necrotic or cystic areas
exhibiting T2 shine-through. Diffusion parameters were esti-
mated from means calculated from the ROIs. The estimation
method was implemented with commercial software
(MATLAB; Mathworks, Natick MA, USA) to run the analysis
at the ROI level. These values were also calculated on a voxel-
by-voxel basis and visualized on parametric maps. The image
analysis was performed according to the previous study.'”
Mean values from the two radiologists were calculated as
the final results.

Estimation of IVIM and non-Gaussian diffusion
parameters

The IVIM-derived pseudodiffusion coefficient (D¥*)
and non-Gaussian-derived flowing blood volume fraction
(frvim), ADC,, and kurtosis (K) were estimated using the
kurtosis model with a two-step approach,'® first fitting the
data for high b values (above 200 s/mm?) with the diffu-
sion model,

S(b>200) = {Sy exp (—=b*ADCy + K[b*ADC,]* /6) + NCF}'/?
(0

where S, = theoretical signal acquired at b=0 s/mm” and
NCF =noise correction factor.

And then, the remaining signal was fitted after
removing the diffusion component at low b values with
the IVIM model to obtain estimates of fiypy and the
pseudodiffusion, D*,

St = Sorvine exp(—bD") (2)

S = Sorvine [ (Sorvine + Sopirr) (3)

where Sy is the raw signal intensity after the diffusion
component has been removed and Sqopypy is the theoretical
signal from IVIM at b=0 s/mm?.

Standard ADC was calculated using b values of 0 and
800 s/mm? (ADCy_go0).
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sADC, which encompasses both Gaussian and non-
Gaussian effects, was calculated using b values of 200 and
1500 s/mm2 (SADC20071500).

sADC = In {(SLowKeyb/SHighKeyb)} /(LowKeyb — HighKeyb),
4)

where LowKeyb =200 s/mm? and HighKeyb = 1500 s/mm?>.

Statistical analysis

Distant disease-free survival (DDFS) was defined as the
period from the MR examination to the first occurrence of
diagnosed distant metastasis. Distant metastasis was defined
as the recurrence of breast cancer at a site other than the
postoperative chest wall and regional lymph nodes, as con-
firmed by radiological and/or pathologic examinations. Data
from patients who were lost to follow-up or had not devel-
oped distant metastasis at the last visit were treated as cen-
sored observations in this analysis. The final data collection
took place on April 10, 2021, resulting in 6-8 years of
follow-up.

The clinical-pathologic factors and quantitative DWI
parameters were compared between patients with and with-
out distant metastasis. Categorical variables were compared
using the Fisher’s exact test; continuous variables were
compared using the Wilcoxon rank-sum test.

Survival analyses were performed for DDFS using the
Kaplan—Meier method and were compared using the log-
rank test. Univariable Cox proportional hazards models
were used to assess the effects of each parameter on
DDFS.

The interobserver variability between the radiologists
for the ﬁVlM) ADCO, K, ADCO,goo, and SADC200,15()0
values was evaluated by calculating intraclass correlation
coefficients. For all tests, a P value <0.05 was considered
statistically significant. All statistical analyses were per-
formed using open-source software (R-4.0.4; R Foundation
for Statistical Computing, Vienna, Austria). The optimal
cutoff values were calculated using the maxstat package
of R.

Results

The median observation period was 80 months (range, 35—
92 months). Among the 101 patients, 12 (11.9%) developed
distant metastasis, with a median time to metastasis of 79
months (range, 10-92 months). A total of four patients had a
single-site metastasis to the lung (n=2), bone (n=1), or
pleura (n=1). The remaining eight patients had multiple-
site metastases with the following distribution: lung (n=6),
liver (n=15), bone (n=4), distant lymph node (n=3), pleura
(n=2), pericardium (n = 1), peritoneum (n= 1), brain (n=1),
stomach (n = 1), cutaneous (n = 1), and subcutaneous fat (n =
1) (Fig 1). Three patients (3%) died of breast cancer during
the observation period.
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There were no DWI-derived parameters that showed sta-
tistically significant differences between patients with and
without distant metastasis (Table 2).

Kaplan—Meier survival analysis showed that DDFS was
significantly shorter in patients with higher K (> 0.98) than
those with lower K (<0.98, P=0.04) (Fig 2). Cox regression
analysis showed marginal statistical association between K
and DDFS (P=0.05). The same trend was evident in the
results of each reader. The other parameters, including
ADC(), D*, ﬁVan ADCO,goo, and SADC20071500, did not
show statistical significance in Kaplan—-Meier survival
analysis.

Representative non-Gaussian DWI parameter maps
are shown in Figs. 3 and 4. These parameter maps
allow qualitative assessments of DWI parameters and
visualization of the presence or absence of possible
cancer metastasis.

