
Title Intravoxel incoherent motion (IVIM) and non-Gaussian
diffusion MRI of the lactating breast

Author(s)
Iima, Mami; Kataoka, Masako; Sakaguchi, Rena; Kanao,
Shotaro; Onishi, Natsuko; Kawai, Makiko; Ohashi, Akane;
Murata, Katsutoshi; Togashi, Kaori

Citation European Journal of Radiology Open (2018), 5: 24-30

Issue Date 2018

URL http://hdl.handle.net/2433/246439

Right
© 2018 The Author(s). Published by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

Type Journal Article

Textversion publisher

Kyoto University



Contents lists available at ScienceDirect

European Journal of Radiology Open

journal homepage: www.elsevier.com/locate/ejro

Intravoxel incoherent motion (IVIM) and non-Gaussian diffusion MRI of the
lactating breast

Mami Iimaa,b,⁎, Masako Kataokaa, Rena Sakaguchia, Shotaro Kanaoa, Natsuko Onishia,
Makiko Kawaia, Akane Ohashia, Katsutoshi Muratac, Kaori Togashia

a Department of Diagnostic Imaging and Nuclear Medicine, Kyoto University Graduate School of Medicine, Kyoto, Japan
b The Hakubi Center for Advanced Research, Kyoto University, Kyoto, Japan
c Siemens Japan K.K., Shinagawa, Tokyo, Japan

A R T I C L E I N F O

Keywords:
Diffusion-weighted imaging
Intravoxel incoherent motion
Kurtosis
Lactation
Breast

A B S T R A C T

Purpose: To investigate the effect of breastfeeding on IVIM and non-Gaussian diffusion MRI in the breast.
Materials and methods: An IRB approved prospective study enrolled seventeen volunteers (12 in lactation and 5
with post-weaning, range 31–43 years; mean 35.4 years). IVIM (fIVIM and D*) and non-Gaussian diffusion (ADC0

and K) parameters using 16 b values, plus synthetic apparent diffusion coefficients (sADCs) from 2 key b values
(b= 200 and 1500 s/mm2) were calculated using regions of interest. ADC0 maps of the whole breast were
generated and their contrast patterns were evaluated by two independent readers using retroareolar and seg-
mental semi-quantitative scores. To compare the diffusion and IVIM parameters, Wilcoxon signed rank tests
were used between pre- and post-breastfeeding and Mann-Whitney tests were used between post-weaning and
pre- or post-breastfeeding.
Results: ADC0 and sADC values significantly decreased post-breastfeeding (1.90 vs. 1.72×10−3 mm2/s,
P < 0.001 and 1.39 vs. 1.25×10−3 mm2/s, P < 0.001) while K values significantly increased (0.33 vs. 0.44,
P < 0.05). fIVIM values significantly increased after breastfeeding (1.97 vs. 2.97%, P < 0.01). No significant
difference was found in D* values. There was significant heterogeneity in ADC0 maps post-breastfeeding, both in
retroareolar and segmental scores (P < 0.0001 and=0.0001).
Conclusion: IVIM and non-Gaussian diffusion parameters significantly changed between pre- and post-breast-
feeding status, and care needs to be taken in interpreting diffusion-weighted imaging (DWI) data in lactating
breasts.

1. Introduction

Breast cancer is one of the most common cancers occurring in
pregnant and lactating women. Pregnancy-associated breast cancer
(PABC) usually presents at an advanced stage and has a poor prognosis
[1]. The incidence of PABC may be increasing because of the increase in
mean childbearing age in developed countries [2]. When this diagnosis
is made in pregnancy, it can cause great psychosocial stress in these
women [3]. The use of gadolinium contrast agents is standard for as-
sessing breast cancer, however, small amounts of contrast agents may
be excreted in breast milk [4]. Concerns have arisen based on recent

findings of gadolinium deposits in the brain [5]. An increased risk of
skin disease, stillbirth, or neonatal death in infants exposed to gadoli-
nium contrast at any time during pregnancy has been documented [6].
Besides contrast-enhanced breast MRI during lactation is challenging
due to increased enhancement in normal breast parenchyma that can
mimic breast lesions [7].