The interobserver correlation between readers 1 and 2 was
excellent for ADCy (r=0.90), good for ADCy_ gy and
SADC5g9_1500 (¥=0.87 and 0.84, respectively), moderate
for K (r=0.65), and weak for fryiv (r=10.27).

Discussion

To the best of our knowledge, this study is the first to
describe the ability of IVIM and non-Gaussian DWI
parameters to predict distant metastasis in breast cancer
patients. The current results suggest that K values can be
useful prognostic indicators for distant metastasis from
breast cancer, suggesting that non-Gaussian diffusion
may be associated with prognosis. This will finally
lead to personalized treatment options solely from MR
acquisitions.

K is a kurtosis parameter representing a deviation from
Gaussian diffusion, which may be related to the degree of
microstructural complexity. Many studies have shown that
malignant breast tumors have higher K values than benign
tumors and that invasive cancers exhibit higher K values
compared with in situ cancers,'’ 2 which might reflect the
extent of water diffusion restriction due to microscopic fea-
tures such as transmembrane ion transport in cancer cells.?’
In addition, some studies have demonstrated the positive
correlation of K with histologic grades and Ki-67
expression.'”?! Huang et al. showed that a significantly
higher K was observed in breast tumors with nodal involve-
ment than in those without.*' As histologic grades and lymph
node status are established prognostic indicators for breast
cancer,®*®?? it is not surprising that K can be an indicator of
distant metastasis. It has also been reported that higher K
values are associated with higher recurrence scores by the
21-gene recurrence score assay,”” which quantifies the like-
lihood of 10-year distant recurrence in women with estrogen
receptor-positive, lymph node-negative breast cancer treated
with adjuvant tamoxifen.>' The 50th percentile of K from
histogram analysis correlated with some of the 21 genes
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Table 2 DWI-derived parameters according to distant metastatic status

Breast DWI to Predict Distant Metastasis

Parameters

Overall (n=101)"

Patients without distant metastasis

(n=89)"

Patients with distant metastasis

ADC, (mm?/s)
K
D*

flVIM

ADC>00-1500 (Mm?/s)

ADCO*8OO (mmz/s)

0.0011 £ 0.0004
0.8141 = 0.2373
0.0436 = 0.1478
0.0563 * 0.0362
0.0008 =+ 0.0002
0.0010 % 0.0003

0.0011 £ 0.0004
0.8011 £ 0.2400
0.0462 = 0.1571
0.0585 + 0.0372
0.0008 =+ 0.0002
0.0010 % 0.0003

(n=12)" P value®
0.0010 % 0.0004 0.3
0.9105 = 0.1996 0.13
0.0244 + 0.0280 0.4
0.0404 £+ 0.0230 0.09
0.0007 % 0.0002 0.3
0.0009 * 0.0002 0.2

"Mean values with standard deviation are shown. *Wilcoxon rank-sum test. ADCo, diffusion coefficient at a b value of 0 s/mm?; DWI, diffusion-

weighted imaging; D*, pseudodiffusion coefficient; fiyin, flowing blood volume fraction; K, kurtosis.
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S 0.50 1

©

g

S Log-rank -+ K>0.98

@ 0.251

P=0.04 - K<0.98
0.00 1
0 1000 2000 3000
Time (days)
K Number at risk by time

Fig. 2 Kaplan-Meier plots of K. The

>0.98 | 26 24 19 0 distant metastasis-free survival times
were significantly shorter in patients

<0.98 | 75 72 66 0 with higher K (> 0.98) than those with
lower K (< 0.98, P=0.04). K, kurtosis.

whose expression was evaluated in the same study, which
means that K could be used to predict estrogen receptor-
positive breast cancer recurrences.

The current results showed that ADC g values did not
correlate with distant metastasis-free survival times. A recent
study by Kim et al. demonstrated that shorter distant metas-
tasis-free survival times were associated with a higher ADC
difference value, calculated as the difference between the
minimum and maximum ADCs, and that mean ADC was
not associated with the risk of distant metastasis as also seen
in our study.'” The authors speculated that the ADC differ-
ence value might better reflect intratumoral heterogeneity,
which is positively associated with the risk of distant metas-
tasis. One difference between the studies in terms of study

Vol. 22, No. 4

cohort is that our cohort included 34.7% luminal A breast
cancer patients, which is closer to the proportion in the
general population, while the cohort of the previous study
included 28.7% luminal A breast cancer patients. The med-
ian follow-up period of this study was 80 months, longer than
that of 51 months in the study by Kim et al.'?