The number of women undergoing breast MRI screening is expected
to increase, as the National Comprehensive Cancer Network (NCCN)
clinical practice guidelines recommend BRCA carriers (who have a high
risk of developing breast cancer at a younger age) or women with a
strong family history of breast cancer undergo an annual MRI exam or
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mammogram screening beginning at age 25 [8]. Breast awareness and
clinical breast examinations every 6 months are recommended for these
women; however, no clear evidence exists regarding mammography or
breast MRI as a proper screening modality during lactation [9].

Diffusion-weighted imaging (DWI), which requires no contrast
agents, quantifies the Brownian motion of water molecules in vivo.
Many studies have shown the utility of the apparent diffusion coeffi-
cient (ADC) as a marker to distinguish between malignant and benign
breast lesions [10]. Intravoxel incoherent motion (IVIM), which can
extract perfusion-related information from DWI and non-Gaussian DWI,
has further been applied to the detection and characterization of ma-
lignant and benign breast lesions [11,12] and their correlation with
prognostic factors [13,14]. Synthetic ADC has been also introduced to
encompass both Gaussian and non-Gaussian diffusion effects within
clinically acceptable time [14,15]. The composition of milk produced
depends on the overall duration of lactation; however, little is known
about the effects of lactation and the changes after breastfeeding on
diffusion biomarkers [16–18] and there are no data on the optimal
timing to have a MRI scan of lactating breasts to date. Our aim was to
investigate the changes in IVIM and non-Gaussian diffusion parameters
in lactating breasts pre- and post-breastfeeding, and to define the most
suitable time for performing breast diffusion MRI in lactating women.

2. Materials and methods

2.1. Participants’ characteristics

This prospective study was approved by the Institutional Review
Board, and informed consent was obtained from all the healthy vo-
lunteers. Inclusion criteria were lactating and post-weaning women.
Exclusion criteria were women with previous breast surgery, known
breast tumors, or contraindications to MRI. Thus, twelve lactating
women and 5 women 2–10 months post-weaning (31–43 years; mean
35.4 years) were enrolled in the study between December 2015 and
March 2017.

Twelve lactating women were scanned twice, before and after
breastfeeding. They suckled the babies at both breasts after the first MR
scan and then underwent the second MR scan. Five post-weaning
women underwent a single MR scan. The participants’ information is
provided in Table 1.

2.2. MRI acquisitions

Breast MRI was performed using a 3 T system (MAGNETOM Prisma

fit, Siemens Healthcare, Erlangen, Germany) equipped with a dedicated
18-channel breast array coil. Bilateral fat-suppressed axial T2-weighted
images (T2WI) (repetition time/echo time 5500ms/70ms, flip angle
140°, Turbo Factor 20, field of view 330×330mm2, matrix
336× 448, slice thickness 3mm, acquisition time 1.5 min) were ob-
tained.

Bilateral axial T1-weighted images (T1WI) (repetition time/echo
time 4.95ms/2.46ms, flip angle 15°, field of view 330×330mm2,
matrix 398× 480, slice thickness 1.5 mm, acquisition time 2min) were
acquired. Monopolar DW images in the axial plane were then obtained
as trace images using single shot EPI (prototype sequence) with spectral
attenuated inversion recovery (SPAIR) for fat suppression along three
orthogonal axes; 16 b values of 0, 5, 10, 20, 30, 50, 70, 100, 200, 400,
600, 800, 1000, 1500, 2000, 2500 s/mm2, scan time of 3min 51 s; re-
petition time/echo time 4700ms/56ms; flip angle 90°, field of view
180× 330mm2, matrix 90×166, and 3.0 mm slice thickness).

2.3. Regions of interest

The DW image slice containing the largest amount of fibroglandular
tissue was selected and regions of interest (ROI) were manually drawn
by radiologist A, with 9 years’ experience in breast MRI. The ROI was
placed to contain whole normal breast parenchyma observed on the
selected DW image, under the morphologic guidance of T1WI and T2WI
to avoid inclusion of fatty tissue.

2.4. Data processing

The signals were processed in two steps: first, we estimated the
diffusion component, Fdiff, using the kurtosis diffusion model corrected
for noise bias [11]; then, we estimated the perfusion component, Fperf,
against the residual signal, after the diffusion component was removed:

M(b)= [S(b)2+NCF]1/2 (1)

S(b)= fIVIM Fperf + (1−fIVIM) Fdiff (2)

where M(b) is the overall measured signal obtained from trace-
weighted images, fIVIM is the volume fraction of incoherently flowing
blood in the tissue, and NCF is the noise correction factor (estimated at
1130 in our system) [11].

The signal attenuation curve, M(b), against the b values between
200 and 2500 s/mm2 was fitted using the kurtosis diffusion model to
estimate ADC0 (virtual ADC at very low b values) and K (kurtosis) (Eqs.
(1)–(3));

Fdiff=exp [−bADC0+ (bADC0)2K/6] (3)

Then the diffusion component was subtracted from the signal and
the remaining signal for b values< 200 s/mm2 was fitted using the
IVIM model to obtain estimates of the flowing blood fraction, fIVIM, and
pseudo-diffusion coefficient, D*;

fIVIM Fperf=S(b)− (1−fIVIM) Fdiff (4)

Fperf=exp (−b D*) (5)

Synthetic ADC, encompassing both Gaussian and non-Gaussian ef-
fects [15], was calculated as:

sADC= ln [Sn(Lb)/Sn(Hb)]/(Hb− Lb) (6)

where Lb is the low key b value and Hb is the high key b value ([Lb,
Hb]= [200,1500]) as defined previously [15].

Estimation of this synthetic ADC requires only two key b values, and
can be obtained with almost the same scanning time as standard ADC
with two b values (e.g. b= 0, 1000 s/mm2).

This process was performed on ROIs using the nonlinear subspace
trust region fitting algorithm built into commercial software (Matlab®,
Mathworks, Natick MA, USA). Pixel-based ADC0 maps were generated.

Table 1
Participants’ characteristics.

No. age Pre scan Post scan Post weaning Parity Infants’ age (Month)

1 32 ✓ ✓ 1 8
2 36 ✓ ✓ 2 11
3 35 ✓ ✓ 3 6
4 34 ✓ ✓ 1 2
5 35 ✓ ✓ 2 2
6 32 ✓ ✓ 1 7
7 37 ✓ ✓ 3 6
8 36 ✓ ✓ 1 2
9 34 ✓ ✓ 3 13
10 37 ✓ ✓ 4 2
11 31 ✓ ✓ 1 3
12 36 ✓ ✓ 2 2
13 34 (10) 2 12
14 34 (4) 2 10
15 43 (7) 1 11
16 33 (2) 1 5
17 42 (8) 1 10

Number in parentheses indicates the months after complete weaning.
Pre or post scan indicates the scan pre-breastfeeding or post-breastfeeding.
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2.5. Image analysis

To evaluate the heterogeneous pattern of ADC0 values in lactating
breasts, the contrast changes observed extending from the nipple to the
posterior breast direction (retroareolar score) and along the segments in
any quadrants of the breast (segmental score) characteristic of lactating
breasts was scored. The contrast in the nipple-to-posterior-breast di-
rection indicates the difference in ADC0 values from anterior to pos-
terior. The contrast with segmental pattern indicates the difference of
ADC0 values of a cone or triangular area with its apex pointing at the
nipple and other remaining area of the breast. (segmental distribution is
defined in BI-RADS [19]).