IVIM parameters did not affect the outcomes in our
patient cohort. IVIM effect observed at low b values is
known to carry information on the blood fraction, which
may be associated with microperfusion and vascular density.
Several studies have reported that IVIM parameters (espe-
cially D) have comparable diagnostic performance with
ADC in distinguishing malignant from benign lesions in
the breast, yet conflicting results have been reported on the
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Fig. 3 Images of a 77-year-old
woman with invasive ductal carci-
noma who developed pleural
metastasis 5 years and 11 months
after MR examination. (a) contrast-
enhanced axial MR image, (b) DWI
(b=1500 s/mm?), (c) ADC, map,
(d) K map, (e) fiyim map. The white
rectangle on (a) shows the area
covered by the parametric maps.
(@ The mass lesion is heteroge-
neously enhancing. (b) The lesion
shows heterogeneously high signal
intensity on DWI. (c) ADCy, map
shows low values throughout the
lesion with a mean value of 0.9 x
107 mm?/s. (d) The mass shows
relatively high mean K values (1.0)
with heterogeneous distribution.
(e) fiyim map shows low values
throughout the lesion with a mean
value of <0.01. ADC, apparent dif-
fusion coefficient; DWI, diffusion-
weighted imaging; fiyim, flowing
blood volume fraction; K, kurtosis.

Fig. 4 Images of a 62-year-old
woman with invasive ductal carci-
noma who did not develop distant
metastasis. (a) contrast-enhanced
axial MR image, (b) DWI (b=
1500 s/mm?), (c) ADCy map, (d) K
map, and (e) fiyim map. The white
rectangle on (a) shows the area
covered by the parametric maps.
(@) The mass lesion showed hetero-
geneous enhancement. (b) The
lesion shows peripheral high signal
intensity on DWI. (c) ADC, map
shows low values throughout the
lesion with a mean value of 1.0 x
107 mm%s. (d) The mass shows
relatively low mean K values
(0.83) with heterogeneous distribu-
tion. (e) fiym map shows high
values throughout the lesion with
a mean value of 0.09. ADC, appar-
ent diffusion coefficient; DWI, dif-
fusion-weighted imaging;  fiim,
flowing blood volume fraction; K,
kurtosis.
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association between IVIM parameters and prognostic
factors.'”**>2 The current results suggest the inferiority of
IVIM parameters in predicting distant metastasis compared to
non-Gaussian diffusion parameters. The relatively low inter-
observer agreement might also be an issue to be resolved in
terms of IVIM parameters, not only for the breasts but also for
other organs.> Still, IVIM is found to be useful for predicting
prognosis for survival in patients with brain gliomas.** Some
new IVIM models using Bayesian probability versus neural
networks with good repeatability are also being explored,
which might lead to a better estimation of IVIM values.>”

Tumor size and lymph node involvement, which are
known to be major predictors of distant metastasis, did not
show a significant difference between patients with and
without distant metastasis in our results. The small sample
size may have influenced this result, but another possibility
is that the prognostic impact of these classic factors may
be different from the past, due to recent advances in
treatment. Detailed molecular profilings, such as Oncotype
Dx (Genomic Health, Redwood City, CA, USA) and
Mammaprint (Agendia, Irvine, CA, USA) breast cancer
assays, molecular subclassification from whole-genome pro-
files, and, more recently, circulating tumor cell and cell-free
deoxyribonucleic acid (DNA) assays, have been developed
to identify patients at a high risk of recurrence or metastasis.”
Since MRI is a common imaging modality to evaluate
breast cancer, MRI-derived imaging characteristics can be
complementary markers to stratify the patients’ risk of
metastasis.

This study has some limitations. First, disease-free sur-
vival was not included in the analysis, as local recurrence
is sometimes indistinguishable from a metachronous can-
cer. Second, overall survival was also not included
because only three patients died in the cohort, which was
too few for the analysis. Third, tumor heterogeneity was
not considered in the ROI-based analysis of this study.
Fourth, the treatment strategy was clinically determined
based on the pathology and the physical and social factors
of the patients. More than half of our patient cohort
received neoadjuvant therapy. The choice of treatment
may influence patient prognosis, and multivariate analysis
including clinical and imaging factors with a larger patient
cohort could be further investigated. Fifth, patients with
small lesions were not included, so the study population
may not be representative of patients with breast cancer in
the general population, especially small lesions that might
have a lower risk of metastasis. Sixth, the methods of
patient follow-up intervals were inconsistent. Finally, the
size of the cohort was small, and its distribution was
somewhat skewed, so these preliminary results need to
be confirmed from larger patient cohorts. There must be
multiple imaging and clinical factors, including DWI para-
meters, that are associated with distant metastases, and a
future large cohort study could elucidate these associations
with multivariate analysis.
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Conclusion

In summary, non-Gaussian diffusion may be associated with
prognosis in breast cancer. Higher K before treatment may
become an imaging marker to help identify patients with
elevated risk of distant metastasis.
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