1) The contrast in the nipple-to-posterior-breast direction (retro-
areolar score) uses a semi-quantitative score of 0–3 (Table 2, Fig. 1):
The percentage of the area involved by high ADC0 is scored 3 for<
20%; 2 for< 50%; 1 for> 50%; and 0 for almost 100% homogeneity
with no contrasting areas.

2) The contrast among the segments (segmental score) is scored
semi-quantitatively from 0 to 3 (Table 3, Fig. 2). A score of 3 is given if
the contrast of ADC0 values of a cone or triangular area with its apex
pointing at the nipple and other remaining area of the breast is pro-
minent. A score of 2 is given if it is marked; a score of 1 implies a
modest degree of contrast; 0 implies no contrast.

Two radiologists (reader B and reader C; 8 and 19 years’ experience
in breast MRI, respectively) evaluated the two sets of features on ADC0

maps for each case.

2.6. Statistical analysis

Wilcoxon signed rank tests (paired samples) were used for the

comparison of the diffusion and IVIM parameters between pre- and
post-breastfeeding. Mann-Whitney (independent samples) tests were
used for the comparison of diffusion and IVIM parameters between
breasts in the post-weaning period and pre- or post-breastfeeding.
Bonferroni’s correction was performed to account for multiple com-
parisons.

Retroareolar and segmental scores were analyzed using Wilcoxon
signed rank tests, and the interobserver variability of radiologists B and
C was evaluated using interrater agreement (k). Agreement was defined
as almost perfect (0.8–1.0), substantial (0.6–0.8) and moderate
(0.4–0.6). P values< 0.05 were considered statistically significant. All
the statistical analysis was performed using commercial statistical
software (Medcalc® version 11.3.2.0, Medcalc software, Mariakerke,
Belgium).

3. Results

3.1. Comparison of diffusion and IVIM parameters

ROI size (median values and interquartile ranges) were 22.9
(15.2–30.9) cm2, 16.8 (11.4–27.6) cm2 in lactating women pre- and
post-breastfeeding, and 8.1 (3.7–10.9) cm2 in women post-weaning,
respectively.

Representative non-Gaussian diffusion and IVIM parametric maps of
a lactating breast are shown in Fig. 3. The volume of the breast de-
creases, and the distribution of ADC0, sADC and K values becomes more
heterogeneous after breastfeeding. ADC0 and sADC values decrease in
the whole breast except the retroareolar region (Fig. 3A, D). The in-
crease of fIVIM values after breastfeeding was marked, as shown by the
increase in red pixels in Fig. 3C.

The values of diffusion and IVIM parameters in pre- and post-
breastfeeding and post-weaning subjects are summarized in Tables 4
and 5 and Fig. 4.

Table 2
Retroareolar score using a semiquantitative scale (0–3).

3 High ADC0 area in the anterior breast involves< 20% of the entire breast;
prominent contrast between high ADC0 area in anterior breast and low ADC0

area in posterior breast
2 High ADC0 area in the anterior breast involves< 50% of entire breast;

marked contrast between high ADC0 area in anterior breast and low ADC0

area in posterior breast
1 High ADC0 area in the anterior breast involves> 50% of entire breast;

modest contrast is noted between the high-ADC0 area in the anterior breast
and low ADC0 area in the posterior breast

0 High ADC0 area involves almost the entire breast; almost no contrast

Fig. 1. Schema of retroareolar score using a semi-
quantitative scale (0–3).
(A) 3, (B) 2, (C) 1, (D) 0.

Table 3
Segmental score using a semiquantitative scale (0–3).

3 Prominent contrast between low- and high-ADC0 areas
2 Marked contrast between low- and high-ADC0 areas; the border is indistinct,

with homogeneous distribution of low-ADC0 areas
1 Slight contrast between low- and high-ADC0 areas; low-ADC0 areas are

slightly heterogeneous and are admixed with some high-ADC0 areas
0 High-ADC0 area involves almost the entire breast; almost no contrast
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Significantly lower ADC0 and sADC values were observed after
breastfeeding (P < 0.001, and 0.001, respectively) while K values
significantly increased (P < 0.05). Significant increases in fIVIM values
were observed after breastfeeding (P < 0.01). There was no significant
difference in D* values between pre- and post-breastfeeding.

ADC0 and sADC values tended to be higher in post-weaning breasts
compared with the lactation period, and their difference reached sig-
nificance when comparing post-weaning breasts with post-breast-
feeding (ADC0: P=0.005, sADC: P < 0.05, respectively). Significantly
lower K was found in post-weaning breasts, both in comparison with
pre- and post-breastfeeding (P < 0.001 and<0.001, respectively).
Lower fIVIM values tended to be observed in post-weaning breasts
compared with lactating breasts pre- or post-breastfeeding, with a sig-
nificant difference when comparing post-breastfeeding and post-
weaning breasts (P < 0.01).

3.2. Comparison of the contrast along nipple-to-posterior-breast direction
(retroareolar score) and segmental pattern (segmental score) between pre-
and post-breastfeeding

A high correlation between radiologists B and C (weighted κ was
0.87 for retroareolar score and 0.89 for segmental score) was observed;
hence, both scores were averaged for the analysis.

Examples of ADC0 maps of pre- and post-breastfeeding breasts as
well as their corresponding scores are shown in Fig. 3A and Fig. 5. Both
cases indicate the increase in retroareolar and segmental scores, sug-
gesting that the distribution of ADC0 values in lactating breasts be-
comes more heterogeneous post-breastfeeding. The ADC0 map in one
patient in lactation is shown in Appendix Figure. Clear contrast of ADC0

values between the lesion and normal breast parenchyma is remark-
able.

The median and interquartile range of the retroareolar scores sig-
nificantly increased from 1.0 (0.0–1.5) pre-breastfeeding to 2.0
(1.0–2.0) post-breastfeeding (P < 0.0001). A significant increase in
segmental scores was also observed from 0.5 (0.0–1.13) pre-breast-
feeding to 2.0 (1.0–3.0) post-breastfeeding (P=0.0001).

4. Discussion

Changes in IVIM and non-Gaussian diffusion parameters of lactating
breasts among pre- and post-breastfeeding and post-weaning were in-
vestigated both in quantitative and semi-quantitative manners in this
study. We have shown that both ADC0 and sADC values decrease

approximately 8% in post- compared with pre-breastfeeding.
In addition, the evaluation of ADC0 distribution using scores ob-

tained from both retroareolar and segmental scores indicate that the
distribution of ADC0 values become more inhomogeneous along both
anterior-posterior and inner-outer directions. This also means that
ADC0 values in some specified areas of the breasts (posterior breast, or a
cone or triangular area with its apex pointing at the nipple) post-
breastfeeding tend to be lower than the mean ADC0 value of the whole
breast. Thus, the above results suggest that pre-breastfeeding status is
optimal for breast DW images, to obtain good contrast of ADC values
between cancer and normal breast parenchyma, allowing higher and
more homogeneous ADC values in normal breast parenchyma, and a
better contrast between breast parenchyma and lesions.

ADC0 and sADC values in lactating breasts were lower than those
found in post-weaning breasts (2–10 months after the complete cessa-
tion of breastfeeding), probably due to the presence of low-diffusion
protein or fat in the milk. Conversely, Nissan et al. have reported higher
MD (mean diffusion, which is similar to ADC) values in lactating breasts
(1.68 ± 0.11× 10−3 mm2/s) compared with post-weaning breasts
(1.58 ± 0.14× 10−3 mm2/s) [17]. There are large standard devia-
tions between them and our study suggests that the period of post-
weaning or pre-/post-breastfeeding status during lactation has a sig-
nificant effect on ADC values.

Sah et al. reported significantly lower ADC values in lesions com-
pared with those in lactating breasts [18], and this trend is in ac-
cordance with the comparison from our previous results [11] (mean
and CI values of ADC0 of 1.05 [0.94–1.17]× 10−3 mm2/s in malignant
lesions, which are relatively lower than ADC0 values of 1.90
[1.78–2.05]× 10−3 mm2/s in pre-, 1.72 [1.58–1.90]× 10−3 mm2/s in
post-breastfeeding in this study). Furthermore, the ADC0 values pre-
breastfeeding in this study tended to be slightly lower than those in
normal breast tissue (1.97 [1.87–2.07] x 10−3 mm2/s), and the ADC0

values post-breastfeeding were comparable even to those in benign
lesions (1.73 [1.51–1.94] x 10−3 mm2/s) in our previous investigation
[11]. Lower ADC0 value in invasive ductal carcinoma was also found
compared to normal breast parenchyma (Appendix Figure), however,
the smaller malignant lesions might exhibit artificially higher ADC
values and more challenging to detect, due to possible partial volume
effects with surrounding normal tissues associated with a high ADC
value, particular in pre-breastfeeding.

Parametric maps of non-Gaussian diffusion and IVIM might provide
some clues to understand the physiological process during lactation, as
shown in Fig. 3. The central area of the right breast post-breastfeeding

Fig. 2. Schema of segmental score using a semi-
quantitative scale (0–3).
(A) 3, (B) 2, (C) 1, (D) 0.
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shows K=0, which might suggest the presence of retained milk post-
breastfeeding. Decreased ADC0 and sADC as well as increased IVIM
fractions are observed in the breasts, suggesting some dynamic change
during lactation, such as milk passing from the alveoli to the nipple
through the breastfeeding process [20].

IVIM and non-Gaussian diffusion parameters further changed post-
breastfeeding. The areas with lower ADC0 and sADC values post-
breastfeeding showed segmental distribution, which might reflect the

changes in active breast lobules. Higher IVIM values post-breastfeeding
might result from milk flow in ducts, as milk production is stimulated
by breastfeeding and progresses from alveoli to the nipple [20].

The change in the retroareolar scores between pre- and post-
breastfeeding indicates that high ADC0 values near the nipple remained
and even became prominent after breastfeeding. High ADC0 and low K
values around the nipple could suggest the retention of milk, and there
might be “functional” lactiferous sinuses, even though an ultrasound

Fig. 3. Diffusion and IVIM MRI parametric maps before (upper row) and after (lower row) breastfeeding.
32-year-old lactating volunteer with a 7-month-old baby. The upper row images were scanned pre-breastfeeding, and the lower row images were scanned post-breastfeeding. Axial
diffusion and IVIM MRI maps were overlaid on T1-weighted images.
(A) ADC0 map: There is a marked decrease in ADC0 values, sparing the retroareolar region. The retroareolar score increased from 1.5 (pre-breastfeeding) to 2 (post-breastfeeding) for the
right breast, and from 2.5 (pre-breastfeeding) to 3 (post-breastfeeding) for the left breast. The segmental score increased from 0.5 (pre-breastfeeding) to 2 (post-breastfeeding) for the
right breast, and from 0.5 (pre-breastfeeding) to 2.5 (post-breastfeeding) for the left breast.
(B) K map: A decrease in K values is remarkable in the central parts of the right breast post-breastfeeding.
(C) fIVIM map: An increase in fIVIM values is observed in both breasts post-breastfeeding.
(D) sADC map: sADC values decrease in both breasts post-breastfeeding.

Table 4
Diffusion and IVIM values in lactating women.

Lactating women (two scans; 24 breasts)

Pre breastfeeding Post breastfeeding Change (%) P Value

ADC0 (10−3 mm2/s) 1.90 (1.78–2.05) 1.72 (1.58–1.90) -8.0 (-11.8– -5.3) <0.001
K 0.33 (0.22–0.43) 0.44 (0.22–0.48) 19.7 (3.4–42.0) <0.05
sADC (10−3mm2/s) 1.39 (1.30–1.49) 1.25 (1.13–1.37) -8.0 (-12.4– -5.4) <0.001
fIVIM (%) 1.97 (1.41–3.25) 2.97 (2.04–3.55) 53.6 (1.9–128.6) <0.01
D* (10−3 mm2/s) 10.6 (8.53–26.5) 13.4 (8.34–19.6) -1.8 (-37.9–48.6) 1.00

Median values and interquartile ranges are provided. P values are Bonferroni corrected.
Change is the percentage change (%) of parameter values between pre- and post-breastfeeding.
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study concluded that anatomically suggested lactiferous sinuses [21]
were not observed with ultrasound [22]. Our results again suggest that
IVIM and diffusion MRI might be performed in lactating women ideally
pre-breastfeeding when ADC values are higher and more homogeneous,
allowing a better contrast between breast parenchyma and lesions.

The limitation of our study includes a small sample size. The in-
fluence of lactation status on dynamic contrast-enhanced MRI (DCE-
MRI) images has not been investigated. More evidence as to the ap-
propriate time to scan lactating breasts with MRI is needed to provide
optimum contrast between breast lesions and normal tissue for cancer
diagnosis in lactating patients. Topographical changes in DWI contrast
and the difference of ROI size between pre and post breastfeeding and
post-weaning women might have some effect on IVIM and diffusion
parameters. IVIM and diffusion parameters might also depend on the
hormonal status (e.g. menstrual period), however, this relationship has
not been investigated in our study. Partridge et al. found the relatively
small coefficients of variations of ADC values in normal breast tissue

during the menstrual cycle [23], while the effect of hormonal status on
IVIM parameters has remained unknown.

In conclusion, changes in IVIM and non-Gaussian diffusion para-
meters were significant between pre- and post-breastfeeding status, and
care needs to be taken in interpreting DWI data in lactating breasts;
DWI acquisition in pre-breastfeeding status may be preferable due to
good contrast between breast lesions and normal breast parenchyma.

Table 5
Diffusion and IVIM values in post-weaning women.

Women post-weaning (one scan; 10 breasts)

P Valuea P Valueb

ADC0 (10−3 mm2/s) 2.03 (1.93–2.14) 0.15 0.005
K 0.00 (0.00–0.07) <0.001 <0.001
sADC (10−3mm2/s) 1.51 (1.47–1.57) 0.31 <0.05
fIVIM (%) 0.33 (0.00–1.22) 0.05 <0.01
D* (10−3 mm2/s) 56.9 (13.5–100) 1.00 1.00

Median values and interquartile ranges are provided. P values are Bonferroni corrected.
Change is the percentage change (%) of parameter values between pre- and post-
breastfeeding.

a indicates comparison with pre-breastfeeding in lactating breasts (Table 4).
b indicates comparison with post-breastfeeding in lactating breasts (Table 4).

Fig. 4. Box-and-whisker plots of the diffusion and IVIM parameters in pre-breastfeeding, post-breastfeeding, and post-weaning.
(A) ADC0 (B) K (C) sADC (D) fIVIM (E) D* values.
ADC0 and sADC significantly decreased, and K and fIVIM significantly increased after breastfeeding. K in post-weaning was significantly lower than that in pre-breastfeeding breasts.
Significant changes in ADC0, K, sADC, and fIVIM values were found between post-breastfeeding breasts and post-weaning breasts. Please see Tables 4 and 5 for statistical data.

Fig. 5. Example of ADC0 map of breasts pre- and post-breastfeeding.
36-year-old lactating volunteer with a 2-month-old baby. Axial ADC0 maps were overlaid
on T1-weighted images. The upper row image was acquired pre-breastfeeding, and the
lower row image was acquired post-breastfeeding. The retroareolar score increased from
1.5 (pre-breastfeeding) to 2 (post-breastfeeding) for both breasts. The segmental score
increased from 2 (pre-breastfeeding) to 3 (post-breastfeeding) for both breasts.
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